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Abstract
Microfluidic systems are relatively new technology field with a constant need of novel and practical manufacturing materials 
and methods. One of the main shortcomings of current methods is the inability to provide rapid bonding, with high bonding 
strength, and sound microchannel integrity. Herein we propose a novel method of assembly that overcomes the mentioned 
limitations. Polymer-assisted bonding is a novel, rapid, simple, and inexpensive method where a polymer is solubilized in 
a solvent and the constituted solution is used as a bonding agent. In this study, we combined this method with utilization 
of several phase-changing materials (PCMs) as channel-protective agents. Glauber’s salt appeared to be more suitable as a 
channel-protective agent compared to rest of the salts that have been used in this study. Based on the bonding strength, qual-
ity analyses, leakage tests, and SEM imaging, the superior assisting bonding solvent was determined to be dichloromethane 
with a PMMA concentration of 2.5% (W/V). It showed a bonding strength of 23.794 MPa and a nearly non-visible bonding 
layer formation of 2.83 µm in width which is proved by SEM imaging. The said combination of PCM, solvent, and polymer 
concentration also showed success in leakage tests and an application of micro-droplet generator fabrication. The application 
was carried out to test the applicability of developed prototyping methodology, which resulted in conclusive outcomes as the 
droplet generator simulation run in COMSOL Multiphysics version 5.1 software. In conclusion, the developed fabrication 
method promises simple, rapid, and strong bonding with sharp and clear micro-channel engraving.
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1  Introduction

Microfluidic devices become powerful tools for basic 
research and biomedical/clinical applications, since they 
provide rapid sample processing, excellent fluid handling 
and control, and ease of use. However, requirement of clean 
room facilities and sophisticated instruments are the main 
limitations for fabrication of microfluidics. Due to high 
demand, there is a need for the development of cost-effective 
and rapid prototyping methodologies, especially for point-
of-care applications (Liu et al. 2021; Tsao and DeVoe 2008).

The very first microfluidic devices were mostly fabricated 
from silicone and glass, but alternative materials and fab-
rication methods are required due to expensive, long-last-
ing and inaccessible manufacturing methods, and fragile 

structure of glass (Mair et al. 2007). Therefore, polymer-
based materials, such as Polymethylmethacrylate (PMMA), 
Polydimethylsiloxane (PDMS), SU-8 photoresist, Polycar-
bonate (PC) and Polystyrene, have been utilized because of 
their easy processability, durability, biocompatibility, and 
cost-effective features (Han et al. 2015; Zhang et al. 2014). 
PMMA is a commonly utilized thermoplastic polymer used 
in microfluidic systems due to its properties of transpar-
ency, chemical resistance, biocompatibility, and low cost. 
Recently, various PMMA bonding techniques have been 
reported, such as ultra violet (UV)-assisted bonding (Shi-
nohara et al. 2007; Tsao et al. 2007) double-sided adhesive 
(DSA) (Zhu et al. 2006), solvent-bonding (Park et al. 2012), 
and thermal bonding (Rahbar et al. 2010). However, UV-
assisted, DSA, and thermal bonding methods mostly result 
in reversible bonding with a low bonding strength, which is 
undesirable for sake of robustness and durability. Although, 
solvent-assisted chemical bonding is a good alternative to 
achieve high bonding strength and irreversible bonding, 
deformation of micro-channels due to solubilization of main 
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material by organic solvents is a disadvantage. This defor-
mation might be encountered as a collapse of the channel 
or fusing of channel walls due to solubilization especially at 
wider channel diameters (Thompson et al. 2015). The same 
issue is also seen in thermal bonding processes (Becker and 
Locascio 2002; Chu et al. 2015; Gan et al. 2011). Moreover, 
in case of solvent-bonding methods, channel deformation 
due to PMMA swelling is reported to take place and block-
ing of the channel due to solubilization can be encountered 
(Tran et al. 2013). In the case of PMMA bonding, micro-
channel deformation is generally prevented using a poor 
solvent of PMMA, such as ethanol, isopropyl alcohol, and 
their water mixtures, especially ethanol is widely used for 
its role both as a plasticiser and as a solvent of PMMA (Liga 
et al. 2016). Use of poor solvent causes little to no damage 
to microchannel integrity, but in some cases, these methods 
are reported to need higher bonding duration and show lower 
than desired bonding strength (Bamshad et al. 2016a; Zhang 
et al. 2014). The second most common strategy is to use 
strong PMMA solvents such as chlorinated organic solvents 
with a short exposure time, and then application of high 
pressure and heat. While it is possible to reach irreversible 
PMMA bonding via these techniques, the acquired bonding 
strength is much lower compared to the priors (De Marco 
et al. 2012; Ogilvie et al. 2010).

To overcome above-mentioned obstacles, here we pro-
pose a cost-effective and rapid prototyping methodology that 
combines a facile bonding method namely "polymer-assisted 
bonding" and use of inorganic salts as a phase-changing 
material (PCM) (Hintermüller and Jakoby 2019; Kelly et al. 
2005; Koesdjojo et al. 2008; Lynh and Pin-Chuan 2018). In 
this study, we were motivated by the need of a new method-
ology, which provides high bonding strength of PMMA lay-
ers, and also protects the evenness of microfluidic channels.

For this purpose, CO2 laser ablation on PMMA layer 
was carried out. Afterwards, protection of microchannel by 
inorganic PCMs was performed prior to polymer-assisted 
bonding that provides high bonding strength of PMMA lay-
ers. Sodium Sulfate Decahydrate, Magnesium Nitrate Hexa-
hydrate, Magnesium Chloride Hexahydrate, and Aluminum 
Sulfate-18-Hydrate salts were used as PCM materials to 
investigate their capability. These salts were filled into the 
micro-channels in liquid phase above melting temperature 
and removed by water flow after fabrication. Sodium Sulfate 
Decahydrate, so called Glauber’s salt, was found to be a 
superior protective agent compared to the rest due to its low 
melting point (32.4 °C) and slow hardening process. Charac-
terization of the fabricated microfluidic chips was then car-
ried out by leakage tests, bonding strength measurement, and 
SEM analysis. Lastly, as an application a T-junction micro-
droplet generator was simulated and fabricated by devel-
oped rapid microfabrication technique. The new bonding 
and fabrication technique proved to be simple and effective, 

providing easy control of parameters, such as diameter and 
channel structures; moreover, it did not need any external 
equipment, heating or cooling process, or unconventional 
solvent to remove PCMs.

2 � Materials and methods

2.1 � Materials

Following materials were used for microfabrication pro-
cesses: Na2SO4.10H2O (Sigma Aldrich), MgCl2.6H2O 
(LACHEMA), Mg(NO3)2.6H2O (Horasan Chemistry), and 
Al2(SO4)3.18 H2O (Sigma Aldrich), PMMA (Netpleksi), 
Dichloromethane (Sigma Aldrich), Chloroform (Merck), 
Toluene (Emsure).

2.2 � Microfabrication and bonding

As depicted in Fig. 1, rapid prototyping process consisted 
of three main steps including: (i) design, (ii) microfabrica-
tion, and (iii) application. Designs of microfluidic chips were 
carried out by CorelDrawX6 software. During micromachin-
ing step, laser ablation parameters, such as speed and laser 
power, were examined to investigate the effects on channel 
width and depth. PMMA microfluidic chips were designed 
and fabricated as two layers. 3 mm thick PMMA sheets 
were used for fabrication of rectangular microfluidic chips 
(2 × 3 cm) using laser ablation method with a CO2 laser cut-
ter (Epilog Zing 16 Laser, USA; 40 watts of power at 100% 
power setting). After laser ablation, layers were cleaned by 
ethanol and deionized (DI) water, respectively, and were 
dried. Engraved channels were filled with melted PCM 
where four different types of salt hydrates, Na2SO4.10H2O, 
MgCl2.6H2O, Mg(NO3)2.6H2O, and Al2(SO4)3.18 H2O were 
used as channel-protective agents. PCMs were deposited into 
channels using a 10 µl micropipette and a ratio of 1 µl PCM 
per 1 mm3 channel volume was used. After solidification of 
PCM, 100 μL of PMMA solution was applied (for a chip 
interface area of 4 cm2) as a bonding agent on each PMMA 
surface, and two layers were combined quickly. Pressure was 
applied via clamps to bond layers and to remove air bubbles 
between two layers, and it was kept at room temperature 
until bonding is complete. As bonding agent varied PMMA 
solutions were utilized, 0.5, 1.0, 2.5 and 5% (W/V) PMMA 
in Dichloromethane (DCM), 0.5, 1.0, 2.5 and 5% (W/V) 
PMMA in Chloroform, and 2.5, 5.0, 7.5 and 10% (W/V) 
PMMA in toluene. After the bonding process, the PCM in 
the channels was liquefied and washed away for this pur-
pose heated water was used. DI water at 60 °C was passed 
through channels for 15 min by a syringe pump (NE-300, 
The New Era Pump Systems, Inc., USA) to solubilize and 
to remove the residual PCM salt from the channels. Finally, 
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surface modification was done with solvent flow to acquire 
better smoothness and transparency in channel structure. 
DCM was applied through channels (10 ml/min) for dura-
tion of 120 s, and then pressurized air was applied for 120 s. 
All applications with DCM, Toluene, and Chloroform were 
handled under a chemical hood for safety purposes since 
their inhalation would cause acute metabolic and neurologic 
abnormalities.

2.3 � Bonding strength, leakage and bonding 
analysis

Bonding strength of PMMA layers was investigated via 
tensile strength analyses, to observe effects of different sol-
vents on bonding methodology. Bonding strength of DSA, 
DCM, chloroform, and toluene was compared against 0.5, 
1.0, 2.5 and 5% (W/V) PMMA in DCM, 0.5, 1.0, 2.5 and 
5% (W/V) PMMA in Chloroform, and 2.5, 5.0, 7.5 and 10% 
(W/V) PMMA in toluene. For bonding strength analysis, 
PMMA layers (70 mm × 20 mm × 2 mm) were fabricated 
through laser ablation. 100 µL of corresponding PMMA 
solution was added onto 4 cm2 (20 mm × 20 mm) surface 
area of PMMA layers. Two PMMA layers were combined, 
and then clamp was used to apply pressure onto the bonded 
surface. The samples were held at room temperature until 
solvents evaporate and bonding complete. As a control 
group, only solvent-based bonding was used, where PMMA 
concentration was 0%. Measurements were carried out by 
Lloyd LR 30 K universal tensile testing machine. Two lay-
ers of PMMA were pulled apart with crosshead speed of 
0.5 mm min−1. Experiments were run in triplicates (Bam-
shad et al. 2016a). Later, bonding analyses of PMMA layers 

for cross section of channels were carried out by scanning 
electron microscopy (SEM, Philips XL 30S FEG). Finally, 
varied microfluidic chip patterns including I-shape, L-shape, 
Y-shape and S-shape were engraved on the PMMA sheets 
(20 mm × 30 mm) for leakage test. Leakage test was car-
ried out using food dye solutions to investigate any possible 
leakage. To perform the leakage test, microfluidic chips with 
four different microchannel geometries were fabricated each 
20 mm × 30 mm in size. Channel width and depth were fab-
ricated to be 200 µm and 390 µm, respectively. Inlet and out-
let holes were connected to silicone tubes (diameter: 1 mm) 
and utilizing a syringe pump (NE-300, The New Era Pump 
Systems, Inc., USA) water with blue food dye was passed 
though the micro-channels with a flow rate of 20 mL min−1. 
Observation for any leakage was carried out visually.

2.4 � Simulation and microfabrication 
of micro‑droplet generator

As a model system, micro-droplet generator was fabricated 
to investigate the applicability of rapid prototyping meth-
odology. First, simulation of the designed micro-droplet 
generator was done through COMSOL Multiphysics 5.1 
software. Figure S1 shows the geometry of micro-droplet 
generator, where the horizontal channel is 300 µm in diam-
eter and vertical channel is 200 µm; and it also shows regions 
and inlets, where red arrow indicates dispersed-phase (DP) 
inlet, green arrow indicates continuous-phase (CP) inlet, and 
the red line corresponds to initial interphase between two 
fluids. Flow rates were chosen to be 0.5 mL/h for dispersed 
phase and 10 mL/h for continuous phase. Mesh size was set 
to extremely fine, the geometry, materials, conditions, initial 

Fig. 1   Schematic representation for rapid prototyping of PMMA microfluidic chip
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values, interphases, and wall boundary conditions (non-slip) 
were set up and calculations were carried out. The number 
of degrees of freedom was 14,720, and each simulation took 
6–8 h with less than 2 Gb of RAM. Figure 2 shows the 
geometry (2a), inputs (2b), and mesh grid (2c) used for the 
simulation.

Fabricated micro-droplet generator was tested for alginate 
micro-droplet formation. High oleic sunflower oil was used 
as CP, and aqueous solution of 1% alginate was used as DP. 
Blue food coloring was used to visualize alginate microdro-
plets. Produced alginate microdroplets were collected in a 
Petri dish, which consists of CaCl2, and incubated until gela-
tion is complete. The sizes of microdroplets for varied CP (5 
and 10 ml/h) and DP (0.5, 1.0, and 2.0 ml /h) flow rates, and 
droplet frequency were examined. Droplet images were col-
lected through light microscopy and high-speed camera dur-
ing flow, and diameters were analyzed via ImageJ software.

3 � Results and discussion

3.1 � Micromachining process

Rapid prototyping of PMMA microfluidics involved fol-
lowing steps: (i) micromachining of channels via CO2 
laser ablation, (ii) protection of micro-channels by PCM, 
(iii) bonding of PCM protected PMMA layers, and (iv) 
removal of PCM from microchannels. First, to demonstrate 
the capability of CO2 laser for the micromachining process 
two different modes; vector and raster modes were used. 
Here, the effect of different laser speeds on channel depth 
and structure for vector mode (laser power: 10%) and raster 
mode (laser power 100%) were investigated. To observe the 
channel depth and structures, cross-sectional SEM images 
of engraved PMMA surfaces were taken after laser ablation. 
(Fig. 3a, b). The channel depth was controlled by the laser 

speed, where raster mode created deeper channels compared 
to same speed range of vector mode due to higher energy 
density. It can be seen that channel depth decreases with 
increasing scanning speed. For microfabrication process, 
30% speed with 100% power for raster mode was used; and 
for cutting, vector mode was used with 40% speed with 60% 
power.

Figure 3c shows light microscopy images of different 
microchannel patterns, where the channel width is ranging 
from 265 to 357 µm. It has to be noted that focused laser 
beam has 120 µm diameter, however, obtained channels were 
larger than the design due to partial melting of PMMA on 
the spot. When the laser ablation method is used for engrav-
ing laser moves in stepwise motion; therefore, perfectly 
smooth channels or structures cannot be obtained by this 
methodology. To obtain smooth channels and surface struc-
tures, channels were solvent-treated at post-processing step.

3.2 � Bonding process

Bonding process is the most appealing part of the devel-
oped methodology. Here, polymer-assisted bonding tech-
nique is defined to overcome limitations of current methods, 
especially solvent-based bonding techniques. For bonding, 
PMMA polymer was solubilized in either in DCM, chlo-
roform or toluene to obtain polymeric bonding agent, and 
applied onto PCM protected PMMA layers. PCMs were used 
to protect the micro-channels during bonding process and 
four different types of inorganic salts were investigated as 
possible channel protecting agents. Chemical formulations 
and melting points of each PCM are summarized in Table 1.

Na2SO4.10H2O, namely Glauber’s salt, appeared to be 
more suitable as a channel-protective agent compared to rest 
of the salts that have been used in this study. Due to its low 
melting temperature, it does not harden fast, which makes it 
easier to work with. Also, its solubility in water is quite high. 

Fig. 2   a Geometry of simu-
lated droplet fabrication chip. 
b Representation of continuous 
flow (green arrow) and dis-
persed flow (red arrow) inlets. 
c Mesh grid that’s been used 
for simulation. d Dimensions of 
microdroplet formation micro-
chip. e Fabricated microdroplet 
formation microchip (color 
figure online)
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This resulted in no-salt residuals in micro-channels after 
bonding and PCM removal process where salt residues were 
obtained for other PCMs used during this study either due to 
their higher melting temperatures and/or lower solubilities 
in water. Rest of the salts had higher melting points and they 
possessed faster solidifying speeds, which was not desirable. 
Therefore, they were not convenient for complete protection 
of channels, and mostly resulted in deformations of chan-
nels during bonding and PCM removal. Mg(NO3)2.6H2O 
was also an applicable PCM; where it turned into solid phase 
faster than Glauber’s salt but slower than other salts. Over-
all, Glauber’s salt was much easier to work with and the 
longest microchannel that was processed with above-men-
tioned PCMs was 27.2 mm in length.

3.3 � Bonding strength and bonding quality analysis

Bonding strength and reversibility of bonding were evalu-
ated for polymeric bonding agents where varied concentra-
tions of PMMA solutions obtained through different sol-
vents. Also, the bonding strength of these polymeric bonding 
agents was compared with DSA. To examine the bonding 
strength and reversibility, tensile strength test was performed 
for each bonding agent. As given in Fig. 4, highest bond-
ing strength was obtained for DCM solubilized bonding 
agents that is 23.794 ± 2.7 MPa. Bonding strength of DCM, 
chloroform, toluene and double-side adhesive without the 
solubilization of PMMA as a bonging agent were obtained 
as 14.8 ± 2.4 MPa, 10.9 ± 3.7 MPa, 13.8 ± 3.5 MPa and 
9.5 ± 1.0 MPa, respectively. Compared to solvent-bond-
ing group, where 0% PMMA was used, DCM solubilized 

Fig. 3   PMMA surfaces that were engraved after laser cutting in micromachining process a, b SEM images of side view of channels: a Effect of 
different laser speed at vector mode, b Effect of different laser speed at raster mode; c Microscopy images of different patterns

Table 1   Names, chemical 
formulas and melting points of 
salts used as PCM

Inorganic salt hydrate PCM Chemical formula Melting 
point (°C)

Applicability for 
microfabrication

Sodium Sulfate Decahydrate (Glauber’s salt) Na2SO4·10H2O 32.4 Excellent
Magnesium Nitrate Hexahydrate Mg(NO3)2·6H2O 89.0 Mediocre
Magnesium Chloride Hexahydrate MgCl2·6H2O 117.0 Poor
Aluminum Sulfate-18-Hydrate Al2(SO4)3·18 H2O 90.0 Poor



	 Microfluidics and Nanofluidics (2021) 25:66

1 3

66  Page 6 of 11

bonding agents provided improved bonding strength. DCM 
solubilized bonding agent provides higher bonding strength 
than chloroform and toluene because of its solubility prop-
erties. In literature, PMMA solvents, such as chloride com-
pounds, chloroform and alcohols, as well as different bond-
ing techniques have been reported under solvent-bonding 
(Mair et al. 2007; Tsao and DeVoe 2008; Umbrecht et al. 
2009; Zhang et al. 2014). Our results revealed that polymer-
assisted bonding provided higher strength and better bond-
ing than larger part of those methods as shown Table 2.

DCM readily showed higher modulus compared to tolu-
ene in literature and this is explained by its higher affinity 
to PMMA (Fashandi and Karimi 2014). This affinity is fur-
ther investigated by utilizing “Hansen Solubility Space”, 
determination of the maximum distance between solvent 
and solute in the “solubility” space (D value). Fashandi 
and Karimi calculated the D values of PMMA-Toluen 
(10.7) and PMMA-DCM (4.54) to compare their bond-
ing affinity and showed that there is a relation between 

the D value and solvent-polymer interaction; the lower 
the D value the more affinity of a solvent towards a sol-
ute. Herein the D value is calculated for chloroform and 
PMMA using the parameters taken from literature to be 
7.78 (Bordes et al. 2010; Lara et al. 2016). The D value 
of DCM is apparently the lowest (4.54) among the used 
solvents in this study which supports the Solubility Space 
claim by Bordes et al. and Fashandi and Karimi and pro-
vides a grounding for its superior bonding strength test 
results.

For all of the polymeric bonding agents, irreversible 
bonding was obtained; where PMMA substrates were 
detached only when they are broken. On the other hand, 
reversible bonding was obtained for DSA where PMMA 
substrates were detached without physical damage. Effect 
of the bonding was investigated by analyzing bonding 
area of completed microfluidic chip, which was bonded 
with the help of PCM. Here, only Glauber’s salt was used 
as a PCM because of its convenience. Figure 5a demon-
strates the SEM analysis for cross section of fabricated 
microfluidic chips when different concentrations (0%, 
0.5%, 1%, and 2.5% PMMA in DCM) of PMMA bond-
ing agent were applied. Continuous line on cross-sectional 
images indicates two PMMA layers fused well during 
bonding process. As PMMA concentration increased, 
distinctions between two layers were decreased. Sample 
that has been bonded with no PMMA in its boning agent 
showed a boundary layer of 33.65 µm, where the sample 
with 2.5% PMMA dissolved in its bonding agent showed 
2.83 µm. There was a clear decrease in observed boundary 
breadth showing irreversible and high-quality bonding is 
achieved. On the contrary, a thick bonding layer forma-
tion is observed when solvent-bonding was done using 
only DCM, which affects the bonding quality and strength 
negatively. It is a well known fact that applying solvent 
directly on substrate causes dissolution of substrate mate-
rial, therefore defects may occur on the bonding surface 
and substrate itself. However, in the developed methodol-
ogy, polymeric bonding agent provided a homogeneous 
thin film layer for easy fusion of two PMMA layers while 

Fig. 4   Effects of organic solvents with different PMMA concentra-
tions on bonding strength of PMMA layers. Effect of PMMA concen-
tration and solvent type on bonding strength between two layers

Table 2   Comparison of the 
highest bonding strength values 
acquired in tensile strength test 
with related studies

Solvent Bond strength (MPa)

This work DCM 23.8 ± 2.4
Chloroform 13.1 ± 3.7
Toluene 16.6 ± 3.5

(Umbrecht et al. 2009) Ethylene glycol dimethacrylate 3.10
(Brown et al. 2006) Solution of methyl sulfoxide, water and 

methanol
5.50

(Hsu and Chen 2007) Isopropanol 4.02
(Zhang et al. 2014) Ethanol/Chloroform (5:1 v/v) 7.12
(Ogilvie et al. 2010) Chloroform 3.10
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protecting the integrity of the substrate and preventing 
dissolution. In this manner, obtained results correlate with 
bonding strength analysis, which are shown in Fig. 3.

Figure 5b shows profile of the micro-channels, compar-
ing microchannel profiles right after micromachining and 
after DCM application. Channel profile after micromachin-
ing is denoted by dashed red line and profile acquired after 
DCM application is highlighted with yellow dashed line. It 
can be seen in the figure that produced (depth: 389.6 µm; 
width: 271.3 µm) and anticipated (depth: 417.4 µm; width: 
274.8 µm) microchannel profiles are similar in terms of 
depth and width. Where depth values deviated 6.67% from 
first anticipation, width values deviated 1.27%; both pre-
sumed acceptable results compared to previous literature 
(Prakash and Kumar 2015; Sun et  al. 2006). Moreover 
microchannels preserved integrity, showing that the devel-
oped prototyping method is promising. Overall, circular 
channel structure has been achieved without a thick bond-
ing layer between two PMMA layers, and with good channel 
integrity which are essential for producing complex micro-
channel structures for areas, such as tissue engineering, lab 
on a chip systems, or proteomics (He et al. 2017; Song et al. 
2010; Thompson et al. 2015).

To investigate the bonding efficiency and sealing of 
microfluidic chip, chips with four distinct geometries were 
fabricated. Microchip sizes were 20 mm × 30 mm with chan-
nel width of 200 µm and channel depth of 389.6 ± 4.95 µm. 
All bonding was carried out with Glauber’s salt as the 
channel-protective agent and 2.5% PMMA in DCM as the 
bonding agent. Leakage test was performed via liquid flow 
where the flow rate was adjusted to 20 mL min−1 (Velocity: 
3.703 m/s; Pressure 40.867 kPa) with the longest microchan-
nel length of 27.2 mm. As given in Fig. 6, different micro-
fluidic chip designs fabricated by developed methodology 
and blue-colored dye solution was used for leakage test. The 
physical durability of the different designs was evaluated 
for all polymeric bonding agent concentrations. None of the 
patterns showed any leakage, exhibiting success of bonding 
between layers and channel integrity.

Although parameters of leakage tests highly depend on 
the material used to fabricate microfluidic chips, and micro-
channel size and shape. Considering the microchannel sizes 
and microchip fabrication material, the results acquired in 
this study are comparable with recent studies (Lin et al. 
2007; Rahbar et al. 2010; Song and Park 2017; Tan et al. 
2010; Tran et al. 2013; Zhang et al. 2014; Zhu et al. 2006). 

Fig. 5   a Side view SEM images 
of microchips after fabricated 
using DCM with different 
PMMA concentrations, bonding 
layers can be observed between 
the dashed lines. b Step-by-step 
SEM images of rapid prototyp-
ing process, after micromachin-
ing, after PCM application and 
bonding, and after removal of 
PCM via DCM
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Considering the flow rate used during the test, it is com-
parable to a recent study by Ramshad et al., whom tested 
microchips (Microchannel size: 145 µm × 600 µm) with flow 
rates between 10 µl min−1 and 35.7 µl min−1 where the first 
leakage was observed (Bamshad et al. 2016b). Overall, the 
developed method succeeded in leakage tests applied in this 
study.

3.4 � Simulation and application: microdroplet 
generator

To demonstrate the analytical performance of the fabricated 
microfluidic device, a T-junction microdroplet generator 
was designed and employed. First, simulations were car-
ried out by steady state Navier–Stokes equation or incom-
pressible Newtonian fluids. As shown in Fig. 7a, velocity 
showed a uniform distribution along the microfluidic chan-
nel and a ~ 150 droplet/min droplet formation frequency 
was calculated for flow rates of dispersed-phase (red) flow 
rate: 0.5 mL/h, continues phase (blue) flow rate: 10 mL/h. 

Figure 7a, b shows simulated contours of velocity field and 
volume fraction during droplet formation, respectively. The 
droplet started to form below channel intersection, as droplet 
grew a neck formation was observed which decreased in 
size with time and droplet detached with a final diameter of 
nearly 150 µm. Maximum velocity in channel was observed 
before droplet formation, which correlates with pressure 
field. Pressure in inlet channels was around 60 Pa until the 
neck formation started. With neck formation continuous-
phase inlet pressure increased to 90 Pa and dispersed-phase 
inlet pressure to 80 Pa, then decreased back to 60 Pa with 
detachment of droplet, in concurrence with velocity gradient 
maximum inlet pressure was observed right before detach-
ment of the droplet. The pressures and velocities increased 
again after detachment, as an effect of the reorientation of 
the dispersed phase remaining at the channel opening. The 
pressure field at intersection of channels can be considered 
the main induction of droplet formation other elements that 
induce the formation are continuous-phase flow and the 
shear from cross flow which also cause the circulatory move-
ment of droplets. This circulation has a higher velocity than 
the continuous phase behind the drop; this difference leads 
to a shear stress between droplet and surrounding flow that 
is centralized at the center of the droplet which correlates 
with previous literature (Antar and El-Shaarawi 2004).This 
shear results in promoting the droplet detachment and also 
affects the size and circularity of the droplets. Simulation 
results showed that with increased inlet pressure it is possi-
ble to reach higher droplet sizes and also pressure inside and 
around the droplet affects the outlet pressure and velocity.

A T-junction micro-droplet generator was designed (Fig-
ure 2-d) and fabricated (Figure 2-e) to test the applicabil-
ity of developed prototyping methodology. Dimensions of 
the used platform and micro-fabricated PMMA layers can 
be seen in Fig. 2d. After microfabrication process channels 
were protected with Glauber’s salt, then two PMMA lay-
ers were bound to each other via developed polymer-based 
bonding methodology, and finally inlet/outlet tubings were 
connected.

Figure 8a shows the formation of microdroplet in the con-
tinuous phase, frame by frame. As simulated before, neck 

Fig. 6   Leakage test of microflu-
idic chips with different channel 
patterns

Fig. 7   a Velocity field and b Volume Fraction plots of droplet forma-
tion platform with increasing time (0: 0.5 s; with 0.01 s increments)
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formation and detachment of the droplet can be observed 
in detail. This study showed that droplet size is changing 
with varying flow rates of both continuous and dispersed 
phases (Fig. 8b). When the continuous-phase flow rate was 
held constant and dispersed-phase flow rate was increased, a 
slight increase in the droplet size was monitored, also when 
dispersed-phase flow rate was held constant and flow rate of 
continuous phase was increased, droplet sizes also increased 
significantly. However, the effect of dispersed-phase flow 
rate was insignificant at higher continuous-phase flow rates. 
Flow rate changes also affected droplet formation frequency; 
with increasing continuous-phase flow rate droplet forma-
tion frequency increased too. Figure 8c shows the relation 
between flow rate and droplet frequency; a semi-linear rela-
tionship between them was observed.

4 � Conclusion

In this study, a new polymer-assisted bonding methodol-
ogy with PCM utilization was developed, which provides 
high bonding strength for PMMA layers and also protects 
the evenness of microfluidic channels. Effects of different 
solvents and their PMMA solutions on bonding strength 
and quality were investigated during the study, where 2.5% 

PMMA in DCM provided the highest bonding strength. 
Undesired effects of bonding agents on channel integrity 
were minimized using PCMs as channel-protective agents. 
Glauber’s salt had given the most promising results with 
its relatively lower melting point and its higher solubility 
in water. It has been shown that this salt can be used as 
a channel-protective agent in micro-channels with diam-
eters as low as 120 µm in combination with a polymer-
assisted bonding method. Besides, it has been confirmed 
that developed methodology is applicable to different 
channel geometries preserving said features. Finally, a 
T-junction micro-droplet generator was fabricated to test 
the applicability of the rapid prototyping method. Results 
of the application were then compared with the simulation 
results obtained from COMSOL Multiphysics version 5.1 
software. Results of the application and simulation were 
coherent. In conclusion, developed microfluidic chip fab-
rication methodology (i) is simple and rapid, (ii) provides 
high bonding strength, and (iii) protects microchannel 
integrity. Overall, the whole fabrication process took less 
than an hour and it was applicable to even complicated 
microfluidic chip designs.
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