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Abstract: Polymeric micropillars with a high-aspect-ratio (HAR) are of interest for a wide range of
applications, including drug delivery and the micro-electro-mechanical field. While molding is the
most common method for fabricating HAR microstructures, it is affected by challenges related to
demolding the final structure. In this study, we present very HAR micropillars using two-photon
polymerization (TPP), an established technique for creating complex 3D microstructures. Polymeric
micropillars with HARs fabricated by TPP often shrink and collapse during the development process.
This is due to the lack of mechanical stability of micropillars against capillary forces primarily acting
during the fabrication process when the solvent evaporates. Here, we report different parameters
that have been optimized to overcome the capillary force. These include surface modification of the
substrate, fabrication parameters such as laser power, exposure time, the pitch distance between
the pillars, and the length of the pillars. On account of adopting these techniques, we were able to
fabricate micropillars with a very HAR up to 80.

Keywords: high-aspect-ratio micropillar; two-photon polymerization; capillary force

1. Introduction

High-aspect-ratio (HAR), the ratio of height to lateral feature size, polymeric mi-
crostructures with defined size and shape, such as micropillars, are of interest for a variety
of applications, including drug delivery [1–3], dry adhesives that simulate the fibrillar
structure of gecko feet [4], surface wetting properties [5,6], and micro-electromechanical
systems (MEMS) [7–9]. Because of their large surface area and well-shaped periodicity,
micro/nanopillars have been used for a wide range of research studies in designing and
exploring liquid-repellent surfaces [10], manipulating cells by controlling topographical
environments [11], and their tunable optical properties [12]. There are various meth-
ods for fabricating HAR micropillars, such as etching, electrospinning, electrospraying,
self-assembly, and templates. While comparative analysis of those approaches is out of
the scope of the current research article, one can find a recent and relevant review on
this aspect [13]. Among the different classes of materials used for HAR fabrication, mi-
crostructures made of polymers are favored for numerous reasons, including transparency,
compliance, biocompatibility, and cost-effectiveness [14,15].

The most common fabrication method for HAR micropillars is molding [16–18]. For
this method, multiple replicas are produced from master structures by double-molding poly-
mer replica molds. The polymer materials include polydimethylsiloxane (PDMS) [19–21],
photocurable polymers [22], and thermoplastics [23]. This technique improves fabrication
throughput and changes the structure by deforming the elastic polymer replica mold [24].
Polymeric micro-nano structures with an aspect ratio up to 15 have been fabricated by
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molding with PDMS [25,26]. PDMS is the most common mold and the advantages are
its biocompatibility, mechanical properties, and transparency; it is gas-permeable water-
impermeable, relatively inexpensive, and can be prototyped quickly with high precision
using simple procedures [27]. However, it remains a challenge to fabricate HAR mi-
cropillars with molding due to the multiple steps process and the need for bonding the
microstructure after removing it from a mold. Furthermore, microstructures with special
materials, multi-materials, or surface properties cannot be manufactured without post-print
treatment [28].

The other common methods of HAR micropillar fabrication are X-ray lithography [29]
and UV lithography [30] in which the HARs of up to 10 and 20 have been fabricated, re-
spectively. These methods, however, are not cost-effective and have a low throughput [31].

Recent studies have investigated the use of the photoresist SU-8 for fabricating
HAR microstructures since it exhibits stable mechanical, thermal, and chemical
characteristics [32,33]. HARs up to 40 and 100 were obtained by UV processing of ultra-thick
photoresist films [34,35] and drawing lithography [36], respectively. Additionally, HARs
up to 50 [37] and 10 [38] were previously obtained with SU-8 using the TPP technique.

In recent decades, much attention has been paid to using direct laser 3D printing
HAR microstructures such as TPP, which is the most flexible method for the fabrication
of micropillars [3,12]. TPP is a well-established method for creating complex 3D micro-
objects with stimuli-responsive and reconfigurable surface properties [39,40]. In addition,
unlike other micropillar microfabrication methods, rapid prototyping technologies such
as TPP do not require any clean room environment and complex geometry components
can be produced faster while requiring less technical expertise [41]. In TPP, a femtosecond
or picosecond pulsed laser is used. By applying a focused laser beam to photosensitive
materials, two-photon absorption (TPA) triggers polymerization. This provides a nonlinear
energy distribution that is centered at the laser’s focal point. In the TPP process, the pho-
toinitiator molecules in photoresist begin polymerization when they absorb this energy at
regions known as polymerization voxels, where the absorption energy exceeds a particular
threshold of the resin, resulting in a polymerized 3D micro/nanostructure [42].

Although the TPP can generate micropillars, it faces a number of challenges. One of
these challenges is capillary force, which can result in significant defects, such as deforma-
tion or collapse [43]. Capillary forces are typically generated due to the evaporation during
the final step of the microstructure development process by a solvent [44–47]. It is possible
to reduce capillary forces by altering the substrate by surface modification or using different
drying methods [48]. Liquids with low surface tension, such as isopropyl alcohol (IPA), can
reduce capillary forces, but this approach shows limited improvement for nanostructures
with moderate aspect ratios [49,50]. Further increasing the aspect ratio can cause the same
deflection, and IPA cannot prevent HAR nanostructure clustering. An effective method for
drying is supercritical drying, which involves increasing the temperature and pressure of
the environment beyond the critical point and causing the liquid to reach the supercritical
phase [51]. Pattern collapse can be suppressed most effectively by reducing surface tension.
Using a supercritical carbon dioxide (CO2) dryer for a final development process, which
has no surface tension, can allow the formation of fine micropillar patterns. As a result,
nanostructures do not experience capillary forces [48,49,52].

In this study, we demonstrate very HAR micropillars up to 80 by TPP with a height
of ~53 µm and a distance pitch of 5 µm. Different parameters such as pitch distance
and printing settings were optimized. In order to prevent capillary forces from creating
clusters and causing pillars to fall and collapse, surface modification of the glass substrate
is performed. Furthermore, we attempt to use supercritical CO2 drying to avoid the
collapsed micropillars.
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2. Materials and Methods
2.1. Materials

All of the chemicals were used as received and were not purified any further. Pen-
taerythritol triacrylate (PETA), ethanol ≥ 99.8%, and 4,4′-bis(diethylamino) benzophenone
(DEABP) were obtained from Sigma Aldrich (St. Louis, MO, USA).

2.2. Preparation of Photoresist

An amount of 3 wt% of DEABP was added to 97 wt% of PETA at room temperature
and these were mixed by using a magnetic stirrer for 10 min.

2.3. Two-Photon Polymerization 3D Printer

A MicroFAB-3D printer (Microlight3D, La Tronche, France) was used for printing
micropillars. The 532 nm laser beam, generated by a sub-nanosecond pulsed Nd:YAG laser,
passes the shutter and the optical pathway to the objective which focuses the beam inside
the photoresist. A lamp illuminates the sample from the top. A glass coverslip, on it a small
drop of photoresist, is attached to the sample holder which is laying on the piezo stage.
The laser beam hits the photoresist from the bottom of the glass. To protect the eyes of the
operator, a filter is put on top of the sample stage (see Figure 1).
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Figure 1. Scheme of the two-photon polymerization system. A sub-nanosecond pulsed Nd:YAG laser
emits the 532 nm laser beam, which is directed through the shutter and the optical pathway to the
objective that focuses the beam inside the photoresist. The lamp is placed on top of the sample and
illuminates it from above. In order to take images or movies, a camera is part of the equipment. The
close-up schematic shows a glass slide with a photoresist drop on it, which is attached to the sample
holder. The laser beam hits the photoresist at the glass bottom.

In order to measure the laser power, a Thorlabs PM100D device was used after setting
the laser gain in the software Lithos, version 2.5.2.

2.4. Surface Modification on Glass Substrate

For the surface modification of the glass substrate, 22 mm × 22 mm glass slides were
cleaned for 20 min in a BioForce Nanosciences UV/OZONE ProCleaner Plus. Afterwards
the slides were immersed for 24 h in a functionalization solution consisting of 60 mL toluene
and 1 mL of 3-(Trimethoxysilyl)-propyl methacrylate. The glass slides were taken out of
the solution and washed with toluene and ethanol in order to remove any residues (see
Figure 2).
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Figure 2. Reaction scheme of glass functionalization with 3-(trimethylsilyl)propyl methacrylate after
UV/ozone treatment.

2.5. Fabrication of Microstructures

The 3D model file of the pillars was generated as a .txt file using a Python 3.11.4
program. Parameters that could be adjusted include the distances between the pillars in the
x-direction dx1 and dx2 and between the pillars in the y-direction dy1 and dy2. Furthermore,
the number of pillars in x-direction N-obj-x and in y-direction N-obj-y and the height h of the
pillars could be set as it is shown in Figure 3.
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Figure 3. Arrangement of pillars in (A) side view and (B) top view.

The Simpoly 4.4.5 application was used to slice the generated .txt file. It allows
exporting a .tsk file that contains the printing pathways. Parameters for printing a structure
by Simpoly 4.4.5 application are the printing quality, numerical aperture, type of objective
(immersion or air), refractive index of the uncured resin, laser gain management, and path
printing order (start from top or start from bottom). For all structures, the printing quality
was set to ’intermediate’, which equals a voxel overlap ratio of 70%, and the numerical
aperture was set to 0.65 Korr objective with Zeiss Plan Apochromat with 40×magnification.

In order to print the pillars, a droplet of photoresist was added to the functionalized
glass substrate and attached to the sample stage which was laying on the piezo stage. The
laser beam hits the photoresist from the bottom of the glass. All pillars were arranged in
12× 12 arrays with pitch distances ranging from 1.5 µm to 5 µm. Exposure parameters were
2.70 mW and 10 ms for laser power and printing speed, respectively. In the development
process, the structures were carefully rinsed using ethanol and subsequently dried using the
supercritical CO2 dryer (Autosamdri 815, Series A automatic critical point dryer, tousimis,
Rockville, MD, USA). Since supercritical CO2 has a low surface tension and high diffusivity,
it has been used to prevent pattern collapse caused by capillary forces during drying. After
rinsing with ethanol, the wet sample was transferred into the supercritical dryer chamber
and filled with 15 mL of pure ethanol to ensure complete sample coverage. The liquid CO2
tank was opened and the purging time was set to 15 min. After several purge–flash cycles
to completely remove the ethanol, the chamber was heated above the critical point of CO2
(31 ◦C, 1200 psi) and maintained for 10 min before slowly venting to the atmosphere.

2.6. Scanning Electron Microscopy

Scanning electron microscopy (SEM) of the generated TPP structures were examined
from the top view and at tilt angles of 45◦ in the high-vacuum mode using a FEI, Quanta
400 SEM (FEI Company, Dawson Creek Drive, Hillsboro, OR, USA). The spot size and the
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accelerating voltage were set to 3.5 nm and 20 kV, respectively. Before taking SEM images,
the samples were gold-coated using a Cressington 108 auto sputter coater (Microtonano,
Haarlem, The Netherlands). Samples were fixed with clamps on a metallic sample holder.
The aspect ratio of TPP micropillar structures was evaluated by measuring the pillar heights,
pillar diameters, and the diameter at the pillar–substrate interface.

3. Results and Discussion

The main idea of this study is to stabilize structural features before capillary forces are
acting, as described in Section 2.5 and Figure 4.
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Figure 4. Schematic illustration of different development approaches. Upon two-photon polymeriza-
tion via 532 nm laser beam exposure, the structures are fabricated. The first approach after printing
the structure includes rinsing with the solvent and letting the sample dry in the air. By using this
approach, a surface-modified glass substrate leads to the creation of a cluster and without it, the
pillars fall down or collapse onto the glass surface. A second approach involves drying the printed
structure using a supercritical CO2 dryer that prevents the pillars from collapsing or falling down.

3.1. Surface Modification of the Glass Substrate

The strategy to fabricate the HAR micropillar structure is schematically presented in
Figure 4. Firstly, by focusing a 532 nm laser beam into a photoresist consisting of 97 wt%
PETA and 3 wt% DEABP, polymer pillars were fabricated on a glass slide by a typical 3D
laser printing process.

Following the laser printing, the sample was rinsed with ethanol during the develop-
ment process to remove the unpolymerized photoresist. However, the adhesion between
the glass substrate and the printed structure was insufficient after the development process,
resulting in the printed structure falling and creating a cluster as shown in Figure 5. To
prevent this, the glass coverslip was treated with silane functionalization. As shown in
Figure 1, the hydroxide functional groups created on the surface of the glass substrate
following UV/OZONE ProCleaner Plus treatment and Si–O–Si (siloxane) linkages occurred
by immersing the glass into the 60 mL toluene and 1 mL of 3-(Trimethoxysilyl)-propyl
methacrylate solution. This results in methacrylate groups being covalently bound on the
glass surface [53].
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Figure 5. Schematic of the pillars’ arrangement with the acting forces, such as capillary force FC and
resistance force FS, during the sample development by using a solvent.

On the other hand, if the printed structures were dried under normal conditions
after developing them with ethanol, the polymer pillars would be attracted towards each
other by capillary-force self-assembly and create a cluster. With increasing pillar height,
individual pillars bend and come into contact at the top. This new connection results from
the evaporation-induced capillary force present in the subsequent development process
that washes off the polymer that was not exposed to the laser. Upon evaporation of the
solvent to the levels of the freestanding tips, a capillary force [54] FC is the result between
the neighboring pillars:

FC~γ r2 cos2θ/d (1)

which is proportional to the interfacial tension γ of the solvent, the square of the radius r of
the pillars, and the squared cosine of the contact angle θ and inversely proportional to the
pitch distance d between adjacent pillars, as shown in Figure 6.
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Figure 6. SEM images from the top view of the micropillars. Samples were fabricated by TPP by
using an unfunctionalized glass substrate. All pillars were 3D printed on one unfunctionalized glass
substrate with a laser power of 2.70 mW and with a height of 5 µm. Micropillars started to fall or
create a cluster by decreasing the pitch distance from (A) 4 µm, (B) 3 µm, (C) 2 µm, and (D) 1.5 µm.
All scale bars: 20 µm.
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Resistance to the capillary force is the restoring force [55]:

FS~E r4 d/h3 (2)

where E is Young’s modulus and h is the pillar height. There is a critical distance dc below
which neighboring pillars can be assembled or otherwise remain upright when the capillary
force and the restoring force are balanced. When d is lower than dc, neighboring pillars can
remain in contact by capillary forces FC during solvent evaporation or by short-range van
der Waals forces FV in the air for a given pillar height [54].

In addition, when the height is too high, the capillary force is so considerable that
the pillars collapse into unordered structures and create clusters as it is shown in Figure 6.
Conversely, as long as the height of the pillars is under a certain value, the capillary force
will not overcome the standing force; therefore, the pillars will not collapse.

The distance pitch of micropillars influences the role of the capillary force after the
structure is developed with the solvent. As the distance pitch between two pillars decreases,
the chance of collapse increases. Figure 6 shows micropillars with different distance pitches
printed on a normal glass substrate from 4 µm to 1.5 µm. The non-functionalized glass
substrate resulted in micropillars falling and collapsing from the structures with higher and
smaller pitch, respectively. Due to the stronger capillary force on the edges of the printed
structure, pillars at the edges are more likely to collapse.

The micropillars shown in Figure 7 were fabricated by applying silane functionaliza-
tion to a glass substrate. Once the structures have been rinsed with ethanol, pillars with
aspect ratios greater than 10 collapsed due to the capillary force.
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Figure 7. SEM images of micropillars fabricated by TPP on a glass coverslip with silane functional-
ization. Side view images of micropillars with the capillary-force self-assembly with the height of
(A) 13 µm, (B) 37 µm, and (C) 55 µm. (D) Top view image of micropillars with a height of 55 µm. All
micropillars were fabricated with the distance pitch of 5 µm. The sample stage is tilted by 45◦ for
images (A–C) and −0.1◦ for image (D).
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3.2. Very HAR Micropillars with Supercritical CO2 Dryer

Polymeric micropillars with 97 wt% PETA and 3 wt% DEABP were fabricated using
a two-photon microfabrication system. The resultant microstructure was carefully rinsed
with ethanol to remove the unsolidified photopolymer. The sample was immediately put
into the chamber of the supercritical apparatus (Autosamdri 815, Series A automatic critical
point dryer, tousimis, Rockville, MD, USA) which was immersed in 15 mL of pure ethanol.
In this way, the surface was kept wet and the solvent was prevented from evaporating.
The liquid CO2 tank was opened and the purging time was set to 15 min. After filling
the chamber with supercritical CO2 and several purge–flash cycles to completely remove
ethanol, the chamber was heated above the critical point of CO2 with a temperature of
31 ◦C and pressure of 1200 psi and maintained for 10 min before slowly venting to the
atmosphere. The absence of surface tension during the supercritical CO2 drying allowed for
recording of the fine micropillar patterns. All micropillars were arranged in 12 × 12 arrays
with pitch distances of 5 µm. The laser power was set to 2.76 mW and the exposure time
was set to 10 ms in Z direction. The dimensions of the micropillars were determined using
the SEM images. The pillar heights and their diameters are listed in Table 1.

Table 1. The aspect ratio of micropillars.

Sample Lcorr/µm Ø/µm Aspect Ratio

A 1.90 ± 0.07 0.50 ± 0.01 3.80
B 6.75 ± 0.28 0.66 ± 0.05 10.23
C 14.29 ± 0.20 0.64 ± 0.03 22.33
D 21.75 ± 0.13 0.66 ± 0.03 33.00
E 29.22 ± 0.16 0.66 ± 0.04 44.27
F 37.51 ± 0.24 0.65 ± 0.05 57.71
G 45.12 ± 0.11 0.72 ± 0.01 62.67
H 52.99 ± 0.14 0.66 ± 0.04 80.29
I 59.04 1 0.71 1 83.70
J 57.24 1 0.74 1 90.09
K 73.64 1 0.73 1 101

1 Due to the non-straight pillars, the average height could not be obtained.

Figure 8 shows SEM images with an approximate tilting of 90◦ of micropillars with
different aspect ratios. The aspect ratio of the micropillar was measured by dividing the
height of the pillar by its diameter h/2r (see Figure 5). Due to the instability of pillars over
30 µm in height and less than 1 µm in diameter, micropillars with aspect ratios up to 40
did not remain completely upright. The very HAR of 80 that is shown in Figure 8H was
obtained in this study. To the best of our knowledge, this is the highest aspect ratio of
polymeric micropillars obtained to date using the TPP technique. Micropillars with a height
greater than 50 µm can be observed in Figure 8H–K. The SEM images show that most of the
micropillars are bent after development by the supercritical CO2 dryer. These micropillars
have HARs of 80, 83, 90, and 101, respectively. In the supercritical CO2 dryer, due to the
absence of surface tension, γ = 0 and thus resulted in FC = 0 (see Equation (1)). This result
indicates that the bending of pillars that are shown in Figure 8F–K are not provoked by
the capillary force. It is believed that the bending is due to the turbulences induced by
the introduction of liquid CO2 into the chamber to replace ethanol. These turbulences can
cause pillars with a high height (over 40 µm) to bend. Due to the non-stand-up micropillars,
the average height of all structures was not measured; the approximate numbers of the
diameters and heights are listed in Table 1. Additionally, the three arrays of pillars in
Figure 8A–E are properly defined and no collapsing can be observed between them.
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Figure 8. SEM images of micropillars with aspect ratio of (A) 3.8, (B) 10.23, (C) 22.33, (D) 33, (E) 44.27,
(F) 57.71, (G) 62.67, (H) 80.29, (I) 83.7, (J) 90.09 and (K) 101, respectively. All pillars were arranged in
12 × 12 arrays with a pitch distance of 5 µm. The sample stage is tilted by 90◦.

Compared to the conventional HAR fabrication techniques, TPP solves limitations as-
sociated with other methods, such as defects in appearance, long solvent evaporation times,
and multi-step processes [56]. Moreover, TPP is now seen as a scalable micro-additive
manufacturing process which is compatible with many classes of materials. Therefore,
one can envision TPP as a relevant alternative to produce very HAR micropillars [57].
Indeed, many applications are possible with HAR micropillars, such as smart display
and sensing, self-powered systems and soft robotics, droplet transport, and surface re-
versible switchable wettability [13]. However, the supercritical CO2 dryer seems not to
be an appropriate method for high-throughput fabrication processes as required by the
semiconductor industry.

4. Conclusions

In this study, we have demonstrated micropillars with a very HAR of up to 80 that
were fabricated using TPP. The key was using surface modified glass substrates for the
fabrication, as well as supercritical CO2 drying. The use of supercritical drying allowed
HAR micropillars to be fabricated. It was shown that by adjusting a pitch distance of 5 µm
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between the micropillars and using 2.76 mW laser power, the free-standing micropillars
with a maximum 52 µm height was achievable. It is believed that printing HAR micropillars
by applying the TPP technique will find numerous applications in droplet transport, smart
display and sensing, surface modification, and the development of new MEMS in future.
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