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EXPERIMENTAL AND NUMERICAL STUDY ON PDMS
COLLAPSE FOR FABRICATION OF MICRO/NANOCHANNELS
∗

Zhifu Yin — Helin Zou

∗∗

PDMS (polydimethylsiloxane) collapse method is a simple and low cost approach for micronanochannel fabrication.
However, the bonding pressure which influences the size of the final PDMS micro/nanochannels has not yet been studied.
In this study, the effect of the bonding pressure on the size and maximum local stress of the PDMS micronanochannels was
investigated by both experimental and numerical simulation method. The results show that when the bonding pressure is
lower than 0.15 MPa the experiment results can agree well with the simulation results. The fluorescent images demonstrate
that there is no blocking or leakage over the entire micro/nanochannels.
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1 INTRODUCTION

Micro/nanochannels have become a fundamental and
critical technique to study fluidic and ion properties because of the special phenomena which only occurred
in micro/nanochannels [1, 2]. Nowadays, a substantial
amount of research has been reported such as ionic transport [3, 4], protein concentration [5], virus characterization [6] and DNA analysis [7, 8].
To fabricate micro/nanochannels, many techniques
have been proposed. The most commonly used method
is beam based methods. By using electron beam [9-11],
proton beam [12, 13], or focused ion beam [14, 15], silicon or quartz micro/nanochannels can be easily fabricated. However, this technique can not widely accessible, since the equipments these methods used are very
expensive. Especially, for large-scale fabrication of micro/nanochannels, they have extremely high costs. Deposition and dry etching method is a relative low cost
method [16-18]. Based on this method, silicon, glass,
or quartz micro/nanochannels can be fabricated [19].
However, the cost of the micro/nanochannels fabricated
by this method is still high, because it requires reactive ion etching, deep reactive ion etching or metal
deposition technique. To decrease the cost of the micro/nanochannels, the plastic micro/nanochannels fabrication techniques, such as thermal nanoimprinting and
ultraviolet nanoimprinting technique, were proposed [20,
21]. This well developed technique has great potential to
fabricate plastic micro/nanochannels with low cost, large
scale and high throughput. However, most of the commercially thermoplastic materials used in nanoimprinting
suffer from a high auto-fluorescence when excited by ultraviolet radiation [22, 23]. Auto-fluorescence background
interferes with on-chip optical detection, which making

plastic micro/nano devices usually very difficult to measure the fluorescent molecules in the channels. PDMS is
a low auto-fluorescence material, which can be widely
used in the fluorescent detecting experiments [24, 25].
Therefore, PDMS becomes an ideal material to fabricate
micro/nanochannels with low auto-fluorescence. PDMS
micro/nanochannels can be easily fabricated by PDMS
casting method [26, 27]. However, to fabricate PDMS
nanochannels by casting method, convex silicon or glass
nano-mold should be fabricated. And it is difficult to
fabricate silicon or glass nano-mold with low cost. In recent years, PDMS collapse method was proposed [2830]. By this simple method PDMS micro/nanochannels
can be fabricated with extremely low cost in only two
steps (ie PDMS microchannels casting step and PDMS
bonding step). In contrast to the these state-of-the-art
micro/nanochannel fabrication methods, PDMS collapse
method shows considerably some advantages including
low-cost, mass production, less consumption of harmful
chemicals, and ease of operation in micro/nanofabrication
procedures. PDMS bonding process is a step in which
the PDMS microchannels were highly deformed under
bonding pressure and thus nanochannels were formed at
the bottom of the microchannels. This process is critical
and has great impact on the final size of the PDMS micro/nanochannels. Unfortunately, there is no work which
would analyze the PDMS deformation process. An indepth and systematic study on the PDMS deformation
process should be made to investigate the deformation of
the PDMS substrate during the bonding process.
In this paper, numerical simulation on the deformation of the PDMS substrate during the bonding process
was carried out based on Mooney-Rivlin model. The influence of the bonding pressure on the width and depth
of the micro/nanochannel was studied. And the effect of
the bonding pressure on the max local stress in the PDMS
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substrate was investigated. To verify the proposed simulation method, numerical simulation results and experimental results were compared. To characterize the fabricated
nanochannels, fluorescent dye test was conducted.
2 THEORETICAL MODEL FOR ANALYSIS
OF PDMS COLLAPSE PROCESS

PDMS is a hyper-elastic material. At mixing ratio of
15:1, the PDMS can be elongated as high as 200 % under
break load of about 0.9 MPa [31]. During PDMS collapse
process, PDMS exhibits its hyper-elastic property. We
assume that PDMS is incompressible and isotropic. Its
mechanical properties can be represented by MooneyRivlin model. The Mooney-Rivlin strain energy function
can be expressed as [32]
W − C10 (I1 − 3) + C01 (I2 − 3),

6 (C10 − C01 ) ≈ E

(2,3)

where, E is the Youngs modulus of the PDMS.
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where, C10 , C01 are physical constants characterizing the
PDMS, and I1 , I2 are strain invariants.
As Hocheng reported [33], the physical constants C10,
C01 can be evaluated by Youngs modulus of PDMS
C01 = 0.25 C10 ,

To analyze the deformation of the PDMS during collapse process, the commercial finite element analysis software, ANSYS 10.0 (ANSYS, Pennsylvania, USA), is employed during numerical simulation. The geometric model
is shown in Fig. 1. For simplification, the 2D (two dimensional) plain-strain condition is assumed. Since the
PDMS cover plate has periodical structures, only one periodical feature was modeled to the finite element domain. Symmetric boundaries were applied on both sides
of the PDMS cover plate and the PDMS substrate. The
Y-axis displacement of the bottom surface of the PDMS
substrate was set to zero since the PDMS substrate was
supported by a fixed glass board.

0.35

Fig. 2. PDMS strain-stress curves with different mixing ratio

As discussed above, to calculate the parameters of the
Mooney-Rivlin model, the Young modulus of the PDMS
should be measured. The Young modulus is not a constant value which can ranges from several mega Pascal
to dozens of mega Pascal [34, 35]. It varies with the mixing ratio of base polymer to curing agent, vacuum pressure, and curing temperature [34]. The Young modulus
depends on the PDMS fabrication process. Therefore, in
r0 = 0.8 R
this study the strain-stress
curves were measured to obtain the Young modulus of the PDMS.
A commercial PDMS material (Sylgard 184, Dow
Corning, Michigan, USA) was used to fabricate bulk
PDMS. The bulk PDMS with mixing ratio of 5:1, 10:1,
and 15:1 (Volume/Volume) were fabricated. Firstly, the
PDMS and the curing agent was pipetted by a syringe
and then thoroughly mixed. The mixture was degassed
for the first time at 10 Pa for 20 min to eliminate the
trapped air bubble. Then the mixture was poured onto
a PMMA container. The container is a cube with edge
length of 2 cm. The mixture was degassed at 10 Pa for
20 min for the second time to eliminate the air bubble
again. Then the PMMA
container was placed in the levr0 = 0.8 R
eled baking oven and the mixture was cured at 50 C for
4 h. After the mixture was totally cured, the cube PDMS
was fabricated.
To measure the Young modulus of the PDMS, hot embossing equipment made by Dalian University of Technology was used. The hot embossing equipment consists of
a forcing system, a heating/cooling system and a monitoring/controlling system. During the hot embossing process, the forcing system provides necessary compression
force with an accuracy of 0.5 N. The force and displacement can be dynamically controlled and recorded by the
monitoring/ controlling system. Fig. 2 shows the strainstress curves of the PDMS with mixing ratio of 5:1, 10:1,
and 15:1. There is a nearly linear relationship between the
strain and the stress. Fitted by the linear function in the
OriginPro 8 (OriginLab Corp. Northampton, USA), the
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Fig. 3. Experimental and simulation comparison of the collapsed PDMS profiles bonded at pressure of: (a) — 0.05 MPa, (b) — 0.10
MPa, (c) — 0.15 MPa, (d) — 0.20 MPa, and (e) — 0.25 MPa
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Fig. 4. Comparison of the (a) — width and (b) — depth of the microchannels between experiment and simulation results

Young modulus of the PDMS can be calculated. The average correlation of curve fitting at different mixing ratio
is as high as R2=98.3%. The fitting results show that the
Young modulus is 3.27 MPa for the PDMS with mixing
ratio of 5:1, 2.61 MPa for mixing ratio of 10:1, and 1.90
MPa for mixing ratio of 15:1.
4 RESULTS AND DISCUSSION

4.1 PDMS microchannels fabrication
To verify the proposed simulation method, PDMS microchannels were fabricated by PDMS collapse method.
To fabricate PDMS microchannels by PDMS collapse, the
PDMS mesas (width of 300 µm and depth of 15 µm were
fabricated into PDMS cover plate by PDMS casting. The
mixing ratio of PDMS cover plate and PDMS substrate

was 10:1. The deformation of the PDMS cover plate during PDMS collapse was analyzed by both experiment and
numerical simulation. During PDMS microchannels fabrication, different bonding pressures were applied which
ranges from 0.05 MPa to 0.25 MPa.
Figure 3 shows the comparisons of the collapsed PDMS
profiles analyzed by experiment and numerical simulation
methods. The left images (green images) are experiment
results, while the right images (blue images) are numerical simulation results. It can be seen that the widths and
depths of the PDMS decreased with the increase of the
bonding pressures.
To investigate the influence of the bonding pressure on
the dimension of the PDMS microchannels, the widths
and depths of the PDMS microchannels were measured.
The measuring results are shown in Fig. 4 from which, one
can see that the width of the microchannels can decrease
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I0(A)

significantly with the increase of the bonding pressure.
However, the depth of the microchannels can only decrease slightly with the increase of the bonding pressure.
Comparing the experiment results (red line) with the numerical simulation results (black line) (Fig. 4 a), the experiment results can agree well with the numerical simulation results, when the bonding pressure was smaller than
0.15 MPa. When the bonding pressure was larger than
0.15 MPa, the experiment results cannot agree with the
numerical simulation results. That is because when applied high bonding pressure (larger than 0.15 MPa), the
PDMS can be seriously deformed and the contact area
cannot be well controlled. Thus, the widths of the microchannels analyzed by experiments did not agree with
that analyzed by numerical simulation. From Fig. 4b), the
experiment depths were larger than the simulation ones.
During numerical simulation, the sidewall of the PDMS
mesa (the red line in Fig. 5) is assumed to be perpendicular to the surface of the PDMS mesa. After bonding,
the depth of the PDMS microchannel is d2 . However, in
the experiments, the sidewall (the blue dot line in Fig. 5)
may not be perpendicular to the surface of the PDMS
mesa. The angle ? between PDMS mesa and PDMS sidewall is larger than 90 ◦C (as shown in Fig. 5). During
bonding process, the contact area between the sidewall
and the surface of the PDMS mesa is smaller than that
in numerical simulation. After bonding, the depth of the
PDMS microchannel d1 (experiment) is thus larger than
d2 (simulation). In order to investigate the dimension of
the PDMS microchannels during bonding process, the
bonding pressure is suggested to be smaller than 0.15
MPa. In this way, the dimension analyzed by numerical simulation can agree well with the one analyzed by
experiment.
When the PDMS cover plate collapse, the cover plate
will bonded with the substrate. After releasing the bonding pressure, the PDMS cover plate cannot be recovered. The stress will be generated between the bonded
interfaces. The maximum local stress in the PDMS is
an important factor to evaluate the fabrication quality
of the PDMS microchanels. When the maximum local
stress is larger than the breaking strength of the PDMS,
the PDMS will be broken. The microchannels can thus
be damaged. To ensure the PDMS microchannels intact,
the maximum local stress should be smaller than the
breaking strength of the PDMS. By numerical simulation, the stress in the PDMS can be easily investigated.
Fig. 6 shows the maximum local stress in the PDMS microchannels bonded at different pressures. The maximum
local stress increases with the increase of the bonding
pressure. Since with higher bonding pressure, the PDMS
cover plate can be deformed more seriously, and the dimension of the microchannel will be smaller. After releasing the bonding pressure, the deformation of the PDMS
cover plate cannot be recovered because the cover plate
was bonded with the substrate. Therefore, higher stress
is generated in the PDMS mirochannels.
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a
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Fig. 5. The reason of experiment widths larger than the simulation
ones
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Fig. 6. The max local stress in the PDMS microchannels bonded
at different pressures

4.2 PDMS nanochannels fabrication
To fabricate PDMS nanochannels by PDMS collapse,
the PDMS mesas (width of 300 m and depth of 100 nm)
and PDMS mesas (width of 300 m and depth of 200 nm)
were fabricated into PDMS cover plate by PDMS casting method. The mixing ratio of PDMS cover plate and
PDMS substrate was 10:1. The deformation of the PDMS
cover plate during PDMS collapse was analyzed by numerical simulation. During PDMS nanochannels fabrication, different bonding pressures were applied on the cover
plate ranging from 0.05 MPa to 0.25 MPa.
Figure 7(a) and Fig. 8(a) show the width and depth
of the nanochannels after PDMS collapse under different
bonding pressure ranging from 0.05 MPa to 0.25 MPa.
The width and depth of the nanochannels decreased with
the increase of the bonding pressure. From bonding pressure of 0.05 MPa to bonding pressure of 0.15 MPa, the
width and depth of the nanochannel decreased significantly. However, from bonding pressure of 0.15 MPa to
bonding pressure of 0.25 MPa, the width and depth of the
nanochannel decreased slightly. Fig. 7(b) and Fig. 8(b)
show the max local stress in the PDMS nanochannels after the release of the bonding pressure. The max local
stress increased with the increase of the bonding pressure. According the discussion above, one can see that
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Fig. 7. The size and of the max local stress of the PDMS nanochannels (original depth of 100 nm), (a) — the width and depth of the
PDMS nanochannels bonded at pressures ranging from 0.05 MPa to 0.25 MPa, and (b) — the max local stress in the PDMS nanochannels
bonded at pressures ranging from 0.05 MPa to 0.25 MPa.
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Fig. 8. The size and of the max local stress of the PDMS nanochannels (original depth of 200 nm), (a) — the width and depth of the
PDMS nanochannels bonded at pressures ranging from 0.05 MPa to 0.25 MPa, and (b) — the max local stress in the PDMS nanochannels
bonded at pressures ranging from 0.05 MPa to 0.25 MPa.
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high bonding pressure can lead to small nanochannels.
However, high bonding pressure can also result in high
local stress. To fabricate small nanochannels with moderate local stress, during PDMS collapse bonding pressure
of 0.15 MPa is suggested.
It is difficult to obtain a SEM image of the bonded
PDMS nanochannels, because during cutting off the
PDMS, the PDMS can deform significantly and the
PDMS nanochannels can deform seriously. It is hard
to observe an intact PDMS nanochannel under scanning electron microscope. To characterize the bonding
PDMS nanochannels, we filled fluorescent dye into the
nanochannels, and then we observed fluorescent dye in
the nanochannels. Fig. 9 shows the microscope image
of the bonded PDMS nanochannels filled by fluorescent
dye. The microscope image demonstrates that there is no
leakage or block in the bonded PDMS nanocannels. The
nanochannels were bonded at bonding pressure of 0.15
MPa. The width of the nanochannels was about 800 nm,
while the depth of the nanochannels was about 193 nm.

10mm

500mm

Fig. 9. The microscope image of the bonded PDMS nanochannels
filled by fluorescent dye

Journal of ELECTRICAL ENGINEERING 67, NO6, 2016

5 CONCLUSION

In the present paper, a micro/nanochannels fabrication method by PDMS collapse was proposed. The bonding process was analyzed by both numerical and experimental method. During numerical simulation, MooneyRivlin model was used. The influence of the bonding pressure on the width and depth of the micro/nanochannel
was studied. And the effect of the bonding pressure on
the max local stress in the PDMS substrate was also investigated. It indicated that the simulation results were
in good agreement with experimental results. The fluorescent dye test demonstrates that the absence of leakage
and block in the bonded PDMS nanochannels. It is expected that the proposed simulation method have a high
potential for the analysis of PDMS bonding process.
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