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Rapid prototyping of microfluidic devices requires low cost materials and simple fabrication methods.
PMMA and PCB have been used separately for the fabrication of microfluidic devices in a wide range of
applications. Although the combined use of PMMA and PCB can have considerable merits, few works
have been reported on the direct bonding of these materials. In this work we have investigated the
fabrication of microfluidic devices using PMMA and PCB for the analysis of gaseous samples. In order to
yield a reliable direct bonding method, four parameters including temperature, pressure, solvent and
patterned interface material were experimentally investigated. Results of testing various prototypes
showed that a patterned interface of concentric rectangular copper rings exposed to solvent at room
temperature and under moderate pressure provided better adhesion strength, sealing and durability.
After successful development of the PMMA-PCB direct bonding process, sample prototypes were
designed and fabricated to practically assess the combined advantages of two materials. Presented
concepts include implementation of heater on a PCB, array of gas sensors coupled with microchannels,
serpentine microchannel and fast evaporation of liquid sample using an SMD resistor. It has been shown
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combined with benefits of a PCB including simple sensor installation and the use of copper tracks and
DOI-10.1039/d4ra030399 electronic components for gas flow modulation. Moreover, it is possible to implement channel, circuit
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1 Introduction

Though most microfluidic analysers are developed for liquid
phase sample analysis, it has been shown that microfluidics can
be employed for gas analysis."® Microfluidic-based gas analy-
sers have several advantages over traditional gas sensors. They
require smaller sample sizes and can be more sensitive and
selective to specific gases.*® Additionally, microfluidic-based
gas analysers can be integrated into portable devices for on-
site and real-time gas detection, making them useful for
applications such as industrial safety, medical diagnostics and
environmental monitoring.°

The basic structure of a microfluidic gas sensor is formed by
the attachment of a microchannel with a miniature gas sensor.
Different materials have been used for the fabrication of
microchannels, sealing of channels, and integration of chan-
nels with a gas sensor. A review on related research reveals that
PC-PC,° Si-Pyrex-POM,” RGD810-RGD810,**> Borosilicate-Al,**
PMMA-PMMA,>"* PMMA-PMMA-AL"®> PDMS-PDMS,"***  Si-
Pyrex," Pyrex-Pyrex,**** PC-PDMS,** and Si-PDMS* have been
used for the fabrication of microfluidic-based gas detectors.
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and other electronic components such as microprocessors on a single device.

Fabrication processes of these devices include customized and
time-consuming steps and often require costly materials.

The wuse of well-established commercial fabrication
processes and low-cost materials can facilitate rapid prototyp-
ing of microfluidic devices. In this regard, the use of printed
circuit board (PCB) technology and polymer materials has
emerged as a promising solution.**** It is believed that lab-on-
PCB (LOP) approach can remarkably decrease the prototyping
and upscaling costs.”*** The PCB part of the device can be
ordered to a PCB manufacturing facility or it can be processed
in-house without the need to complicated equipment and
cleanroom. Also, PCB can be a good platform to integrate
microfluidic and electronic components that facilitates the
development of all-in-one compact microfluidic devices.*®

In order to fabricate PCB-based microfluidic devices, for
example hybrid PCB-polymer devices, reliable bonding
methods are required.*® A proper bonding method must be
leakage-free, nondestructive and provide strong adhesion.
Furthermore, the bonding material must not alter the working
principle of the device. The risk of channel deformation,
channel clogging and sensor poisoning should be taken into
account. Also, usually the thickness of the bonding material
should be small compared to the channel depth. The common
bonding methods that have been used for the fabrication of lab-
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on-PCB devices are thermal bonding, solvent bonding, adhesive
bonding and physical/chemical surface modification.’"*

PMMA has been widely used for the fabrication of micro-
fluidic devices mostly in polymer-polymer devices. It can be
used in conjunction with PCB to fabricate PCB-PMMA devices to
take the unique advantages of both materials. Indirect bonding
of PMMA to PCB is possible through adhesive bonding using
adhesive tapes and epoxy glue.**"** However, as PCB surface is
resistant to chemical solvents and heat, the direct bonding of
PCB and PMMA is challenging. Franco et al. has proposed
a thermal bonding method for the direct attachment of PCB to
PMMA.* In this method bonding area is heated up to near the
transition temperature of PMMA and a moderate pressure is
applied.*

While gas-phase microfluidic devices are similar to liquid-
phase microfluidic devices, special fabrication challenges are
encountered in gas phase. In the case of small size gaseous
analytes, device sealing can be more difficult. An important part
of a microfluidic-based gas analyser is the gas sensor. Sensor
may be poisoned during the fabrication process. Also, analyte
emission from channel surface and bonding materials can
deteriorate the device operation. These issues impose restric-
tions in the selection of materials and bonding methods and
temperature.

In this paper, a PCB-compatible sensor-last process has been
proposed for the fabrication of PCB-PMMA microfluidic-based
gas analysers. First, affecting parameters including tempera-
ture, pressure, solvent and patterned interface material were
experimentally investigated to yield a reliable bonding method.
Later, based on successful development of the PMMA-PCB
bonding process, sample prototypes were designed and fabri-
cated to practically assess the combined advantages of two
materials. The prototypes included implementation of heater
on PCB, array of gas sensors coupled with micro-channels,
serpentine microchannel and fast evaporation of liquid
sample using an SMD resistor. The results show that by this
proposed method electronic components can be implemented
on single PCB and then channel integration can be done in
a single run.

2 Materials and methods
2.1 Materials

Microchannels with rectangular cross-section were fabricated
on commercially available 4 mm PMMA sheets. The average
depth of channels was measured to be 500 um based on SEM
photos of the device cross-section. The width and length of
channels were set to be 5 mm and 25 mm respectively. The
morphology of the channel surface and a photo of channel
cross-section is presented in Fig. 1. All channels were checked
by optical inspection before device fabrication. The PCB that
has been used as the substrate was a commoditized double
sided FR4. The thickness of the copper clad layer thickness of
all designs in this work was 1 oz (35 pm). A miniature air quality
gas sensor (TGS8100, FIS, Japan) was used for monitoring gas
flow inside the microchannels. In order to bond the PCB and
PMMA, ACS grade chloroform was used with the CAS number
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Fig.1 The SEM images of (a) morphology of the microfluidic channel,
(b) channel cross section. The scale of the micrographs is different.

67-66-3 (Dr Mojallali co., Iran). The samples used as target
analytes were Methanol (Merck, 106009), Ethanol (Merck,
100983) and Acetone (Merck, 100014) all from Merck KGaA
company (Dermstadt, Germany).

2.2 Device fabrication

The general structure of the fabricated microfluidic devices is
depicted in Fig. 2(a). The device consists of a microchannel
made on PMMA that is sealed by PCB and integrated with
a miniature gas sensor. The device fabrication process is pre-
sented in Fig. 2(b). First, a microchannel with rectangular cross-
section was engraved on PMMA using laser ablation by

(a) o &

3

120

PCB Microchannel

PMMA

Channel
cross-section

Gas
inlet Sensor

connector

Gas sensor

(b) [ Channel Design ] [ PCB Design ]

' |

[ Channel fabrication ] [ PCB fabrication ]

' !

Channel and PCB integration

!

Gas sensor integration

[ Sealing inspection ]

Fig. 2 Schematic design of microfluidic-based gas analyzer (a) and
fabrication process of the proposed microfluidic-based PCB-PMMA
gas analyser (b).
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a conventional 120 W CO, laser machine. The depth, width and
length of the channel was 0.5 mm, 5 mm and 25 mm respec-
tively. After channel formation, PMMA residues were wiped by
dry air and the channel was cleaned by deionized water. Then,
bonding area patterns and electronic component pads were
designed and implemented on PCB. In the next step, PMMA and
PCB were bonded together by exposing the interface surfaces to
solvent at room temperature and then applying moderate
pressure. Finally, the gas sensor was mounted on a small PCB
and then installed and soldered on the lid PCB. Prior to sensors
installation, the sealed micro-channel was exposed to clean air
for degassing in order to reduce the risk of sensor poisoning.

2.3 Sealing test

To ensure the sealing of the fabricated devices, two tests were
carried on. In the first sealing test, drops of colored deionized
water was applied around the bonded area both outside and
inside the channel. The pass criterion was to see no colored
liquid in the bonding area. In the second sealing test, the inlet
of the device was closed with a piece of thick silicon rubber and
then the device was exposed to high concentration of ethanol
vapor. Gas sensor response was monitored to detect any gas
leakage from outside into the channel. This time, pass criterion
was to see negligible response shifts after gas exposure. Typical
results of sealing tests are presented in Section 4.

2.4 Adhesion strength test

To compare the efficiency of different bonding methods, the
strength of PMMA adhesion to PCB was measured using
a simple method. For a number of sample prototypes the lid
PCB was fixed on a holder and the center of PMMA was pulled
with a measurable force. The force was increased until the
PMMA was detached from PCB. The maximum force before
detachment was recorded as the adhesion strength of the
bonding method.

2.5 Experimental setup

The schematic diagram of the experimental setup is depicted in
Fig. 3. An eight-liter chamber was used to prepare the target gas
and a custom data acquisition board was used to measure the
sensor response. The specified concentration of analyte was
prepared by evaporating a fixed volume of volatile liquid inside

microfluidic-based sensor

_/\

Interface circuit

Gas chamber

Fig. 3 Schematic diagram of the experimental setup.
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the gas chamber. At the beginning of each experiment, the
baseline of the gas sensor was recorded for 30 s with a rate of 10
samples per second. Then the inlet of microchannel was
aligned with a small hole on the gas chamber to start the gas
exposure phase. Transient response of the gas sensor that was
proportional to gas concentration at the end of the channel was
recorded for 30 s. Then the device was exposed to the clean air to
start the recovery phase. Again, the transient response of the
sensor was recorded for at least 140 s. This procedure was
repeated for different target gases, concentrations and devices
and a set of sensor responses was collected for further analysis.
All experiments were conducted at room temperature.

3. PMMA-PCB bonding

3.1 Bonding process

Here, to develop a reliable bonding process, four affecting
parameters including solvent, interface pattern, temperature
and pressure were investigated experimentally. As presented in
Table 1, eight different bonding processes were planned and
carried out. A qualitative measure of the bonding processes is
also given in Table 1 for better comparison. In process P1 the
effect of solvent on PMMA bonding to the PCB fibre was
investigated. Analytical grade chloroform, ethanol and acetone
were used as solvents. While the result was better for chloro-
form, the overall bonding quality was not good. Process P2 was
the same as P1 but with smaller or larger bonding area. Neither
the smaller area nor the larger one could improve the result of
process P1. In process P3, chloroform was applied to interface
surface as the solvent and then PMMA was pressed to PCB fiber
using a bench vice. The result was worse compared to P1. None
of the three investigated processes could yield the desired
bonding quality. It can be concluded that the bonding of PMMA
to PCB is challenging in terms of adhesion and sealing. So, the
copper layer of PCB was used as the interface material in the
succeeding processes.

In process P4, a plain copper similar to the bonding area of
PMMA was implemented on PCB. Then chloroform was used as
the solvent between copper and PMMA. Contrary to expecta-
tions, the resulted bonding was worse compared to P1. In

Table 1 The effect of temperature (T), pressure (P), solvent (S), larger
bonding area (A) and interface material on the adhesion and sealing of
the PMMA-PCB bonding

Process

parameter PCB interface material

T P S A Fiber Cu Patterned Cu Adhesion & sealing

P1 [ ] ([ ] Bad

P2 e o o Bad

P3 o O ([ ] Very bad
P4 [ ] ([ Very bad
P5 @ @ [ ] Very bad
P6 @ @ [ Bad

P7 @ [ ] [ Very bad
P8 (] [ Good

© 2024 The Author(s). Published by the Royal Society of Chemistry
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another attempt for bonding improvement, the effect of inter-
face heating was investigated in process P5. In P5, PMMA was
pressed to PCB and the copper interface was heated up with
electrical current. The bonding quality was not improved
compared to P4. Based on the results of P4 and P5 it was
concluded that plain copper is not a good interface for bonding
to PMMA. Thus, in the third step of bonding investigation,
patterned copper on PCB was used as the interface layer.
Process P6 was the same as P5 except that patterned Copper was
used instead of plain copper. The result was better than P5 but
not so good as expected. In process P7 the combined effect of
solvent and heating was investigated for patterned copper
interface. The bonding quality was not improved compared to
P6. In process P8 solvent assisted bonding of patterned copper
to PMMA was investigated at room temperature. The bonding
quality of P8 was as good as required for fabricating a micro-
fluidic-based gas analyser.

To further improve the efficiency of P8, three different
copper patterns were investigated. As depicted in Fig. 4, parallel
horizontal copper lines, concentric rectangular copper rings
and hexagonal copper mesh were implemented in the boding
area. Then PMMA was attached to patterned PCB using chlo-
roform as the solvent. Among the three fabricated samples,
concentric rectangular copper rings (Fig. 4(d)) showed the most
satisfying result. As a justification for the successful result of
process P8 it can be noted that in solvent assisted bonding
methods, solvent retention and uniform solvent distribution
before solvent evaporation have great impact on bonding

View Article Online
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quality.®* In the case of patterned copper, especially parallel
copper lines, the space between copper lines acts as micro-
channels that facilitates solvent distribution in the bonding
area. Also, the etched space between copper lines acts as
a reservoir for solvent retention and hence slower solvent
evaporation, a process that can enhance the bonding strength
notably at the device edge.** Also, copper lines act as mechan-
ical barrier against reflow of the solvated PMMA.*

As the final conclusion, based on various investigations on
the affecting parameters, the best method for bonding PMMA
and PCB was derived with following conditions: the solvent is
analytical grade chloroform; the interface is concentric rectan-
gular copper rings on the PCB; the pressure is moderate and
applied by hand; the device is made at room temperature.

In addition to copper pattern shape, process P8 can be fine-
tuned using the following considerations. The amount of
chloroform used must be about 0.5 mL for 44 mm x 18 mm
piece of PMMA (0.063 mL per cm squared). The chloroform
must be injected/poured gently all over the bonding area. All of
the bonding area must be covered with concentric rectangular
copper rings (designed on PCB and adapted to the channel
shape). The line width of the smallest ring should be more than
other rings to perform as a good barrier and prevent chloroform
not to enter the channel. In cases where the shape of micro-
fluidic channel is not straight, e.g. the serpentine channel, not
only the margin around the microchannel should be covered by
patterned copper, but also all of the PMMA area is better to be
used for bonding.

Fig. 4 Different surface area patterns on the PCB, (a) no copper layer, (b) plain copper layer, (c) parallel horizontal copper lines, (d) concentric

rectangular copper rings, (e) hexagonal copper mesh.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.2 Adhesion and sealing test

The result of sealing test using colored liquid is depicted in
Fig. 5 for the best fabricated device (process P8). The test
procedure is described in Section 2.3. As can be seen in Fig. 5(a)
and (b) no liquid penetration was seen in the bonding area
which means the device is perfectly sealed against liquids. Gas
phase sealing test was carried out according to the procedure of
Section 2.3. The temporal response of the gas sensor during the
test is presented in Fig. 6. In zone 1 gas inlet is open and the
device is exposed to clean air. In zone 2 the inlet is closed and
the response is monitored until the sensor reaches to a stable
state. At the onset of zone 3 the device with closed inlet is
exposed to a high concentration of ethanol vapor. Then, after
around 100 seconds the inlet of microchannel is opened (zone
4). Based on the results, negligible gas penetration is observed.
The remarkable change in sensor response after removal of
silicon rubber approves good sealing to the gases.

Using the adhesion strength test of Section 2.4, the
maximum tolerable force was recorded as the adhesion strength
of the bonding for a-d samples of Fig. 5. The result is
summarized in Table 2 and as it can be seen, the last method
having concentric rectangular copper rings showed the best
result for adhesion.

4. Example prototypes

After successful development of the PMMA-PCB bonding
process, five different sample prototypes were designed and
fabricated to practically assess the combined advantages of
PMMA and PCB. These prototypes include fabrication of
a simple microfluidic device using a straight PMMA channel,
fabrication of a device with serpentine channel, fabrication of
a device with two sensors and two channels, using copper tracks
on PCB as the channel heater and using SMD resistor for liquid
sample evaporation.

(a) ooon

G & NV

IR

fﬂ 2
: :
B
| all
&
o
=

Fig. 5 Sealing test for the liquid phase using colored liquid for
prototype made with process P8: (a) liquid is poured just all around the
bonding area and no penetration is seen, (b) liquid is also poured inside
the channel to examine no liquid penetrates from the channel into the
bonding area, (c) complete view when liquid is poured around the
bonding area and inside the channel and no penetration is observed.
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Fig. 6 Result of sealing test for gas phase for prototype made with
process 8. In zone 1 inlet is open and the device is exposed to air. In
zone 2 inlet closed. In zone 3 inlet is closed and the device is exposed
to high concentration of ethanol vapor. In zone 4 inlet is opened.

4.1 Prototype 1: straight channel

The first fabricated prototype contains a straight microfluidic
channel with the length, width and depth of 25 mm, 5 mm and
500 um (Fig. 7(a)). The device was fabricated to investigate the
performance of a PCB-PMMA gas detector. In a series of
experiments the transient responses of the fabricated device to
different concentrations of methanol and ethanol vapours were
recorded. At first the device was exposed to clean air for 30
seconds. Then it was exposed to target gas for 30 seconds. Later,
the device was exposed to clean air for 140 seconds. The
recorded transient responses are presented in Fig. 7(b). Exper-
imental results show that the responses of the PCB-PMMA
device are similar to previously reported devices made with
other materials. That is, the micro-channel can specifically
modulate the gas flow and so forth the sensor response. The
results obtained by prototype 1 is a proof of concept for the
presented fabrication method.

4.2 Prototype 2: serpentine channel

The second prototype is a microfluidic device with serpentine
channel. The serpentine channel provides longer path for
analytes diffusion in a smaller area. As it is seen in Fig. 8(a)-(d),
for good sealing and adhesion, concentric rectangular copper
rings were implemented all around the microfluidic channel.
The depth of channel was equal to prototype 1. Example
responses of the device are presented in Fig. 8(e).

It can be seen that this structure can distinguish between
methanol and ethanol really well as their normalized responses
are clearly distinct. Prototype 2 showed that the presented
fabrication method can be employed for implementation of
devices with non-straight channels.

Table 2 Maximum tolerated pressure for each surface area pattern
Fig. 5

Type () (b) (c) (d)

Pressure (kPa) 82.1 12.7

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) 3D view of the fabricated prototype 1, (b) responses for
prototype 1 for various concentrations of methanol and ethanol.
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Fig. 8 (a) Fabricated prototype 2, (b) engraved serpentine channel on

PMMA, (c) PCB lid, (d) zoomed view of copper pattern on PCB, (e)
normalized responses for prototype 2 to 500 ppm of acetone,
methanol and ethanol vapors.

4.3 Prototype 3: sensor array

One of the advantages of the presented fabrication method is
that channels with different dimensions and sensors of
different types can be implemented on PMMA and PCB. Then,
an array of these devices can be bonded in a single run. To
examine the idea, prototype 3 was fabricated (Fig. 9(a) and (b)).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Fabricated prototype 3 top view, (b) fabricated prototype 3
bottom view, (c) responses of prototype 3 to 750 ppm of methanol
vapor for two channel depths.

In this prototype, the structure includes two different channels
with the same length and width, but different depths. Both
channels share the same gas inlet. Although the structure is
more complex than previous structures, the presented fabrica-
tion method could be easily adjusted and concentric rectan-
gular copper rings on the PCB yielded satisfactory adhesion. An
array of channels can provide more discriminative information
for gas analysis. A reference to sample responses is shown in

Fig. 9(c).

4.4 Prototype 4: copper track as channel heater

In the presented fabrication method, PCB is used for channel
cap. So, copper layer on PCB can be utilized as one of the
channel walls. Patterns can be implemented on copper to affect
the gas flow inside the channels. Also, tracks of copper can be
used as a micro heater for temperature regulation. In prototype
4 a serpentine track of copper was implemented in channel area
as a microheater (Fig. 10(a)). The ability of this microheater in
modulating channel temperature and hence gas flow was
examined. As presented in Fig. 10(b), a series of voltage pulses
was applied to the microheater after gas exposure for minute.
From the recorded transient response, the effect of temperature
modulation on gas flow is remarkable. This method is likely
a good approach for obtaining more discriminative transient
responses for gas analysis.

4.5 Prototype 5: SMD resistor as liquid evaporator

Utilizing PCB for device fabrication enables simple integration
of electronic components with micro channel. In prototype 5 an
SMD resistor was mounted at channel inlet for thermal evapo-
ration of liquid samples (Fig. 11(a)). The SMD resistor was
heated by applying a voltage and then a specified amount of

RSC Adv, 2024, 14, 22598-22605 | 22603
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Fig. 10 (a) Fabricated prototype 4 with copper track as channel heater,

(b) normalized responses for prototype 4 for 250 ppm of methanoland
ethanol when 1 min of pulsed temperature modulation is applied.
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Fig. 11 (a) Fabricated prototype 5, (b) normalized responses for

prototype 5 for 1.2 pL of methanol and ethanol compared to
normalized responses for prototype 1 for 100 ppm of methanol and
ethanol.

methanol and ethanol was poured on it with the help of
a micropipette. In Fig. 11(b), the recorded transient responses
have been compared with those recorded for gas samples. It is
shown that using prototype 5 the need for gas chamber is
eliminated and faster responses are obtained. Following this
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approach, an array of SMD resistors can be mounted inside the
channel for temperature modulation. Also, other miniature
electronic components can be used for special purposes.

5. Conclusions

In this study we proposed a novel method for rapid prototyping
of microfluidic-based gas analysers using PMMA and PCB. It
was shown that patterned interface of concentric rectangular
copper rings exposed to solvent at room temperature and under
moderate pressure provides reliable bonding and good sealing
between PCB and PMMA. Also, it was shown that gas sensor can
be installed and soldered after channel bonding to prevent
sensor poisoning. Five different prototypes were fabricated and
tested to examine different aspects of the proposed fabrication
method. It was shown that the method can yield good bonding
for non-straight channels. Moreover, it makes the imple-
mentation of array of sensors in a single fabrication run
possible. Utilizing copper tracks on PCB as microheater for flow
modulation was another feature that could be added to the
device by this method. As an example of integration of elec-
tronic components with micro channel, one prototype for liquid
sample evaporation was demonstrated. Using the proposed
device fabrication method, microfluidic channels with complex
patterns can be implemented on a single PMMA substrate.
Moreover, gas sensor along with other electronic components
including the microprocessor can be implemented on a single
PCB and then channel and electronic integration can be done in
a single bonding run.
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