
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 8
:3

8:
59

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Effectiveness of
aSchool of Materials Science and Engineerin

100081, China. E-mail: xctian@bit.edu.cn
bNational Key Laboratory of Science and T

Impact, Beijing, 100081, China
cTangshan Research Institute, Beijing Inst

China
dBeijing Institute of Technology Chongqing

China

† Electronic supplementary information (
and swelling ratio of various solvents an
arrays aer washing and drying with diff
by different solvents. See DOI: https://doi

Cite this: RSC Adv., 2023, 13, 4874

Received 20th December 2022
Accepted 30th January 2023

DOI: 10.1039/d2ra08109a

rsc.li/rsc-advances

4874 | RSC Adv., 2023, 13, 4874–48
organic solvents for recovering
collapsed PDMS micropillar arrays†

Dong Wang,abc Zhuang Maabcd and Xinchun Tian *ab

Polydimethylsiloxane (PDMS) micropillar arrays are widely used in research labs and engineering fields as

analytical tools for various purposes. When the micropillar length or density surpasses a critical value,

micropillars tend to collapse with each other and become unusable. Restoring collapsed PDMS

micropillars typically involves the use of low surface tension solvents and ultrasound sonication, but such

approach has received little success to date. In this work, we examined the effectiveness of different

types of solvents for restoring collapsed PDMS micropillar arrays and show that the swelling ratio of

PDMS in selected solvents constitutes an important factor in the effectiveness of restoring collapsed

PDMS micropillars. Our results could be a promoter in recycling PDMS micropillar arrays and achieving

economic and social benefits.
Introduction

Elastomeric micropillar arrays are frequently used in areas such
as biosensors,1–4 force sensors,5–7 microuidic devices,8,9

superhydrophobic surfaces,10–12 and liquid-infused surfaces.13–15

Among them, polydimethylsiloxane (PDMS) based micropillar
arrays have received the most attention in favor of their optical
transparency,16 good mechanical resilience,17 and ease of
formation and specic functionalization.18,19 However, due to
their small sizes, PDMS micropillars are prone to collapse upon
the drying of seating liquid samples which drive micropillars
together under capillary force.20,21 The problem becomes more
severe for high and dense micropillars which could collapse
even during the demolding step.22

To reuse micropillar arrays, simple and effective recovering
methods are continuously sought. One common approach
relies on using organic solvents with low surface tension, such
as ethanol, and ultrasound sonication to separate collapsed
micropillars. However, this method has not been very success-
ful. Many works have been devoted to the basic understanding
of different factors that potentially affect the collapsing and
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restoring behaviors of PDMS micropillars since then.23–26 There
also have been some new methods proposed to deal with the
problem, but their applicability is oen limited.27–30

In this work, we reexamined the collapsing and recovery
processes of PDMS micropillars when using different solvents
to wash the micropillars and reveal the effects of two properties
of the solvents – surface tension and swelling ratio – on the
recovery of PDMSmicropillars. Our results nd that the solvent-
induced polymer swelling, which is sometimes considered as
damaging for PDMS integrity, can help the recovery of collapsed
micropillars. We further propose a mechanism accounting for
the assisted recovery process.
Experimental section
Sample preparation

Silicon mold with microholes was fabricated by etching wafers
with SF6/C4F8 plasma. The PDMS micropillar arrays were
prepared by one-step replication of the silicon mold.31 To
facilitate demolding, the surface of silicon mold was modied
with 1H,1H,2H,2H-peruorooctyltrichlorosilane (Aladdin,
>97%) to reduce the surface adhesion. Sylgard 184 (Dow Corn-
ing) with part A and part B were mixed in a 10 : 1 weight ratio
and poured onto the silicon mold and drained the bubbles
under vacuum. The PDMS mixture was then cured at 70 °C for 4
hours, aer which the silicon mold was successfully removed.
The height and width of the obtained PDMSmicropillar were 16
mm and 4 mm, respectively, and the spacing between adjacent
micropillars was 3 mm.

Collapsed PDMS micropillars were obtained using the
following steps. Ethanol was rst added to the PDMS micro-
pillars and quickly spread out. Then, water was added to the
PDMS micropillars to mix with ethanol and infuse the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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interspaces between micropillars with water. Finally, the PDMS
micropillars were dried at 70 °C for 1 hour.
In situ observation of PDMS micropillars in solvents

The micropillars were immersed in one of the solvents listed in
Table S1 (ESI†) for 30 minutes each time. Then the geometry of
PDMS micropillars when immersed and dried was observed in
situ using an optical microscope (KOPPACE, KP-A9510V-1800U).
The PDMS micropillars were then thoroughly dried at 70 °C for
30 minutes and checked with the optical microscope again.
Results and discussion

PDMS has a surface tension typically of 22 mNm−1 and Young's
modulus typically of 1.7 MPa. The as-prepared PDMS micro-
pillars fabricated in this work have a length-to-radius ratio of 4
and is considered as susceptible to lateral collapsing.32 Before
interacting with any liquids, all micropillars stood up straight
and showed no sign of obvious tilting or collapsing (Fig. 1A). But
aer infused with water and subsequent drying, nearly all the
micropillars collapsed in groups (Fig. 1B), consistent with
expectation. Scanning electron microscope (SEM) micrographs
from a glancing view angle show the micropillars to collapse in
a head-to-head manner (Fig. 1B, inset).
Fig. 1 Optical images of the as-prepared PDMS micropillar arrays (A)
and after collapsing induced by water drying (B). Insets are the SEM
micrographs of the corresponding samples. Scale bar: black, 40 mm;
white, 20 mm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Our rst attempt to restore the collapsed micropillars is to
use ethanol as the washing solvent with the assistance of
ultrasound sonication. Specically, we immersed the collapsed
PDMS micropillars in an ethanol bath for 30 minutes and then
sonicated the bath for 2 minutes at 100 W. Observed under an
optical microscope, we found most of the micropillars in
ethanol recovered from collapsing (Fig. 2A). The micropillars
are then dried in air and monitored under the microscope.
When most of the solvent has evaporated and some micro-
pillars protruded out, the contour of the solvent/air interface
deforms to encage certain numbers of micropillars in groups
(Fig. 2C, right part). We also noticed that encaging a large
number of micropillars are difficult. This can be explained since
large groups require the micropillars at the perimeter to deform
signicantly, which is difficult.

To dry the solvent thoroughly, we put the sample in an oven
at 70 °C for 30 minutes. As shown in Fig. 2E, although a small
fraction of micropillars recovered to its original vertical position
aer oven drying, a considerable amount of revivedmicropillars
collapsed again. We repeated the same process and adjusted the
immersion and sonication time length, but no signicant
improvement in micropillar recovery was observed.

Crosslinked PDMS was known to swell in some organic
solvents, such as hexanes and toluene.33,34 The swelling ratio
was dened as the length ratio of the PDMS aer swelling to
that before swelling. Some laboratories have suggested to use
solvents with high swelling ratios to clean up PDMS residues on
glass slides.35 Here, we used hexanes to immerse the collapsed
PDMS micropillars in the same way as used for ethanol but
without ultrasound sonication. As shown in Fig. 2B, the
collapsed micropillars were recovered soon aer solvent
immersion. And the micropillar radius was also observed to
increase as a result of the swelling. The PDMS sample was then
taken out of hexanes and checked under the microscope.
Similar formation of grouped micropillars was also observed
(Fig. 2D). But as shown in Fig. 2F, the micropillars were all
recovered aer hexanes dried up thoroughly in oven.

The above observations suggest that swelling ratio of PDMS
could be a determinant in using solvent to recover collapsed
micropillars. To nd out the roles of surface tension and
swelling ratio on the recovery of PDMS micropillars, we selected
10 different solvents with known surface tension ranging from
15.4 mN m−1 to 43.7 mN m−1 and swelling ratio from 1.00 to
1.44 (Table S1†).35–37

The same washing procedure was adopted for all solvents,
namely, 30 minutes of immersion in solvents rst and then 30
minutes of drying in oven at 70 °C. The recovery ratio (R) was
dened as the percentage of upright standing micropillars in
the arrays relative to the total amount of micropillars counted
(Fig. S1, ESI†). Five randomly selected locations in the arrays
were used to calculate R for each solvent. The results were then
plotted in a 3D table shown in Fig. 3. There is an abrupt increase
in R when the swelling ratio exceeds around 1.20, while the
increase of R relative to the surface tension is rather gradual.
This indicates that the role of swelling ratio in the recovery
process is more critical than that of the surface tension. In
addition, we also used hexanes to successfully restored the
RSC Adv., 2023, 13, 4874–4879 | 4875
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Fig. 2 Optical images showing the solvent washing and drying processes of PDMS micropillar arrays in ethanol (left column) and hexanes (right
column). (A and B) PDMS micropillars were immersed in corresponding solvent. (C and D) Solvent left on the micropillar arrays gradually
evaporated after taken out and themicropillars started to collapsed in groups. (E and F) Themicropillars were thoroughly dried in an oven at 70 °C
for 30 minutes. Scale bar: 40 mm.
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collapsed micropillars aer washed and dried by solvents with
low swelling ratios, suggesting that the recovery capability of
hexanes is independent of the collapsing process (Fig. S2, ESI†).

Since the cause of micropillar collapsing is oen attributed
to capillary force inicted by drying liquids, it appears
straightforward to use low surface tension liquids to reduce the
capillary force and thereby avoid micropillar collapsing.
However, even aer using peruoroheptane with a surface
tension of 11.7 mNm−1, we are still unable to recover the PDMS
micropillars fully.
4876 | RSC Adv., 2023, 13, 4874–4879
Some references suggested the following relationship for
micropillar arrays,24,32

h

d
¼
 

33=4pEs3=2

21=432gð1� n2Þ1=4d1=2

!1=3

(1)

where h, d, s, E, n, and g are the height, diameter, spacing,
Young's modulus, Poisson's ratio, and the surface tension of the
micropillars, respectively. The h/d ratio calculated from eqn (1)
is the critical value beyond which micropillars will not recover
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effects of surface tension and swelling ratio of organic solvents
on restoring collapsed PDMS micropillars. The recovery ratio is the
number of restored micropillars divided by the total number of
micropillars. Details of the solvents can be found in Table S1 (ESI†).
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spontaneously under its elastic force. An estimated calculation
using eqn (1) and the corresponding parameters of pristine
PDMS gives that the critical h/d ratio for our fabricated micro-
pillars is 3.44. Solvent-induced swelling of PDMS is known to
reduce the elastic modulus of the micropillars and an empirical
relationship between Young's modulus, E, and swelling ratio, Q,
is the following,38,39

E ∼ Q−k (2)

where k is a positive constant. So the critical h/d ratio for
micropillars aer swelling will be even smaller than 3.44.
However, as we shown in Fig. 3, PDMS micropillars washed by
solvents with swelling ratio larger than 1.20 could recover
spontaneously aer solvent drying.
Fig. 4 Schematic diagram showing the swelling and recovery of two co

© 2023 The Author(s). Published by the Royal Society of Chemistry
The discrepancy could originate from the incorrect g value
we put in the above calculation. When using the surface tension
of pristine PDMS, it is assumed that the contact interface
between collapsed PDMS micropillars remains solid–solid even
aer swelling. However, since swollen polymer networks allow
the penetration of solvent molecules, solvent can accumulate at
the contact area between collapsed micropillars to form
a “liquid bridge” and change the interface to solid–liquid–solid.
Consequently, separation of micropillars involves the interplay
between the elastic force of bent PDMS micropillars and the
deformation of the liquid bridge. Fig. 4 illustrates the idea of
how the existence of liquid bridge allows the easy separation of
two collapsed micropillars under their own elastic force. In
contrast, when the washing solvent does not induce swelling in
micropillars, formation of liquid bridge will be difficult.

The existence of liquid bridge is also consistent with the
gradual increase of the recovery ratio along with the decrease of
surface tension of the washing solvents as observed in Fig. 3.
Since the liquid bridge is losing volume during drying, the
liquid bridge's contour will deform from convex to concave due
to its good wetting property with PDMS.40 The change of contour
shape is schematically shown in the black-line circled region in
Fig. 4 wherein the cyan dash-line refers to the original convex
contour. Once the concave surface is formed, the liquid bridge
will generate a Laplace pressure which keeps the two micro-
pillars from breaking and is proportional to the surface tension
of the solvent. As a result, a solvent with a lower surface tension
will have a larger recovery ratio when the swelling capability of
the solvent is unchanged. This explains the lower recovery ratio
of cyclohexane compared with that of hexanes. We also nd that
drying at a temperature slightly higher than the boiling point of
the washing solvent will also increase the recovery ratio
(Fig. S3†). This may be due to the signicant decrease of the
surface tension of the solvent at the boiling point.

To corroborate the presence of liquid bridge, we conducted
two experiments using a large and a small at PDMS blocks
which were placed in a container with the small block located
llapsed micropillars and the presence of liquid bridge.

RSC Adv., 2023, 13, 4874–4879 | 4877
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Fig. 5 (A) A Scheme shows the experimental setup where a small
PDMS block slides on a large PDMS block once the container is tilted to
a certain angle which is defined as the sliding angle. (B) Sliding angles
for PDMS block in ethanol and hexanes. They were measured when
the solvent was first added to the container and then the large and
small blocks were placed into the solvent separately. (C) An image
shows the two blocks sticking together when tilted at 90° after
immersed in ethanol for 30 minutes. This happened when the two
PDMS blocks were placed together into the container first and then the
solvent was added. In contrast, the small PDMS block slid off quickly
when hexanes were added instead.

4878 | RSC Adv., 2023, 13, 4874–4879
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above the large one (schematically shown in Fig. 5A). In the rst
test, the container was lled with solvent (either ethanol or
hexanes) rst and the two PDMS blocks were placed into the
solvent separately. As the container was gradually tilted, the
solvent was drained out of the small block and eventually the
small block started to slide on the large one (the corresponding
tilting angle is named “sliding angle”). In the case of ethanol,
the sliding angle is 22°. While in the case of hexanes, the sliding
angle is only 5° (Fig. 5B). Since a liquid layer typically reduce the
friction between two solid surfaces, the difference in sliding
angle suggests that hexanes can stay between the two PDMS
blocks much easier than ethanol does, consistent with our
propose that a liquid bridge is present between collapsed PDMS
micropillars in hexanes. In the second test, the two blocks were
rstly placed into the container and the solvent was added later.
In the case of ethanol, the two blocks stick together even aer
they were taken out and held at 90° (Fig. 5C). In contrast, the
small block started to slide on the large one soon aer hexanes
were added.
Conclusions

In summary, we examined the effectiveness of common solvents
on the recovery of PDMS micropillars and reveal that the
swelling ratio of PDMS in some organic solvents is an important
factor in the recovery of collapsed PDMS micropillars. Our
ndings suggest that using solvent with high swelling ratio of
PDMS could potentially be a simple approach to recycle
collapsed PDMS micropillar arrays.
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