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In the last years, stimuli-responsive polymeric materials have attracted great interest, due to their low cost and ease of structuration
over large areas combinedwith the possibility to activelymanipulate their properties. In thiswork,we propose a polymeric pattern of
soft-imprintedmicrowells containing azobenzenemolecules.The shape of individual elements of the pattern can be controlled after
fabrication by irradiation with properly polarized light. By taking advantage of the light responsivity of the azobenzene compound,
we demonstrate the possibility to reversibly modulate a contraction-expansion of wells from an initial round shape to very narrow
slits.We also show that the initial shape of themicroconcavities can be restored by flipping the polarization by 90∘.The possibility to
reversibly control the final shape of individual elements of structured surfaces offers the opportunity to engineer surface properties
dynamically, thus opening new perspectives for several applications.

1. Introduction

In recent years, the ability to pattern large areas of stimuli-
responsive materials at the micro- and nanoscale has opened
the opportunity to engineer surface structures and trigger
peculiar properties such as complex optical functionalities
[1] or surface properties [2] by light-matter interactions.
Over the last two decades, the progress on micro- and
nanoscale research has enabled the development of sev-
eral patterning techniques, including soft lithography [3],
nanoimprint lithography [4], interference lithography, and
advanced photo lithography [5]. Micro- and nanofabrication
technology finds applications in a plethora of fields, such as
optics and photonics [6], microfluidics [7], and even biology
[8].

However, despite such impressive achievements, most of
the conventional patterning techniques result in static struc-
tures, whose features cannot be modified after fabrication.
To overcome such limitation, Karageorgiev et al. proposed
exploiting the photoresponsivity of azopolymers in a tech-
nique named Directional Photofluidization Lithography [9–
11], although the term “photofluidization” is controversial as
the fundamental mechanism underlying such effect is still
under debate [12]. Based on the same approach, here we pro-
pose a reversible manipulation of prefabricated azopolymeric
structures driven by polarized light.

Azopolymers are well known to transduce a visible
light stimulus into a mechanical modification due to cyclic
isomerization of the azobenzene molecule triggered by pho-
ton absorption [13]. The cyclic isomerization results in a
mechanical modification of the polymer [14] and sometimes
in an effective mass migration [15] that allows structuring
the polymeric surface via direct illumination [16]. As mass-
migration occurs parallel to the polarization of the incident
radiation, prefabricated microstructures can be anisotrop-
ically deformed depending on the illumination conditions
[17, 18]. In detail, we start with an array of microwells and
show that the shape of the microwells can be finely controlled
by exposing the film to properly polarized light. If linearly
polarized radiation is used, the initial shape ofmicrowells can
be restored by turning the polarization by 90∘. The technique
presented here represents a valuable approach to tune the
features of prestructured surfaces.

2. Materials and Methods

Sample Preparation. The azopolymer considered is an azo-
polyelectrolyte (poly{1-[4-(3-carboxy-4-hydroxyphenylazo)
benzenesulfonamido]-1,2-ethanediyl, sodiumsalt}) named
as PAZO (molecular weight [Mw] ≈ 369,33 g/mol),
supplied by Sigma-Aldrich. The PAZO is mixed with
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Figure 1: (a) Absorption spectrum of the PAZO-PMMA compound in the UV-Visible range. In the inset, sketch of the chemical structure of
the two polymers. (b) SEM image of the array of microwells. (c) AFM profile of the microwells.

poly-(methyl methacrylate) (PMMA), resulting in a mixture
prepared as follows: PMMA powder (molecular weight
[Mw] ≈ 15000 g/mol by GPC�) is dissolved in N,N-
dimethylformamide at a concentration of 4wt%. Nine units
of PAZO (Mw ≈ 369,33 g/mol), dissolved in methanol at
concentration 25mg/mL, are mixed to one unit of PMMA
solution and then mechanically stirred and sonicated for
few minutes until a homogeneous yellow blend is formed.
Figure 1(a) shows the absorption spectrum of the PMMA-
PAZO compound obtained and, in the inset, the molecular
structure of PAZO and PMMA. We measured the glass

transition temperature (𝑇𝑔) of the polymeric compound
by means of Differential Scanning Calorimetry (DSC, data
not shown) and we found 𝑇𝑔 = 53.9∘C as compared to
𝑇𝑔 = 60.7∘C of the PAZO without PMMA. An amount of
15 𝜇l of PAZO-PMMA is spin-casted onto a glass substrate,
previously washed in acetone, rinsed with isopropanol, and
dried with a nitrogen flow. A PDMS stamp (10 : 1 ratio of
the prepolymer and the curing agent, provided by Sylgard�
184, Dow Corning, cured at 60∘C for 2 hours) is soaked
in ethanol for few minutes and then gently pressed on the
PAZO-PMMA film on glass. The sample is placed in a
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Figure 2: (a) Time-resolved roundness values formicrowells during laser irradiation (black dots: roundness of individual wells, red line:mean
roundness). In the insets, representative SEM images taken with sample tilted by 45∘ of four different time steps. (b) SEM image (sample tilted
by 45∘) of a singlemicrowell after irradiation (black arrows: the direction of the pore reduction and red arrows: direction of themassmigration
of the material).

vacuum desiccator for 2 hours to enhance patterning and
let the polymer blend to fill in the PDMS template. As a
next step, the sample is dried in oven, until the solvent is
completely evaporated (3 hours at 60∘C) before the final
removal of the PDMS stamp. The SEM image in Figure 1(b)
shows an array of azopolymeric microwells over a large area.
The wells are circular with a diameter of 1 𝜇m arranged as
a squared lattice with periodicity Λ = 3 𝜇m. Atomic Force
Microscopy analysis reveals circular wells with a diameter of
1 𝜇m arranged as a squared lattice with periodicity Λ = 3 𝜇m.
The depth, estimated by AFM analysis, is about 550 nm, as
shown in Figure 1(c).

Optical Setup. The optical setup employed in this work is
described in detail in [19]. Briefly, we employ a pulsed
laser (laser temporal width ≈ 10 ps, wavelength 490 nm, and
average intensity ≈ 50mW) circularly polarized. The laser
beam is slightly focused in such a way that the spot size
on the sample surface is about 20𝜇m, thus resulting in a
density of power of 1.6 kW/cm2. We point out that the pulsed
laser has been employed because of its tunable frequency
that allows for a better matching with the absorption band of
PAZO (see Figure 1(a)). Due to the slow thermal relaxation
time of the isomerization transition (typically in the range
of hundreds of ms [15]) as compared to the repetition
rate of the pulsed laser (80MHz), it seems reasonable to
approximate the pulsed radiation to a CW light. The beam
can be eventually filtered by a linear polarizer placed on
a rotational stage to obtain linearly polarized light along
arbitrary directions. A 100x objective (NA = 0.95) coupled
with a tube lens allows imaging the sample surface on a
CMOS camera (Thorlabs DCC3240M). In collection, the
laser beam is filtered out by an edge filter (FEL550 from
Thorlabs) along the imaging arm. In order to extract useful
parameters, the images collected have been binarized by

setting a proper threshold and subsequently analyzed by
employing an ImageJ tool able to compute roundness and the
overall area of the pores.

3. Results and Discussion

First, we want to investigate the effect of irradiation with lin-
early polarized light on the azopolymeric microstructures. In
agreement with our previous experimental findings [19] and
results from literature [20, 21], we observe a directional mass
migration of the polymer along the polarization direction.
For a quantitative analysis, the mean roundness parameter
is evaluated for each frame as the ratio between the minor
(𝐴
𝑚
) and the major axis (𝐴

𝑀
) averaged over 20 microwells

within a single field-of view of the microscope. Initially, wells
are almost circular, with a mean roundness of about 0.9
(Figure 2(a)). Upon linearly polarized irradiation, the wells
deform into an elliptical shape (mean roundness down to 0.3).
The SEM image in Figure 2(b), obtained keeping memory
of the orientation of the sample during irradiation, reveals
that the major axis of the ellipses is oriented perpendicular
with respect to the polarization direction of light, confirming
that the photoinduced mass migration of the material occurs
along the electric field direction.

In order to show the reversibility of the deformation, we
repeated the experiment with linearly polarized light. The
microwells, initially showing circular shape (Figure 3(a)),
turn into almost closed slits after about 220 seconds of irradi-
ation (Figure 3(b)). Subsequently, we rotate the polarization
of light by 90∘ and we observe a gradual restore of the circular
shape (Figure 3(c)).The image analysis reveals that an average
roundness of about 1 is achieved after further 200 seconds
of irradiation. Such reversible modification is advantageously
promoted by an improved stiffness of the polymeric mixture
due to the presence of a stabilizing PMMA component, as
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Figure 3: Photoreconfiguration of pristine microwells arrays by using linearly polarized light: (a) original concavity shape, (b) closed slits,
and (c) restored shape. (d) Time-resolved hole area values for pores during laser irradiation with time-varying polarization states.

suggested elsewhere in other copolymer matrices containing
azobenzenes [19–22]. We underline here that the role of
PMMA seems to be crucial for reversibility, since with pure
PAZO structures we were not able to restore the pristine
shape.

In Figure 3(d) we plotted the average area of the holes
versus time of irradiation. The graph shows that upon
irradiation the holes area is actually reduced till a complete
closing of the holes is obtained (black dashed line in the
graph). Experimentally, we find that the polarization rotation
by 90∘ triggers a recovery of the microwells area. Such effect
is similar to photoinduced micropillar deformation reported
elsewhere [17], but the fundamental mechanism underlying
the observed phenomena is not straightforward and requires
further investigation.

After probing the effect of linearly polarization on the
holes shape, we aim to exploit circularly polarized light
to reduce the pore size eventually until complete closing.
Figure 4 shows the effect of circularly polarized light on an
array of microwells. The graph indicates that irradiation with
circular polarization does not affect the roundness of the
microstructures that is kept constant around a mean value of
0.8.The inset in the graph shows optical images of a sequence
of microwells individually addressed and irradiated with
different doses (the position along the timeline corresponds
to the irradiation time). The sequence shows that although
the roundness is preserved, the wells tend to isotropically
reduce their size until complete closure. In the case of
circularly polarized light, we did not observe any reversibility
related to the handedness of light polarization.

4. Conclusions

The presented work shows the possibility to exploit direc-
tional photofluidization to manipulate microstructures after
fabrication. Starting from an array of circular microwells,
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Figure 4: Time-resolved roundness evolution microwells during
laser irradiation with circularly polarized light. In the inset, optical
images of individual microwells are exposed to different light doses.

we employ linearly polarized light to change them into
elliptically shaped wells and eventually into narrow slits,
depending on the light dose. Alternatively, the microwells
can be reduced in size without changing the roundness
till an almost complete closing is reached. Tuning the
morphology of surface microstructures might provide a
smart engineered platform where surface properties can
be engineered on demand after fabrication [19, 20]. The
light-induced contraction and expansion based reshaping
of polymeric microstructures shows exciting potential for
several applications including microfluidics and lithography
and, in the last years, is showing its potential application in
biology, where cells behavior can be regulated in response to
material manipulation.
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