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Abstract: Microfluidic systems have received increased attention due to their wide variety of appli-
cations, from chemical sensing to biological detection to medical analysis. Microfluidics used to be
fabricated by using etching techniques that required cleanroom and aggressive chemicals. However,
another microfluidic fabrication technique, namely, soft lithography, is less expensive and safer com-
pared to former techniques. Polydimethylsiloxane (PDMS) has been widely employed as a fabrication
material in microfluidics by using soft lithography as it is transparent, soft, bio-compatible, and
inexpensive. In this study, a 3D multi-layer PDMS suspended microfluidics fabrication process using
soft lithography is presented, along with its manufacturing issues that may deteriorate or compromise
the microsystem’s test results. The main issues considered here are bonding strength and trapped
air-bubbles, specifically in multi-layer PDMS microfluidics. In this paper, these two issues have
been considered and resolved by optimizing curing temperature and air-vent channel integration
to a microfluidic platform. Finally, the suspended microfluidic system has been tested in various
experiments to prove its sensitivity to different fluids and flow rates.

Keywords: microfluidics; soft lithography; polydimethylsiloxane (PDMS); 3D suspended microfluidics;
suspended microchannel resonators

1. Introduction

Microfluidics has a wide variety of applications, from fluid pumping to flow properties
measurement to biological sensing and detection [1,2]. In order to fabricate a microfluidic
system, there are two main steps, namely microchannel fabrication and bonding.

There are different techniques for microchannel fabrication, namely etching in a glass
or silicon and soft lithography for polymer-based substrates. Similarly, microchannel
substrates are bonded with different methods such as fusion bonding, anodic bonding,
solder bonding, thermo compression bonding for glass and silicon, adhesive bonding, and
oxygen plasma bonding for polymer-based microchannel substrates.

Microfluidic channels were fabricated by etching in silicon and glass materials in
standard microfabrication techniques [3,4]. Then, this was followed by bonding techniques
with high bonding temperature, such as fusion bonding [5] and solder bonding [6], which
require heat and pressure between substrates, and anodic bonding [7], which requires
high voltage and temperature. However, the etching technique is expensive and uses
hazardous chemicals.

Thus, microchannels made of polymeric materials using soft lithography techniques
replaced former methods [8–10]. This technique does not require aggressive chemicals
during fabrication and high temperature or pressure or excessive cleaning during bonding,
which makes it less expensive compared to the previous methods. There are two main
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bonding techniques for polymer-based microchannels, namely adhesive [11] and plasma
bonding [12].

Due to several advantages of PDMS, such as biocompatibility, optical transparency,
and excellent mechanical properties, PDMS has been widely utilized for microfluidic
devices [13,14]. Fabricating multi-layer microfluidic systems made with PDMS is still a
challenge. Three-dimensional printing techniques as alternative approaches were proposed
for one-step 3D fabrications with PDMS [15–19]. However, this method requires a substrate
for printing microfluidic systems; thus, the fabrication process has to be optimized for
printing PDMS-suspended microfluidics, such as microcantilevers.

Moreover, there was a problem in soft lithography, specifically when electronic ele-
ments are required to be embedded in microchannels. In order to fabricate this kind of
microfluidics, a thin layer of the polymer such as PDMS has been used as an adhesive [20],
which needs an exact control of the PDMS layer’s thickness for device performance or
the channel may be blocked or deformed. Using uncured or partially cured PDMS as an
adhesive has almost doubled the bonding strength compared to bonding strengths with
the plasma technique [21].

Another issue with multiple layer microfluidics is trapped air bubbles between sub-
strates during bonding. However, since PDMS is a gas-permeable polymer, air bubbles
can escape if at least one substrate is not of a hard material such as glass. The trapped air
bubbles can degrade the bonding strength, which causes leakage and dysfunction during
microfluidic testing. In order to avoid trapped air bubbles, placing a grid of empty channels
to suck the air bubbles out of microfluidics to free air was suggested by [20]. The grid of air
channels is fabricated during the molding step, while microchannel mold is fabricated by
using soft lithography.

In this study, we have proposed and tested an optimum number of air-vent channels
between PDMS layers to remove trapped air bubbles. This allows using inexpensive plasma
bonding method, which provides the required bonding strength for our experiments.
Moreover, the PDMS curing temperature has been optimized to possess some stickiness
during the bonding step. Since the thickness of the thin layer is around 200 µm in our
fabrication procedure, using uncured or semi-cured PDMS may damage our thin substrates.

2. 3D Suspended Polymeric Microfluidic Resonator Fabrication (SPMF3)

A 3D suspended polymeric microfluidic resonator (SPMF3) [22,23] comprises three
different layers, as shown in Figure 1. Two layers have microchannels, and the other one
has a nozzle through which these two layers with microchannels are connected. Flow
direction changes when it passes through the suspended microfluidics and applies flow
forces onto the microcantilever. Monitoring the applied flow forces against flow properties
can be used to measure different fluids properties using SPMF3 [22]. The detection and
study of microparticles are among other applications of the SPMF3 platform that have been
examined and published by current authors [24].

In order to obtain and optimize the suspended microfluidics’ dimensions, a finite
element simulation with rough dimensions has been performed as the first iteration [25].
Then, an optimization analysis for sensitivity improvement is performed to obtain the
optimum dimensions. Finally, the microsystem dimensions that have the highest sensi-
tivity and deflection are chosen for sample fabrication: a microcantilever with the size
of 6000 × 2000 × 600 µm3 with an embedded microchannel of 200 × 100 µm2. Detailed
finite element analysis and sensitivity studies of the suspended microfluidics have been
performed and published by the current author [25,26]. Table 1 summarizes the SPMF3

dimensions that have been used for simulations and the resulting deflection.
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Figure 1. Three layers of the suspended microfluidics.

Table 1. Parameters used for suspended microfluidics simulation [25], where L denotes length, W
denotes width, and T denotes thickness.

Cantilever Size,
L, W, T (µm)

Microchannel Size,
W, T (µm)

Nozzle Size,
W, L (µm)

6000 × 2000 × 600 200 × 100 200 × 400

2.1. Fabrication Method

Soft lithography [27] is one of the main techniques for fabricating a PDMS microfluidic
chip that starts with microchannel mold fabrication on a clean silicon wafer. The silicon
wafer is coated with a photoresist material, SU8-2075, up to the desired microchannel
depth by a spin-coating machine. After a pre-exposure baking step at 95 ◦C for 10–15 min,
the silicon wafer is patterned using a mask with ultra-violet light (UV). Then, post-exposure
baking is required to cure the patterned microchannel. Finally, the patterned photoresist
material on the silicon wafer is submerged in a developer solution, which removes the
unpatterned regions on the silicon wafer. Then, the mold is employed to fabricate the
microchannel using a polymeric material such as PDMS. After having the microchannel sub-
strate cured in an oven, the microchannel is bonded to a glass slide to form the microfluidic
system and closed microchannels, as shown in Figure 2.

Figure 2. Schematic view of microfluidic system fabrication process using soft lithography; (a) mold
fabrication step using soft lithography; (b) microchannel fabrication step using polymeric material;
(c) bonding step using oxygen plasma bonding.
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2.2. Fabrication Steps
2.2.1. Mold Fabrication

In order to make each of the abovementioned layers, a proper mask and mold should
be designed and fabricated. Three different masks are designed and fabricated, as shown in
Figure 3; in this study, SU8-2075 has been used to make a mold for microsystem fabrication.
This fabrication requires two different molds: one for microchannel layers and one for
nozzle layers.

 

         

Figure 3. Negative masks printed for photo lithography process, a) nozzle mask, b) microcantilever mask, c) 
microchannel mask. 

 

 

 

 

Figure 5. The PDMS layers fabrication processes a) Pouring PDMS on the mold b) Applying pressure using 
grippers c) PDMS layer after curing process d) Detaching PDMS layer from mold. 
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Figure 3. Negative masks printed for photo lithography process: (a) nozzle mask, (b) microcantilever
mask, and (c) microchannel mask.

Lastly, the silicon wafer, including patterned and cured SU8, will be developed in a
photoresistant developer solution to remove unpatterned areas from the mold, as shown
in Figure 4. At the end, it is better to hard bake the mold at high temperatures to produce
mold features that are hard and resistant.

Figure 4. The final fabricated molds: (a) nozzle mold and (b) microchannel mold.

2.2.2. PDMS Layers Fabrication Procedure

PDMS with a 10:1 ratio to curing agent is used in this fabrication process. After
preparing liquid PDMS, it may be poured on the mold prepared earlier, as shown in
Figure 4. By applying enough pressure on the mold, one makes sure that the final PDMS
layer will be exactly made as designed. Applying pressure will be performed by using
microscope glass slips, which are shown in Figure 5a. Finally, the mold should be heated
at 65 ◦C for 2 h for curing. A gripper was also used to keep some pressure on the mold
during curing to maintain the desired layer thickness.
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Figure 5. The PDMS layers fabrication processes: (a) pouring PDMS on the mold; (b) applying
pressure using grippers; (c) PDMS layer after curing process; (d) detaching PDMS layer from the mold.

The PDMS layer is ready to be bonded when it is detached from the mold after curing
process, as shown in Figure 5d.

2.2.3. Bonding Procedure

In this step, each layer will be exposed to a 40 s plasma treatment and bonded carefully
under the microscope for proper alignment using cantilever features. As observed in
Figure 6, these two PDMS layers are placed on the glass slips used during the fabrication
process. Thus, when bonding is completed, one of these glass slips (the nozzle one) has
to be removed. This glass slip removal process has to be performed carefully. Otherwise,
the entire delicate microstructure might become damaged. Now, two layers are bonded
to each other (MLT + NL), and the third layer, which is the second microchannel layer
(MLB), has to be bonded to these two layers. This will be performed in the same manner
as the earlier bonding process for the first microchannel later to the nozzle layer. At the
end, both glass slips at two sides of the 3-layer microfluidics will be removed, and proper
supporting layers are bonded to hold the microsystem. Finally, the microcantilever in which
a 3D microchannel is embedded is ready for fluid detection experiments and microparticle
injection tests.

Figure 6. Cont.
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Figure 6. (a) PDMS layers fabricated on glass slides; (b) PDMS layers bonded together between glass
slides; (c) final 3D suspended microfluidics; (d) schematic view of bonding sequence of the main
layers (MLT, NL, and MLB) to create SPMF3.

2.3. Fabrication Issues

During the fabrication process and after performing experiments with the suspended
microfluidic system, some issues occurred that were related to the fabrication process.
These issues and their solutions are listed as follows. Trapped air bubble between layers,
bonding strength, and particles stickiness were fundamental points that needed attention
to make microfluidics functional. There were some other issues that were minor but needed
to be addressed, such as nozzle alignment and the quality of the nozzle hole.
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2.3.1. Air-Vent PDMS Fabrication Method

As mentioned during the fabrication process, microchannel (MLU, MLB) and nozzle
layers (NL) are placed on a glass slide during bonding, as shown in Figure 6a. Therefore,
air bubbles may be trapped between layers during the bonding step, resulting in microflu-
idics dysfunction. In order to avoid this issue, two air-vent channels were designed and
fabricated during the molding step, as shown in Figure 7. These channels help vent the
trapped air bubbles out and consequently increases the bonding strength.

Figure 7. Schematic view of the microchannel layer of SPMF3 with two air-vent microchannels.

In order to optimize the air-vent channel’s dimensions, three suspended microfluidic
systems with and without air-vent channels were fabricated and bonded. In this experiment,
air-vent channels of 300 µm and 500 µm were integrated into the microchannel layer. As
shown in the results, the air bubble is highly trapped in the fabrication without air-vent
channels, which causes complete fabrication failure and unusable microfluidics, as shown
in Figure 8.

Figure 8. The effect of air-vent microchannel on tapped air-bubble size; (a) microchannel layer
without air-vent channel; (b) microchannel layer with 300 µm air-vent channel; (c) microchannel
layer with 500 µm air-vent channel.

However, when an air-vent channel of 300 µm was fabricated within the microchannel
layer, the trapped air bubble transformed into multiple smaller bubble where there were no
bubbles near the air-vent channels, which means that trapped air near these channels was
taken out. Increasing the air-vent channel size to 500 µm removed most of the air bubbles
and cleared all critical regions around the microchannel where the bonding strength was
required. There is still a tiny portion of the trapped air left that is not in a critical region
and can be removed with an extra air-vent channel in that zone.
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2.3.2. Particle Stickiness

One of the main experiments performed in this research study was the detection
and study of microparticles flow inside SPMF3 [24]. One of the main issues in dealing
with microparticles in a PDMS microfluidics is the particles stickiness inside the channel
(Figure 9). This is due to the presence of active ions on the microchannel walls [28]. In
order to avoid this issue, which will block the microchannel, three solutions exist in the
literature: diluting microparticle solution with anti-ion liquids such as TWEEN20 [29],
covering microchannel walls with lubricants such as Teflon AF [30], and reducing the
microparticle concentration in the solution [31].

 

  

Figure 9. Polystyrene microparticles stuck inside the microfluidic channels, a) Particles clogging in the 
SPMF3, b) Particles clogging in a cross microchannel used for particle injection during some experiments. 

 

 

 

  

Figure 10. a) Top view of the three microchannels and nozzle layers with an undesired offset, b) side view 
of a fabricated SPMF3 with undesired offset between layers. 
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Figure 9. Polystyrene microparticles stuck inside the microfluidic channels: (a) particles clogging
in the SPMF3; (b) particles clogging in a cross microchannel used for particle injection during
some experiments.

Here, we tried a combination of diluting the microparticle solution with TWEEN20 and
reducing their concentration in the solution, which worked perfectly during the experiments.

2.3.3. Bonding Strength

After fabricating several SPMF3 samples and conducting a simple flow test, it was
observed that fluid leaks out of the microchannel and moves between microsystem layers.
This is considered as a failure due to the low bonding strengths with respect to the desired
tested flow rates. Therefore, one of the main parameters or issues that has to be monitored
during the multi-layer fabrication process is bonding strength. The experimental results
are unreliable if the layers are not bonded properly and fluid leaks between layers. In
order to avoid this issue and based on best practices in the literature [21], the PDMS curing
temperature was lowered from 90 ◦C to 65 ◦C in order to produce more sticky surfaces
after curing. Moreover, the air-vent microchannels will also improve bonding strength by
removing trapped air, which is required during fluid experiments with high flow rates.

2.3.4. Alignment between PDMS Layers

The 3D-suspended microfluidics comprised five PDMS layers in which there are three
main layers, namely one nozzle layer and two microchannel layers, and two supporting or
sandwich layers on the top and bottom. The misalignment of the three main layers results
in different designs and load sensitivity in the final suspended microfluidics. However,
there are some situations in which bonding happens while the desired alignment is not
reached. Since layer alignment was performed by hand and under a microscope, it is
inevitable that sometimes the required alignment does not happen as it was planned, which
is shown in Figure 10. Further attention under the microscope during the bonding process
would resolve unwanted misalignments. Moreover, each SPMF3 should be tested after
production for its baseline load sensitivity in order to remove variation error between
different SPMF3 samples.
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Figure 10. (a) Top view of the three microchannels and nozzle layers with an undesired offset; (b) side
view of a fabricated SPMF3 with undesired offset between layers.

3. Experimental Validation of the SPMF3

An experiment of injecting water with different flow rates has been performed to
validate the sensitivity of fabricated 3D suspended microchannel to flow forces. The mi-
crocantilever deflections were measured by an optical laser-based deflection measurement
system shown in Figure 11.

 

 

Figure 11. Laser displacement measurement system. 

 

 

 

 

 

 

cantilever tip 

Figure 11. Laser displacement measurement system.

In this measurement system, reflected laser light from the shiny cantilever tip was de-
tected with PSD, and its displacement history was recorded in a data logger. Since the laser,
microcantilever, and PSD are on the same plane, the displacements of the reflected laser
light can be transformed into microcantilever deflections using a geometrical formula [32].

In order to study the microchannel’s dimensions impact on the sensitivity of the fabri-
cated microsystem, two SPMF3 with different microchannel dimensions were fabricated for
this experiment. The first SPMF3 sample has a channel size of 400 × 100 µm2, respectively,
and the second one has a channel size of 200 × 100 µm2. A syringe pump was employed
to inject DI water with different flow rates from 0 to 20 µL/min into SPMF3 samples. As
shown below, Figures 12 and 13, both SPMF3 samples had high sensitivity to flow forces
when a fluid passed through the suspended microchannel and nozzle.
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Figure 12. The sensitivity experiment of 3D suspended microcantilever has a 400 × 100 µm2 (width
and depth) channel with various step flows of 10-15-20-15-10-0 µL/min. The syringe pump flow rate
changes every 60 s, and the SPMF3 responds to this new flow rate.

Figure 13. Sensitivity experiment of 3D suspended microcantilever, which has a 200 × 100 µm2

(width and depth) channel with various step flows of 0-10-0-15-0-10 µL/min. The syringe pump flow
rate changes every 60 s, and SPMF3 responds to this new flow rate.

In the next experiment, a peristaltic pump was used to investigate the sensitivity of
fabricated SPMF3 under dynamic loads such as a pulsating flow. The peristaltic pump
speed is fixed at 2 rpm, and it is connected to the both fabricated SPMF3 systems with
different microchannel dimensions of 200 × 100 µm2 and 400 × 100 µm2 (width by depth).
According to measured cantilever deflections shown in Figure 14, the SPMF3 systems are
sensitive to dynamic loads of pulsating flows generated by rollers of the peristaltic pump.
Here, the microfluidic system was tested at 2 rpm pump speed that generated flow pulses
of 0.33 Hz due to 10 rotating rollers of the pump.
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Figure 14. SPMF3 response to dynamic load of a Peristaltic pump with a fixed speed of 2 rpm, which
was generating flow pulses of 0.33 Hz due to 10 rotating rollers of the pump, i.e., 20 pulses in 60 s.
(a) The SPMF3 sample has a microchannel of 400 × 100 µm2 (width and depth). (b) The SPMF3

sample has a microchannel of 200 × 100 µm2.

In the next experiment, DI water with different concentrations of salt varying from
0–15% of weight was injected into the two SPMF3 samples with different microchannel
dimensions. The intention was to verify the sensitivity of SPMF3 relative to various fluid
properties such as density and viscosity. Varying salt concentration in water results in
different fluid density and viscosity, as shown in Table 2
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Table 2. The 3D microfluidics behavior against variations in fluid properties at 21 ◦C [33].

Salt wt % Density (kg/m3) Viscosity (cP)

0% 999 1.002

10% 1070 1.193

15% 1110 1.350

According to the experimental results shown in Figure 15, variation in fluid properties
through the addition of salt can be detected using this microsystem. This experiment has
been repeated for both SPMF3 samples with 400 × 100 µm2 and 200 × 100 µm2 (width by
depth) microchannel dimensions. As confirmed in this figure, SPMF3 can be employed
for different bio-fluid detection applications. Further results of such experiments in fluid
detection have been examined and published by the current authors [22]. 

 

 

Figure 15. Sensitivity experiment of SPMF3 to various fluid properties. A water and salt mixture with 

different salt concentrations have been used here. A) The SPMF3 sample has a microchannel of 400×100µm 

(width and depth), B) The SPMF3 sample has a microchannel of 200×100µm. 
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Figure 15. Sensitivity experiment of SPMF3 to various fluid properties. A water and salt mixture
with different salt concentrations has been used here. (a) The SPMF3 sample has a microchannel of
400 × 100 µm2 (width and depth). (b) The SPMF3 sample has a microchannel of 200 × 100 µm2.

4. Conclusions

Polydimethylsiloxane (PDMS) has shown promising results in 3D microfluidics fabri-
cation due to its capability for multi-layer fabrication. Each layer may have microchannels,
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valves, pumps, and holes and can be aligned and bonded to a single microfluidic system.
In this paper, the fabrication process details of a 3D-suspended microfluidics with issues
and solutions were presented. SPMF3 works based on the flow forces created along the
microchannel when the flow direction is modified. These forces can be optimized through
the design and dimensional modification of microchannels and nozzle.

During this fabrication, some fundamental issues were observed, such as bonding
adhesion, trapped air-bubble between PDMS layers, and microparticles clogging, as well
as some minor issues such as microchannel and nozzle misalignment and nozzle-finishing
quality. These major issues of bonding strength, trapped air, and particles clogging were
addressed using optimized PDMS curing temperature from 90 ◦C to 65 ◦C, adding an
optimum number of air-vent microchannels to PDMS layers and reducing microparticle
flow rates by using a diluted microparticle solution with TWEEN20, respectively.

Finally, the sensitivity of the SPMF3 was examined in different conditions such as
step-flow rate variation and dynamic flow (Peristaltic pump) and detecting variations in
fluid properties (salt addition). Based on the experimental results, SPMF3 can be employed
as a bio-fluid detection platform, which is able to differentiate fluid properties as well as its
flow rate in either steady or transient flows.
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