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Fabrication and design of mechanically stable and
free-standing polymeric membrane with two-level
apertures†

Changwook Seol,‡b Segeun Jang,‡c Junsoo Kim,d Tea-Sung Junb and
Sang Moon Kim *ab

Herein, we report the fabrication process and the investigation of

mechanically stable, flexible and free-standing polymeric membranes

with two-level apertures. By using overlapped oxygen inhibition

layers (OILs) with variation in diameters of the micro-sized supporting

layer, we successfully fabricated the mechanically stable and free-

standing polymeric membrane with micro/nano two-level apertures.

The nano aperture membrane was stably sustained on the micro

aperture membrane with a diameter of 50 lm and 100 lm, but was

torn off in the case of 300 lm and 500 lm sized supporting layers. To

analyze the results, we propose a simple model to set the criteria of

the geometrical features which are mechanically stable during the

demolding process. It is worth noting that an appropriate material

modulus, length, and thickness of the membrane are required

for designing and achieving the robust free-standing hierarchical

polymeric membrane.

1. Introduction

Membranes with micro and nano apertures have been extensively
developed for a wide range of applications including microfluidic
devices,1,2 size-based separation3,4 and shadow masking.5,6 The
membranes have been made of various materials to suit their
purposes, such as metallic nanostencil masks,7 ultrathin silicon
based masks,4 and elastic membranes with polymers.8 Specifically,
silicon nitride (SiNx) nano-membranes supported on the rigid
silicon (Si) membrane with a large aperture, which is fabricated
by electron-beam lithography, have been broadly used due to its

high mechanical rigidity. The high rigidity enables the membrane
to endure mechanical fracture against external forces during the
handling and fabrication process. However, the fabrication process
of the ultrathin SiNx membrane is complicated and expensive.
Furthermore, it is difficult to fabricate on a large area. As an
alternative, membrane fabrication technology with polymeric
materials such as polydimethylsiloxane (PDMS), which is one of
the most widely used material in the research fields, has emerged
in the fields of flexible electronics, biomedical applications and
microfluidics.9–11 The PDMS membranes offer several advantages
such as flexibility, conformal contact and ease of fabrication on
a large area. However, the low elastic modulus of the PDMS
membrane is prone to cause crumpling and folding phenomena,
which limit the aperture size and thickness of the membrane.12,13

To address these issues, a polymeric nano aperture membrane
monolithically constructed on the micro aperture membrane was
reported previously.14,15 Through the process, the nano aperture
membrane can be easily obtained with low cost and large area in
short processing time.

Even though the thickness of the thinnest part of the
membrane with the nano aperture is much less than B1 mm, the
membrane with two-level apertures offers sufficient mechanical
stability for the handling process due to the existence of a micro
aperture as a supporting layer. However, the dimensions of the
supporting layer with micro apertures, which sustain the membrane
with nano apertures, would still be limited due to the low elastic
modulus compared to the rigid Si based materials. Hence, it is
necessary to set the design rule of the micro aperture size of the
supporting layer for constructing hierarchically structured multi-
scale polymeric membranes. Herein, we present the allowable
dimensional range of the supporting layer with micro apertures.
We have constructed membranes with two-level apertures with
variation in the diameter of the micro structures (50 mm, 100 mm,
300 mm, 500 mm) to figure out the size effect of micro apertures for
constructing robust polymeric membrane with multiscale apertures
and have confirmed the feasibility of each case. Finally, based on
the experimental results, we propose a simple model to set the
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criteria for the mechanical stability during the fabrication process of
membranes with two-level apertures.

2. Experimental section
2.1 Materials

Commercially available UV-curable polymer was purchased
from Minuta Tech (Korea, MINS PUA 311RM) and was used
in the experiments. The PUA resin was composed of a photo-
initiator, UV curable releasing agent, and a pre-polymer with
acrylate functional groups for crosslinking.

2.2 Preparation of the PDMS patterned array mold

To fabricate a PDMS patterned mold, we poured the PDMS on a
hole patterned silicon masters that were fabricated by photo-
lithography and deep reactive ion etching. The surface of the
silicon master is treated with C4F8 gas for easy detachment of
the PDMS polymer. After the preparation of the master, a mixture
of base and curing agent (10 : 1 w/w) of Sylgard 184 PDMS
elastomer (Dupont, Wilmington, Delaware, United States) was
poured onto the patterned masters and cured at 70 1C for 2 hours.
The cured PDMS molds were peeled off from the masters and cut
prior to use.16,17

2.3 Fabrication of a membrane with two-level apertures

Micro patterned PDMS molds (50 mm, 100 mm, 300 mm, and 500 mm
in diameter) and nano patterned PDMS mold (800 nm in diameter)
were prepared. Next, we dispensed the PUA311 resin on the micro-
mold and overlapped the nano-mold like a sandwich shape. We
inserted the sandwich-like assembly into the custom-built UV
exposure equipment (Fig. S1, ESI†). Then, it was cured under
UV light (SANKYO DENKI, F8T5BL, l B 352 nm) of 20 W cm�2

for B2 min. In the experiment, proper UV exposure time of the
sandwich-like assembly is critical. It would be ideal to make perfect
contact of the nano patterns to the flat surface of microstructure so
that there is no gap between nanostructures and microstructures,
but inevitably there is a thin gap between the structures. In order to
prevent this clogging of nano-holes, we used the overlapped oxygen
inhibition layer (OIL) as shown in Fig. S2 (ESI†) and controlled the
UV light intensity and exposure time. Within the experimental setup
and conditions, we fabricated the membrane with a large area
(B3 cm � 3 cm) in a reproducible method. After the UV curing
process, the nano-mold was demolded from the sandwich-like
polymeric assembly and the cured PUA membrane was demolded
from the micro-mold, leaving a flexible and free-standing
membrane. Fianlly, additional UV light was exposed to the
membrane over 1 hour to achieve the perfectly cured hierarchically
structured multiscale polymeric membrane. All of the fabricated
membranes with different sizes of micro apertures followed the
same process.

2.4 Physical analysis

Scanning electron microscopy images were obtained using field
emission scanning electron microscopy (Carl Zeiss) at an

acceleration voltage of 10.0 kV to observe the morphology of
the samples.

3. Results and discussion

The process for constructing hierarchically structured multi-
scale polymeric membrane with two-level apertures is illustrated
in Fig. 1. The micro pillar PDMS mold, nano pillar PDMS mold,
and UV-curable polyurethane acrylate (PUA) resin were prepared
to fabricate the multiscale polymeric membranes. First, we
fabricated PDMS molds with micro and nano pillars from the
Si master mold through the replica molding.16 Interestingly,
oxygen gas can be infiltrated through the PDMS surface due to
the gas permeability of PDMS material, which led to an oxygen
inhibition layer (OIL).14–16 When we dispensed PUA pre-polymer
onto the micro pillar PDMS mold and placed the nano pillar
PDMS mold, the contact area between the micro pillar and nano
pillar form overlapped OIL, which delayed UV curing under the
ultraviolet irradiation. Thus, the PUA pre-polymer at the interface
between the micro pillar and nano pillar remained uncured.
Through this process, we can obtain the nano aperture membrane
with a micro aperture supporting layer. This scavenging effect of
the infiltrated oxygen gas can also be used to fabricate milli- and
micro-sized complex 3D structures, which is called CLIP (con-
tinuous liquid interface production), as previously reported.18–20

In our experiments, we properly irradiated UV light to the
sandwiched layers (micro pillar PDMS structure–PUA resin-
micro pillar PDMS structure) for 2 min which is an appropriate
curing time with the UV intensity of 20 W cm�2. If the UV light is
exposed to the structures for too long, even the thin PUA layer
can be cured at the contact area between micro pillar and nano
pillar structures, which results in the formation of a clogged
nano hole membrane. The SEM images of the fabricated
polymeric membrane with two-level apertures with a variation
of UV light exposure time is shown in Fig. S2 (ESI†). After the
membrane was carefully detached from the PDMS mold, it
should be cured again because partially cured PUA resin on
the surface spreads out and blocks the nano aperture
membrane over time. To obtain the perfectly cured hierarchically
structured multiscale polymeric membranes, additional UV light
was exposed to the membrane with the intensity of UV light of
20 W cm�2 over 1 hour. Fig. 1(d) shows the final fabricated
polymeric membrane with two-level apertures, which is flexible
and free-standing. The uniform iridescent color on the membrane
indicates that the nano apertures are successfully and uniformly
generated on the whole membrane surface over a large area
(B3 cm � 3 cm).

For handling the extremely thin membrane, a supporting
membrane with a micro aperture is needed to stably sustain the
thinnest part of the membrane with nano aperture. As the
diameter of the micro aperture in the supporting membrane
increases, the supported extremely thin membrane with nano
aperture becomes mechanically unstable and prone to damage
or tearing.21,22 To investigate the allowed range of the diameter
of the supporting layer, we used four types of micro pillar PDMS
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molds which have different pillar diameters for the formation
of the micro apertures. One type of nano pillar PDMS mold was
used for the extremely thin nano aperture layer. The scanning
electron microscope (SEM) and optical microscopic images of
micro- and nano-PDMS mold are shown in Fig. 2. In this study,
the used micro pillar PDMS molds are 50 mm, 100 mm, 300 mm,
500 mm in diameter and nano pillar mold has the diameter of
800 nm. The spacing ratio (SR: spacing divided by diameter)
of all the PDMS molds are the same as B1. The detailed
information on the fabrication process of PDMS mold is provided
in the Experimental section.

By using the micro/nano PDMS molds, we have successfully
constructed a two-level aperture membrane by UV irradiation.
The SEM images of the polymeric nano aperture membrane
monolithically constructed on the various micro aperture
membranes are shown in Fig. 3. First of all, nano apertures
on the extremely thin membrane are well formed in all the cases
in the magnified SEM images. However, the nano membrane
stably sustained on the micro aperture membrane only in two
cases of 50 mm and 100 mm micro aperture supporting layers.
For the cases of 300 mm and 500 mm micro aperture supporting
layers, only the edges of the nano aperture membrane remained
and the center of the membrane was torn off during the PDMS
detaching process. As expected, as the supporting aperture
dimension increases, the thin nano membrane was prone to
be mechanically unstable. This result indicates that the thin

nano aperture membrane was only stably sustained on the micro
hole sizes under 100 mm in diameter within our experiments.

To analyze the stability for the polymeric nano aperture
membrane monolithically constructed on the micro aperture
membrane, we propose here a simple theoretical model of the
beam fixed at both ends with a uniformly distributed load.
Generally known, when the applied stress to the structure is
lower than maximum tensile stress, it is stable. In contrast,
when the applied stress is higher than the maximum tensile
stress, it is prone to collapse and become unstable. In other
words, the nano aperture membrane monolithically supported
by the micro aperture membrane cannot be sustained on the
micro aperture membrane. The maximum tensile stress of
PUA311 of B16 MPa was used in our study, as previously
reported.23 We obtained the applied stress in a detachment
process based on the work of adhesion, which is the distributed
load required to separate the interface between PUA and PDMS.
We used the harmonic mean method to calculate the work of
adhesion as follows:23

W12 ¼ 4
gd1g

d
2

gd1 þ gd2
þ gp1g

p
1

gp1 þ gp2

� �
(1)

where the superscripts d and p are for the dispersion and polar
components of the surface tension g, respectively, and these
values were obtained from previous studies. (Table 1).24,25

Fig. 1 Fabrication process of free-standing multiscale polymeric membranes. (a) Schematic illustration of sandwich-like assembly of micro-pillars mold,
PUA pre-polymers and nano-pillars mold. (b) Peeling off nano-pillars PDMS mold. (c) Peeling off multiscale PUA membrane with nano- and micro-holes.
The layer with micro-holes support and monolithically combined thin nano-hole membrane. (d) Digital camera image of the flexible and free-standing
polymeric membrane with two-level apertures with large area.
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Fig. 3 The stability criterion for the polymeric nano aperture membrane monolithically constructed on the micro aperture membrane. (a–d) SEM
images of polymeric membrane with two-level apertures, which consists of a 800 nm hole layer and diverse micro hole sized supporting layer. The
respective micro hole size is 50 mm in diameter (a), 100 mm in diameter (b), 300 mm in diameter (c), and 500 mm in diameter (d).

Fig. 2 (a) Schematic illustration of dimensions of micro or nano pillar structures. (b) SEM images of nano pillar patterns with the diameter of 800 nm,
spacing of 800 nm, and height of 400 nm. (c–f) SEM and microscopic images of PDMS micro pillar patterns. 50 mm in diameter, 50 mm in spacing, 20 mm
in height (D: 50 mm, S: 50 mm, H: 20 mm) (c), D: 100 mm, S: 100 mm, H: 120 mm (d), D: 300 mm, S: 300 mm, H: 120 mm (e), and D: 500 mm, S: 500 mm, H:
20 mm (f).
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Fig. 4(a) shows the schematic illustration of work of adhesion
between the PDMS layer and PUA311 layer. The calculated work
of adhesion, which is uniformly distributed on the interface
between the PUA membrane and PDMS mold, is B0.0343 N m�1.
When the distributed load is applied to the beam, then the
maximum applied stress can be obtained by the equation
as follows:26

smax ¼
Mcenterymax

I
¼WL

2t2
; I ¼ Lt3

12
(2)

where Mcenter is the moment at the center, I is the area moment
of inertia, ymax is the maximum deflection at center, and L is the
diameter of the circular nano aperture membrane. In our case,
the maximum stress was applied at the center of the supported
nano aperture membrane and we assumed the maximum
deflection at center does not exceed the thickness of the
nano aperture membrane (t B 400 nm). From eqn (2), we can
calculate if the maximum tensile stress depends on the dia-
meter of the micro pillar structure and the respective maximum
applied stresses for the cases of 50 mm, 100 mm, 300 mm, and
500 mm in diameter are plotted in Fig. 4(b). As shown in the
graph, the maximum applied stresses to the 50 mm and 100 mm
micro molds were lower than the maximum tensile stress of
PUA311 (B16 MPa). Hence, nano aperture membranes in the
case of 50 mm and 100 mm micro molds can be stably supported
on the micro aperture membrane. However, the maximum
applied stress of 300 mm and 500 mm cases is higher than the
maximum tensile stress of PUA311, which results in the fracture
of the thin nano aperture membrane. Furthermore, the periodic
nanoscale structure and circular apertures also affect the
mechanical robustness of the structure. Generally, the effective
Young’s modulus is lower than the original modulus when the
membrane has a periodic aperture pattern. W. J. O’Donnell
studied this relation analytically27 and Kim et al.15 exploited
this effect with a similar configuration. The relation of the
patterns and effective modulus are plotted in Fig. S3 (ESI†). As
a dimensionless parameter, the distance between the apertures
divided by the diameter was used. The effective modulus
decreases as the pitch decreases. In our case, the effective
modulus would be B80.4% of their intrinsic value. Even though
this effect of the nanoscale aperture reduces the tensile strength
to a certain level, our experimental results are still valid (Fig. S4,
ESI†). Furthermore, we have added experimental results for
materials with different tensile strengths for proving the design
rule. We have conducted the fabrication of polymeric membranes
with two-level apertures with PUA 301 material that has different
material properties such as surface energy and tensile strength
as shown in Fig. S5, S6 and Tables S1, S2 (ESI†). The results

show that our design rule can be applied to diverse materials
and structures.

4. Conclusion

In this study, we presented the fabrication process and the
design rule of a mechanically stable, flexible and free-standing
polymeric membrane with two-level apertures. We fabricated the
polymeric membrane with two-level apertures by using over-
lapped OILs with variation in the dimensions of the micro-
sized supporting layer. The nano aperture membrane was stably
sustained on the micro aperture membrane with the diameter
of 50 mm and 100 mm. The nano membrane on the 300 mm and
500 mm sized membrane was torn off due to the applied stress
during the demolding process. To analyze the phenomenon, we
proposed a simple model to set the criteria of the geometric
features for the mechanical stability during the fabrication
process of membranes with two-level apertures. The results
indicated that the maximum applied stress in case of under
100 mm diameter micro supporting layer was lower than the
ultimate tensile stress of the PUA 311 material, which resulted in
the successful fabrication of a membrane with two-level apertures.
In contrast, the maximum applied stress during the detaching
process in case of above 300 mm diameter supporting layer
was higher than the ultimate tensile stress of the material of

Table 1 Surface energy of the materials

Material
gd

[mN m�1]
gP

[mN m�1]
g (= gd + gP)
[mN m�1]

WPDMS–PUA311

[mN m�1]

PUA 311 11.8 6.2 18.0 34.3
PDMS 21.7 1.1 22.8

Fig. 4 (a) Schematic illustration of work of adhesion at the interface
between PDMS mold and PUA311 membrane. (b) Maximum tensile
stress–length relationship of four diameter micro PDMS mold.
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the membrane, which led to the failure of the formation of
the nano aperture membrane. This indicates that we should
consider the material modulus, length, and thickness of the
membrane for the appropriate design of the membrane. Within
the allowable range of the membrane design, we successfully
achieved a membrane with two-level apertures, which is
mechanically stable during the handling process, with low cost
and a large area over a short processing time. The constructed
multiscale membrane with two-level apertures has the potential
to be broadly applied in microfluidics, biomedical devices, and
flexible electronics.
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