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Abstract Reversible bonding that allows repeating
assembly and disassembly of microfluidic devices is very
useful for a number of applications such as surface func-
tionalization, complex cell patterning, and other biological
analysis. However, reversible microfluidic devices fabri-
cated with the current standard procedures can only be used
for low-pressure applications. In this paper, we describe
and characterize a reliable, flexible, and reversible bonding
technique of PDMS-PDMS (Poly-dimethyl siloxane) using
an oxygen plasma treatment. Effects of control parameters,
such as the thickness of the PDMS layer, the duration and
power of the plasma treatment, the duration and tempera-
ture of the thermal treatment on the quality of the obtained
devices are investigated. An optimal set of control param-
eters enabling the obtained devices to work at high flow
rates and pressures (500 pL/min and 148 kPa) has been
determined. Furthermore, the disassembly/assembly pro-
cess of the device can be repeated up to four times.

Keywords Microfluidic - Reversible bonding - Plasma
oxygen - PDMS
1 Introduction

Today, microfluidic systems are largely used for analytical
chemistry and biotechnology (McDonald and Whitesides
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2002; Fiirjes et al. 2014) because of their lower rea-
gent consumption, reduced analysis time, lower fabrica-
tion costs, and highly controlled environments compared
with traditional analytical instruments (Sui et al. 2007).
A microfluidic system is commonly obtained by bonding
a polymeric layer containing the microchannel pathway
(channel cap) to a second layer working as substrate (bot-
tom substrate) (Rasponi et al. 2010). The latter is simply a
flat surface or associated with an integrated circuit. In the
fabrication of microfluidic systems, Poly(dimethyl silox-
ane)—PDMS is one of the most common polymers. This
can be explained by its excellent physical and chemical
properties, such as permeability, transparency, flexibility,
and biocompatibility (Neethirajan et al. 2011). In addition,
the design and fabrication of PDMS channel network are
relatively simple thanks to the replica molding process on
SU-8 masters (Mcdonald et al. 2000; Chung et al. 2004).

The bonding of a PDMS channel cap and a bottom sub-
strate is usually irreversible. This bonding can be done with
various kinds of materials (PDMS, glass, Si, SiO,, quartz,
polystyrene, polyethylene, etc.), thanks to the PDMS adhe-
sive properties and the easy activation of its surface (Duffy
et al. 1998).

The development of a reversible bonding technique,
allowing repeatable disassembly/assembly of the devices,
is very attractive. Indeed, this enables to separate two parts
of a microfluidic chip for a better cleaning and/or replace-
ment of one part. This technique is particularly useful in
the case where the microfabrication process of bottom
substrates is complex and expensive [e.g., microelectrode
patterning (Chen et al. 2006) and microcoils for magnetic
trapping or analysis (Ramadan et al. 2006)].

Some reversible bonding methods have already been
published. They can be classified into four categories:
(1) bonding by mechanical strength (e.g., clamps and
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aspiration), (2) bonding by magnetism strength, (3) bond-
ing by an intermediate adhesive layer, and (4) bonding by
oxygen plasma treatment.

The reversible bonding by mechanical strength can be
performed via two clamps (Plexiglas) tightened by screws
between the surfaces of the channel cap and bottom sub-
strate (Wittig et al. 2005; Khademhosseini et al. 2005;
Chen et al. 2013). An alternative solution consists in apply-
ing a vacuum aspiration between both surfaces (Le Berre
et al. 2006). This technique allows working with a pressure
up to 100 kPa (Chen et al. 2013), but requires an additional
microchannel network. Both mechanical techniques are
appropriate to various chemical and biological applications
because they do not use any surface treatment (Anwar et al.
2011). Their main drawback relates to the specific design
of the mechanical clamps or additional microchannel. In
addition, these components require additional space, which
is difficult for a large array of functional microfluidic chan-
nel devices (Anwar et al. 2011).

Bonding by magnetism strength aims to embed a mag-
netic suspension in an adherence layer (e.g., in PDMS)
(Rafat et al. 2009; Rasponi et al. 2010). This technique
allows working with a pressure up to 145 kPa (Rafat et al.
2009). However, this technique is not appropriate in the
case of microfluidic chips using magnetic beads inside the
channel.

An adhesive layer can also help making a reversible
bonding between the channel cap and the bottom substrate
(Chong et al. 2005; Cai and Neyer 2010; Vézy et al. 2011).
In the paper (Vézy et al. 2011), dimethyl-methylphenyl-
methoxy siloxane (DMPMS) is used as an adhesive layer
and an oxygen plasma treatment is required to form a
reversible bonding of DMPMS on different substrates.
The obtained devices can work under high pressures (up to
100 kPa) with no leakage. Note that it is possible to directly
stick the channel cap and the substrate together without
the need of an adhesive layer, via a technique described as
follows.

Oxygen plasma treatment is another solution for bond-
ing microfluidic devices. This method is considered sim-
pler than the previously described ones. Indeed, while all
these techniques require additional material and/or specific
design of the device, the method using plasma treatment
does not. In addition, the latter is known for its high perfor-
mances in terms of sealing (Rasponi et al. 2010).

The principle of the bonding technique using oxygen
plasma is based on surface oxidation of covalent siloxane
bonds (Si—O-Si) to form reactive silanol groups (Si—OH)
on the surface of the PDMS layers. The bonding is fast and
can occur at room temperature, but the reversibility of the
device is very sensible to plasma oxygen conditions. This is
the reason why, up to now, there are only few works study-
ing the method. The papers (Khademhosseini et al. 2005;

@ Springer

PDMS channel cap

Bottom substrate
(spin-coated PDMS on glass)

Fig. 1 Design of the microfluidic chip

2 @

N

\

Fabrication of a PDMS cap and a
bottom substrate

!

— Surface treatment

Thermal treatment

‘ Peeling off two parts ‘
Ethanol rinsing

Fig. 2 Process of the reversible bonding

Eddings et al. 2008; Geng et al. 2011) tested the methods
but did not indicate explicitly the experiment conditions, so
that repeating the procedure of fabrication is impossible. In
addition, the number of assembly/disassembly cycles was
unknown.

In this context, the current paper aims to describe and
validate a method of reversible bonding using oxygen
plasma. The method will be tested under different bonding
parameters such as the thickness of the PDMS layer, the
duration and power of the plasma treatment, and others.

In the coming parts, the process of reversible bonding
and the fabrication of microfluidic chips will be presented.
Based on experimental results, the effects of different
bonding parameters on the number of assembly/disassem-
bly cycles will be discussed.

2 Materials and methods

Microfluidic chips are composed of two parts: a PDMS
channel cap and a bottom substrate. The latter is simply a
PDMS layer spin-coated on glass substrate (Fig. 1).

Figure 2 summarizes the main experimental steps of the
reversible bonding process. First, a PDMS channel cap and
a bottom substrate are fabricated. Then, their surfaces are
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treated by oxygen plasma (Fig. 2). Both parts are immedi-
ately put into contact and undergo a thermal treatment. The
process parameters related to these treatments are varied, in
order to study their effects on the obtained devices. A leak-
age test is necessary to check the tightness of the devices.
Finally, the two parts are peeled off and rinsed with ethanol
before being reused in next cycle. The process is repeated
until the parts of the devices cannot be peeled off with-
out damage. The experimental steps will be subsequently
described in detail in the text.

2.1 Materials

Poly(dimethyl siloxane)—PDMS (Sylgard 184 Silicone
Elastomer Kit, purchased from Dow Corning Corporation);
glass wafers (2 inches, optical wafer BK-7 type, thickness
of 1 mm); silicon wafers (2 inches); SU-8 3050 photoresist
(purchased from MicroChem Corp) are used. The plasma
experiments are carried out using a Pico plasma cleaner
(version 1, Diener Electronic, GmbH, maximum power:
200 W, frequency: 40 kHz); a syringe pump (model RaZEL
R99-FMZ). Atomic force microscopy (AFM) imaging: The
surface topography and roughness of PDMS are acquired
in air with an atomic force microscope Agilent 5500LS
(Agilent Technologies, Inc., USA) using the small multi-
purpose scanner mode.

2.2 Fabrication of a PDMS channel cap and a bottom
substrate

2.2.1 Preparation of PDMS

PDMS pre-polymer and curing agent are mixed at a weight
ratio of 10:1. After blending, the mixture is degassed in
vacuum desiccators during 30 min.

2.2.2 Bottom substrates

A layer of PDMS is spin-coated over a glass substrate. The
PDMS layer thickness is controlled by weight ratio of pre-
polymer/curing agent, spin-coating parameters (spin speed
and spin time), and curing conditions. In this study, all
PDMS layers are obtained with a weight ratio of 10:1 and
curing at 75 °C for 1 h in an oven.

2.2.3 PDMS channel caps

First, it is necessary to fabricate a SU-8 master mold of
50 um high, 500 ym wide, and 3 cm long. According to
the technical support documentation, a SU-8 layer is spin-
coated on a silicon wafer and then soft-baked on a hotplate
at 95 °C for 15 min. Next, the SU-8 layer is exposed in UV
light using an optical lithography a dose of 250 mJ/cm? and

Hydraulic
pump

-

Waste
reservoir

Liquid
reservoir Microfluidic chip

Fig. 3 Setup for leakage tests

then post-baked at 65 °C for 1 min and 95 °C for 4 min.
The wafer is developed in SU-8 developer solution for
5 min, rinsed by isopropyl alcohol, and dried with a nitro-
gen gas to obtain the SU-8 master mold. In next step, the
pre-polymer PDMS is poured onto the SU-8 master mold
and cured in an oven at 75 °C for 2 h. Finally, the cured
PDMS is released from the master mold and cut into suit-
able PDMS cap shapes. The channel inlet and outlet are
drilled using a PDMS tool kit.

2.3 Surface treatment

The surfaces of the channel cap and bottom substrate
undergo an oxygen plasma treatment, via a Pico plasma
system. Based on the results presented in (Bhattacha-
rya et al. 2005), the oxygen plasma pressure is kept at
500 mTorr for all of our experiments. Two techniques are
tested. In the first one (technique 1), after the plasma treat-
ment the two parts are immediately put into contact and
undergo a thermal treatment. In the second technique (tech-
nique 2), a drop of solvent (ethanol) is added on the bottom
substrate before putting into contact the two parts. This step
plays a role of washing, allowing removing some tinny free
segments (generated by plasma actions) on the surfaces of
PDMS. This treatment will help the generation of weaker
bonding force between two PDMS surfaces and will make
the peeling step easier. The studied parameters of the sur-
face treatment are the duration and power of plasma and
the use of solvent.

2.4 Thermal treatment

After the plasma treatment, the two surfaces of PDMS
are put into contact and undergo a thermal treatment in an
oven. The main parameters of this step are the curing tem-
perature and duration.

2.5 Leakage test
A leakage test is performed after the thermal treatment in
order to evaluate the reliability of the obtained devices. As

shown in Fig. 3, colored water is injected into the channel,
using a flow rate controller pump. The maximum pressure
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at the cap inlet can be calculated from the measured vol-
ume flow rate (Stone et al. 2004; Oh et al. 2012).

During leakage tests, the water volume flow rate in
the channel remains 10 min at three stages: 170, 330, and
500 pL/min, resulting to a full test of 30 min. Then, the
maximum absolute pressure is about 148 kPa, which is
relatively high, compared to the common values used in
(Geng et al. 2011; Anwar et al. 2011). A bonding is consid-
ered successful if there is no leakage after the full test.

2.6 Peeling step

If the chip passes the leakage test, the channel cap is manu-
ally peeled off from the bottom substrate. This step is con-
sidered successful if there is no damage of the channel cap
surface and the PDMS layer on bottom substrate.

Once the channel cap is successfully removed from the
substrate, the bonding steps (Fig. 2) are repeated with the
same channel cap and substrate. The number of peeling/
bonding cycles reveals the process robustness. To ensure
that their surfaces are totally clear, a washing is performed
before each cycle, using an ethanol sprayer.

3 Results and discussion

Table 1 presents the experimental results when 11 plasma
treatment conditions are investigated. The applied energy
during the plasma treatment is calculated from the power
and duration. For each condition, at least four tests are car-
ried out by varying others parameters such as the thickness
of the bottom substrate PDMS layer or the surface treat-
ment techniques. Reversibility of the devices is shown in
the table (‘no bonding’ indicates the cases when either the
bonding fails or the bonding succeeds, but the obtained
device is not passed the leakage test).

One can observe that the reversible capability depends
on the applied energy. Indeed, when the energy is less
than 500 J (conditions 10 and 11), the ion bombardment
is not strong enough to activate the PDMS surfaces and to
allow the bonding to occur successfully. On the contrary,
when the energy is higher or equal to 700 J (condition 2-9,
Table 1), the PDMS surfaces are excessively activated. As
a consequence, the bonding is too strong to permit a cor-
rect peeling. Therefore, the optimal energy for PDMS sur-
face activation leading to a reversible bonding seems to be
between 500 and 700 J.

In our tests, the condition 1 (energy of 600 J) can lead
to reversible devices. For this reason, a deeper study on
reversibility of the devices in this condition is necessary,
in order to quantify the impact of others parameters on
reversible capability. Table 2 sums up the experimental
results.
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Table 1 Experimental results according to plasma treatment condi-
tions

Condition Power (W) Time (s) Energy (J) Reversibility
1 50 12 600 Possible

2 60 12 720 No

3 50 18 900 No

4 60 18 1080 No

5 160 12 1920 No

6 100 12 1200 No

7 60 12 720 No

8 160 6 960 No

9 160 12 1920 No

10 50 6 300 No bonding
11 40 12 480 No bonding

Table 2 Experimental results in the plasma treatment condition 1

Test Thickness  Technique Tempera-  Time N° cycles
(um) ture (°C) (min)

a 20 2 75 60 0

b 20 2 60 60 2

c 100 2 60 60 4

d 20 1 60 60 2

e 100 1 60 60 2

The highest number of peeling/bonding cycles is 4,
obtained in test ‘c.’ However, the results are very sensitive
to the bonding parameters. In what follows, the effects of
the bonding parameters on the results will be discussed.

The success of the process depends essentially on the
curing temperature. Indeed, if the temperature is low, it is
known that bonding between the PDMS layers may not
occur. On the other side, a high temperature promotes a
strong bonding, hence diminishes the possibility of peeling
off with no damage. In our study, while a temperature of
60 °C can produce a reversible bonding, a temperature of
75 °C (test ‘a’) results in too strong a bonding.

The comparison between tests ‘b’ and ‘c’ indicates that
the number of cycles increases with the thickness of the
PDMS layer on bottom substrate. This can be explained by
the fact that the thicker the surface is, the more it is capable
of resisting mechanical forces during a peeling step.

It should be noted that the PDMS surfaces deterio-
rate after each peeling step because a thin layer of PDMS
is transferred from one surface to another. Indeed, Fig. 4
shows the PDMS surface of the bottom substrate observed
using an atomic force microscopy (AFM) before and after
one cycle of bonding/peeling off. The roughness of native
PDMS surface is around 2 nm, while it rises to 34 nm
after one cycle. An increase in roughness is generally
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Fig. 4 AFM imaging of PDMS surfaces on bottom substrate: PDMS
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Fig. 5 Example of substrate surfaces in two tests: with and without
the use of solvent during the surface treatment step

accompanied by reinforcement in adhesion, and this can be
a problem in the next cycle.

The comparison between the tests ‘c’ and ‘d’ (Table 2)
indicates that using the technique with solvent improves
the number of cycles from 2 to 4. Therefore, the technique
using a solvent seems better than the technique without
solvent. This result can be explained as follows. In com-
parison with the standard surface treatment technique, the
technique with solvent can reduce the transfer of PDMS
during the peeling step. In fact, Fig. 5 shows two substrate
surfaces (pictures taken after a peeling step), obtained
from two tests with the same bonding parameters, except
for the surface treatment technique (with or without sol-
vent). It is clearly observed that the surface obtained from
the technique with solvent is cleaner, meaning that the
transfer of PDMS is reduced. For this reason, using this
technique can promote the reuse of the substrate in next
bonding.

In addition, using solvent eases the alignment between
the bottom substrate and the cap channel. So, using a sol-
vent is probably a promising solution to improve the revers-
ible capability of the devices. It is worth noticing that if the

technique with solvent is performed, a longer curing time
(60 min) is required in order to completely evaporate the
quantity of solvent used.

4 Conclusion

We studied a method using oxygen plasma treatment to
fabricate reversible single microfluidic channels. A wide
number of tests were carried out under different sets of
bonding parameters. These parameters include the thick-
ness of the PDMS layer, the duration and power of the
plasma treatment, the duration and temperature of the ther-
mal treatment.

Too high temperature during the thermal treatment is
generally inappropriate because it promotes a strong bond-
ing and limits the reversible capability. The duration and
power of the plasma treatment are also important param-
eters. The reversibility of the device is only obtained with
an energy parameter ranging in a specific interval, ena-
bling a good bonding as well as a damage-free peeling off.
The technique using solvent during the plasma treatment
is found better than the traditional technique without sol-
vent because it reduces the surface roughness after peeling
off. When the technique with solvent is used, the revers-
ible capability can be improved when the thickness of the
PDMS substrate increases. These observations are drawn
from our tests performed under some specific conditions.
Additional tests in other conditions may be needed to really
conclude the impacts of the parameters on the reversibility
of the devices.

In our study, up to 4 bonding/peeling off cycles have
been obtained under the following conditions: a plasma
treatment with energy of 600 J, a thermal treatment at
60 °C during 1 h, and using the technique with solvent.
It should be noted that the optimum conditions leading
to the maximum number of bonding/unbonding cycles
may vary according to the equipments and materials
used.

The obtained devices can withstand high pressures and
flow rates (up to 148 kPa and 500 uL/min). We believe
that the method proposed in this work can be applied to
a large number of experiences in microfluidics for chemi-
cal or biological applications. In further works, we aim to
test the proposed technique on a complex and large array
of channels.
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