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A Facile Approach for 4D Microprinting of

Multi-Photoresponsive Actuators
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Alexander Welle, Jana Zaumseil, Christine Selhuber-Unkel, Martin Wegener, and Eva Blasco*

For microscale 4D photoresponsive actuators, light is crucial in two ways.
First, the underlying additive manufacturing techniques rely on photo-
polymerization processes triggered by the absorption of light. Second, the
absorption of light serves as the actuation stimulus. The two absorptions can
be conflicting. While the microstructure requires strong absorption at the
actuation wavelength(s), this absorption should not interfere with that of the
manufacturing process. Herein, a simple strategy is proposed to overcome
these limitations and allow for the fabrication of multi-photoresponsive 3D
microstructures that can be actuated at different wavelengths of light. Two-
photon 3D laser printing is selected as the fabrication technique and liquid
crystalline (LC) elastomers as the functional materials. In a first step, 3D
microstructures are fabricated using an aligned LC ink formulation. There-
after, up to five different dyes exhibiting absorptions that extend over the
entire visible regime (400-700 nm) are successfully incorporated into the LC
microstructures by an exchange process enabling a programmable actua-
tion by irradiating with the suitable wavelength. Furthermore, by combining
dyes exhibiting orthogonal absorptions, wavelength-selective actuations are

may be difficult or impossible to manu-
facture by other means.!!l: Among all the
available additive manufacturing tech-
nologies, light-based 3D printing is highly
attractive.l? In particular, 3D laser printing
relying on two-photon polymerization pro-
cesses has been established as a powerful
methodology for micro- and nano-meter-
scale 3D fabrication.l¥l In addition, within
the last few years, major efforts have also
been made in the development of new
approaches enabling, for example, faster
and more economical 3D printing and/or
higher resolution.!

Along with the development of new
3D laser printing technologies, the imple-
mentation of functionality in the printable
materials opens the door to real-life appli-
cations.P! In particular, the ability to change
the properties of a 3D printed object versus
time in a controlled fashion upon response

demonstrated.

1. Introduction

Additive manufacturing, also known as 3D printing or direct
laser writing, has become a widespread tool thanks to its ability
to produce complex geometries on the micrometer scale that

to an external stimulus opens new possibil-
ities in different fields, including (micro)
robotics or biomedical applications.l® This
concept is frequently referred to as “4D printing”, where time
serves as the fourth dimension.”! In the past few years, stimuli-
responsive materials, especially hydrogels,®! shape memory
polymers (SMPs),”) composites,!? and liquid crystalline (LC)
elastomers,’*!l have been most intensively explored in the
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field. Among all these materials, LC elastomers are particularly
attractive due to the non-necessity of aqueous environment or
external load. Moreover, their most remarkable property is their
programmable anisotropy, which could lead to self-actuating,
large-amplitude, and long-lifetime anisotropic motions upon
stimulus. This makes them ideal materials for the realization of
responsive structures. Recently, 3D printing of LC materials via
two-photon polymerization has been successfully demonstrated
for the fabrication of microscopic tuneable optical elements!!
and a variety of microactuators.® The actuation mechanism
of these materials relies on the transition between the nematic
and isotropic phases and can be induced by different stimuli,
such as temperature or light.™ Light is particularly attractive
as a stimulus because it allows for both precise temporal and
spatial control. One strategy to achieve light-driven actuation is
the incorporation of an absorber molecule, such as an organic
dye, which can convert the absorbed light into heat, inducing
the thermal transition, and therefore, enabling actuation.'
While using light-based printing technologies, the selected dye
needs to fulfil the following requirements: i) strong absorp-
tion at the desired actuation wavelength but transparent at the
printing wavelength; ii) compatibility with the liquid crystal-
line mesophase; and iii) good solubility and dispersibility in
the ink formulation. Until date, azobenzene is the only suitable
dye for the preparation of photoresponsive LC microactuators
using two-photon 3D laser printing.** The use of azobenzene
dyes equipped with a photopolymerizable group in the LC ink,
which can be incorporated into the LC network during printing
via two-photon polymerization, is the approach employed in
most of the reported examples (Figure 1, Approach I). Using
this approach, several microactuators, such as microwalkers or
microhands, have been successfully demonstrated using green
light for stimulation. Nevertheless, this approach still remains
limited in terms of the dye employed, and more importantly, in
regard to the actuation wavelength. For example, applications
in the biomedical field require red-shifted dyes to ensure good
penetration depth in human tissue and to avoid damage.!
In addition, systems that can be actuated on demand using
different wavelengths of light will allow for more freedom in the
actuation patterns.

Herein, we present a simple and versatile approach for the
fabrication of photoresponsive 4D microstructures that can be
actuated at different wavelengths in the visible range (Figure 1,
Approach II). It consists of two main steps: First, 3D micro-
structures are laser printed using a LC formulation including
unreactive LC molecules — without dye — avoiding incom-
patibilities during the printing process. In a second step, a
dye (or a mixture of dyes) is incorporated into the 3D micro-
structure by replacing the unreactive LC molecules, which is
further cured using UV light. To prove its versatility, we show
the successful incorporation of five different dyes into the LC
microstructures, enabling the actuation at wavelengths ranging
from 400 to 650 nm. Furthermore, we demonstrate the fabrica-
tion of multi-responsive LC microactuators using combinations
of dyes absorbing at different wavelengths, allowing for tuning
the response on demand. We believe that this approach will
create new opportunities in fields such as light-actuated micro-
robotics and that it can be easily adapted to incorporate further
functionalities.
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2. Results and Discussion

2.1. Dyes as Photoabsorbers

To enable the preparation of multi-photoresponsive structures,
we selected diverse molecules (dyes) absorbing at different
regions that will be later used for functionalization of the
printed LC 3D microstructures. The dyes will absorb light and
convert it into heat, inducing the nematic LC to isotropic phase
transition, which results in actuation of the microstructures.
Therefore, the absorption properties will dictate the wavelength
of actuation. In this work, we specifically exploit three classes of
dyes: azobenzene, Donor-Acceptor Stenhouse Adduct (DASA),
and anthraquinone derivates, absorbing at different regions of
the visible spectrum of light (Figure 1B).

First, two azobenzene derivatives (Azol and Azo2) were
synthesized (see details in the Supporting Information). Both
azobenzenes exhibited an absorption maximum at 438 nm
after being functionalized with amino- and carboxylate groups
in the para position as electron—donor/acceptors. While Azol
was equipped with acrylate groups as photocrosslinkable units,
Az02 carried only aliphatic chains without polymerizable
groups. The purpose was twofold: i) to have a direct compar-
ison between the conventional approach and our new approach;
and ii) to investigate the role of the photopolymerizable groups
in the current approach, specifically in the second post-modifi-
cation step. Second, we synthesized two Donor—Acceptor Sten-
house Adducts derivatives (DASA1 and DASA2) absorbing in
green light regime. While the dialkylamine-based first genera-
tion DASALI exhibited its maximum absorption at 569 nm, sub-
stituting the electron-donating moiety into a secondary aniline
led to the formation of the second generation DASA2, which
exhibited a red-shifted absorption spectrum (Figure 1B).1°
These specific dyes were selected due to their orthogonal
absorption with respect to the well-established azobenzene dyes
(see Section 2.3.2)."1 Tt should be noted that DASA dyes have
not been exploited to date as absorber units in LC networks.
Furthermore, the anthraquinone derivative Sudan Blue II
(SBII), which is commercially available, was chosen due to its
absorption at longer wavelengths with an absorption maximum
above 650 nm.

2.2. Fabrication and Characterization of Photoresponsive
LC Microstructures

As described above, successful fabrication of light-driven LC
microactuators requires the incorporation of suitable dyes
into the 3D printed microstructures. Conventional approaches
focus on the incorporation of the dye directly into the formu-
lation, which drastically limits the number of choices. Here,
we describe a new approach that comprises two main steps:
i) alignment and 3D laser printing of a LC formulation trans-
parent at the writing wavelength and ii) incorporation of func-
tionality by diffusion of dyes into the 3D microstructures. The
development and optimization of both steps as well as an in-
depth characterization of the functionalized 3D microstruc-
tures to ensure optimal response are described in the following
paragraphs.

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 1. A) Schematic illustrations of the fabrication of photoresponsive 3D microstructures via two-photon 3D laser printing. i) Conventional
approach: LC ink containing photoresponsive units is aligned in a glass cell and used for two-photon 3D laser printing. ii) Approach introduced here:
first, 3D microstructures are fabricated from LC ink (without photoresponsive units) as in the previous step. After printing, the photoresponse is incor-
porated via diffusion using a dispersion of dye(s) in a E7 LC mixture and exposed to light for further photo-crosslinking. This approach enables the
incorporation of dyes absorbing at different wavelengths or mixtures of them. B) Chemical structures and absorption spectra of the employed dyes.
The UV-vis spectra were measured in solution (concentration =10~ M in toluene).
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2.2.1. Alignment and Printing of the LC Ink

The employed LC formulation consisted of a mixture
of three well-known LC molecules: i) acrylic monomer
(1, 16.4 wt%); ii) bifunctional-acrylate crosslinker (2, 32.8 wt%);
and iii) unreactive E7 mixture (3 49.2 wt%). To facilitate two-
photon polymerization, phenylbis (2,4,6-trimethylbenzoyl)
phosphine oxide (4, 1.2 wt%) was added as photoinitiator. In
addition, butylated hydroxytoluene (5, 0.4 wt%), was included
to increase the thermal stability, acting as a radical scavenger
for improving the printing resolution (see further details in the
Experimental Section). The optimization of the composition,
especially the amount of E7 mixture, was very important for the
success of the second step, that is, dye incorporation.

In a first step, we performed the alignment of the LC ink.
This step is critical as the orientation needs to be preserved
during the printing process to ensure an optimal actuation
response of the 3D microstructures later. Using polymer
alignment layers on the surface of the substrate is one of the
most straightforward strategies and is easily adaptable to our
printing setup.®! In particular, a sandwich glass cell, whose
surfaces were coated with polyimide layers enabling vertical
alignment, was constructed using 30 um spacers. The cell was
then filled with the LC ink by capillary forces while heating
it above the nematic-to-isotropic transition temperature (Ty;),
which is =60 °C for the employed LC formulation (Figure S1,
Supporting Information). After cooling down to room tem-
perature, the LC homeotropic alignment was verified with
polarized optical microscopy (POM), showing a black and
monochromatic image regardless of the orientation of the
sample to the crossed polarizers.'”) Thereafter, the aligned LC
cells were employed for 3D laser printing using a commercial
two-photon lithography setup (see Experimental Section).

The optimized LC ink formulation allowed for the use of a
broad range of printing parameters (laser power and scanning
speed) while maintaining good printing performance. In order
to characterize the 3D printed microstructures at the different
conditions in-depth, we employed confocal Raman spectros-
copy. For these measurements, 3D blocks (50 x 50 x 10 pum?)
were successfully printed by varying the parameters: laser
power from 22.5 to 35 mW and the scanning speed from 3 to
9 mm s7! To monitor the polymerization degree, we used the
double-bond stretching band of the acrylate group at 1635 cm™.
As expected, we observed a decrease in the intensity compared
to the unpolymerized ink due to the consumption of double
bond during printing (Figure 2A). Furthermore, we used
this signal to calculate the double bond conversion (DOC)2!
(Equation (S1), Supporting Information). The stretching signal
of the carbonyl groups C=0 (1726 cm™) served as a reference
peak as this group is not affected during photopolymerization.
The results (Figure 2B) showed that the DOC was highly
dependent on the laser dose: the higher the laser power or
the slower the scanning speed, the higher the degree of poly-
merization. While keeping the scanning speed constant at
5 mm s (Figure 2B, blue axis), a significant increase of the
DOC from 0.68 to 0.80 was observed when the laser power was
increased to 30 mW (Figure 2B, blue dashed line). Interest-
ingly, the effect in the DOC was not so prominent for different
scanning speeds at a certain laser power (red dash line). These
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results were in good agreement with the mechanical proper-
ties measured by nanoindentation (Figure 2C). When keeping
the laser power at 275 mW and only changing the scanning
speed from 5 to 9 mm s, the effective Young’s modulus (E.g)
on microblocks only varied within a small range from 15.4
to 176 MPa. In contrast, E.¢ = 35.3 MPa was obtained for the
blocks printed with the same scanning speed of 5 mm s but
with an increased laser power of 30 mW. We interpret this
behavior as being a consequence of the higher conversion, and
therefore, more densely crosslinked LC networks.

As mentioned above, the E7 mixture plays an important role.
Although it is not reactive during printing, these molecules not only
facilitate the alignment of the ink before fabrication by inducing a
lower viscosity but also enable the formation of a network during
printing that contains enough flexibility for the incorporation of
the dye in a second step. Unfortunately, having a large fraction of
unreactive E7 mixture during printing resulted in an unwanted and
severe shrinkage (=49%) of the 3D microstructures after develop-
ment due to the washing of the unpolymerized LC ink with the
E7 mixture inside the printed 3D microstructure (Figure S2,
Supporting Information). However, we found that it was possible to
recover partially the original shape of the 3D printed microstructure
by re-immersing the developed microstructures into an E7 mixture
followed by a UV light post-curing step. We assumed that the
remaining acrylate groups were further polymerized and formed a
more crosslinked, and therefore, more stable network. This hypoth-
esis was corroborated by Raman spectroscopy by following the
double bond band once again. As depicted in Figure 2B, an increase
in the DOC was observed for all UV post-cured microstructures.
For example, a 10% increase in DOC was observed for the samples
printed at 275 mW of laser power (solid blue line).

2.2.2. Incorporation of Photoresponsive Units Into LC 3D
Microstructures

Based on the previous findings, we explored the potential of
using the “re-swelling” and UV curing procedure for introducing
other functional molecules into the LC microstructures, such as
dyes. First, we printed simple cubic blocks (50 x 50 X 10 um?)
using the LC ink and incorporated the first family of azoben-
zene dyes in the second step, denoted as LC > Azol and
LC o Azo2. For that, we employed dispersions consisting of azo
dyes and an E7 mixture. After the same UV curing and devel-
opment steps, the incorporation of the azobenzene dyes was
confirmed by Raman spectroscopy. In both cases, the spectra
showed the characteristic C—N stretching signal of azobenzenes
Vv (C—N)z at 1137 cm™. Interestingly, Azo2 was also retained in
the LC microstructures despite not having photopolymerizable
groups (Figure 2A). We assumed that after UV curing, Azo2
was “trapped” inside the more densely crosslinked 3D micro-
structure via non-covalent interactions, such as 77 stacking.
The degree of functionalization of the 3D microstructures
using the two azobenzene dyes was further investigated in
detail using LC microstructures printed at different condi-
tions and with varying concentrations of the dyes in the E7
mixture (5 wt% and 20 wt%) in the second step. In brief, we
calculated the incorporation of the azobenzene in respect
to the LC moieties in the microstructure by using the peak

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 2. A) Raman spectra of the unpolymerized ink, pristine LC microstructure, pure Azol powder, and LC microstructure (LC o Azol). B) Calcu-
lated double bond conversion (DOC) for 3D microstructures printed under various conditions. The characteristic peaks of v (C=0) (1727 cm™) and v
(C=C) acrylates (1635 cm™) were used for the analysis of DOC. C) Mechanical characterization of LC microstructures printed at different laser powers and
scanning speeds. The error bars represent the standard deviation based on six measurements. D) Comparison of the dye integral ratio between the con-
ventional approach (LC + Azol) and the current approach (LC S Azol and Azo2), based on the value of v (C=0),./V (C=0) ¢ from the Raman spectra.

areas of the corresponding signals (v (C=0)a,,/V (C=0)c,
see Equation (S2), Supporting Information). The first observa-
tion was that the printing conditions had an impact on the dye
penetration for both azobenzenes (Figure 2D). For instance,
a higher amount of dye was trapped in the 3D micrometric
blocks printed with a scanning speed of 10 mm s™! than the
ones printed at 5 mm s~ In addition, the functionalization
degree could be tuned by using different concentrations of dyes
in the E7 mixture. For example, dye dispersions until 20 wt%
in E7 mixture were successfully employed. Furthermore, while
using the same concentration of azo dyes in the E7 mixture,
a higher degree of functionalization for Azol in comparison
to Azo2 was observed due to its covalent attachment to the LC
polymeric network during the post-curing step.

Adv. Mater. Technol. 2022, 2200801 2200801 (5 of 12)

In order to have a direct comparison with the conventional
approach, we also prepared 3D cubic microstructures by
directly incorporating Azol and Azo2 in the ink formulation
(denoted as LC + Azol and LC + Azo2) and analyzed by Raman
spectroscopy. While the v (C—N),,, was detected for LC + Azol,
no signal was found for LC + Azo2, indicating that Azo2 was
washed away during the development process (Figure S3, Sup-
porting Information). In addition, it should be noted that the
concentration of dyes was limited to 2.5 wt% here. Above these
concentrations, crystallization and disruption of the alignment
as well as “micro-explosions” during printing were observed.
Therefore, these experiments allowed us to prove the clear
advantages of the new approach: i) incorporation of non-acrylate
dyes, facilitating the synthesis; and ii) possibility of controlling

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

A)

X-Z cross section t, X

www.advmattechnol.de

4

250
200
150
100
50
0
20 40 60 80 0 20 40 60 80
B) Distance-X axis (um) Distance-Y axis (um)
! | S T S S T I ——
102
20
1.0
125
30 16
0.8
100
12
0.6 20
0.4 8
10
0.2 N
0.0 | LI B p 0 0
ym O ) 80 120 um O 100 um 0 o 1o
X-Y Total of:Combined (349.18 u, C22H26N202+,  Y-Z Slice of:C7HsO2+ Y-Z Slice of:Combined (349.18 u, C22H2sN202+,
351.19u) MC: 39; TC: 1.693e+05 351.19u)

MC: 112; TC: 7.690e+04

MC: 21; TC: 4.041e+04

Figure 3. A) Fluorescence images of LC > DASAT 3D microblock (75 x 75 x 10 um?) acquired from confocal laser scanning microscope, displaying X-Y,
X=Z, and Y-Z cross sections (slices indicated by blue dashed line). The intensity profiles were measured at the red dashed lines. B) Cross-sections of LC
> SBII block (40 x 40 x 10 um?®) (field of view X =Y =150 um, Z not to scale) from ToF-SIMS analysis. Ar;sqq cluster depth profiling signal of C;Hs0,*
indicates the LC polymer (middle) and Cy,H,N,0," (plus isotope distribution) is characteristic for SBII (right, in positive secondary ion polarity).

the dye incorporation without the necessity of modifying and
optimizing the printing parameters.

We also applied the established methodology for the incor-
poration of azo dyes to the other classes of dyes, the DASA
derivatives and the anthraquinone derivative, Sudan Blue II
(SBII). The incorporation of the dyes was first proved by optical
microscopy (Figure S7, Supporting Information). Colorful 3D
microstructures (magenta for LC > DASA1, dark violet for LC
D DASA2, and indigo blue color for LC > SBII) were obtained.
Importantly, the functionalization did not affect the alignment,
showing DASA dyes compatibility with the LC network for the
first time. In analogy to our previous results with azobenzene, it
was possible to incorporate derivatives without acrylate groups.
It should be noted that the synthesis of acrylate-DASA deriva-
tives is synthetically very demanding. Furthermore, the use of
the DASA dyes directly in the formulation for comparison was
not possible for two reasons: i) poor miscibility of the DASA in
the LC formulation and ii) instability of the DASA in the radical
polymerization conditions. Thus, this is also a clear advantage
of the presented approach.

Further investigations of the dye distribution within the LC
microstructure after post-functionalization were performed by
monitoring the fluorescence as well as the molecular mass of
the DASA derivatives and SBII by using confocal laser scanning
microscopy and time-of-flight secondary ion mass spectrometry
(ToE-SIMS), respectively. As shown in Figure 3A, the compa-
rable fluorescence intensity profiles of DASA1 (4., = 595 nm)

Adv. Mater. Technol. 2022, 2200801 2200801 (6 of 12)

in both X~Z and Y-Z slices of a functionalized LC microblock
(75 x 75 x 10 um?) indicated the well penetration of the dye
within the structure and not only in the surfaces. These obser-
vations were consistent with the ToF-SIMS analysis (Figure 3B).
For example, the m/z signal detected at 349.18 (C,,H,cN,0,%),
characteristic of SBII showed comparable signal intensity in the
whole 3D microblock (40 x 40 x 10 um?). Similar results were
also obtained for DASA2 (Figure S8, Supporting Information).

2.3. Toward Complex Light-Driven LC Microactuators
2.3.1. Single-Color Light Actuation

Once we had proven the successful incorporation of the dif-
ferent dyes into LC microstructures, we studied the photo-
actuation in more complex geometries. To this end, we designed
a four-arm gripper: each arm of the gripper has a length of
65 um and ends with a broader edge at the arm tip to further
facilitate image analysis during the actuation characterization.
In order to maximize the printed volume within the height of
the glass cell, the arms were not designed straight but “stair-
cased” (Figure 4A). The fabrication process was performed in a
30 um thick cell where the LC ink was homeotropically aligned.
After the development of the printed microstructures and the
dye incorporation, an up-bending deformation of the arms
along the director was observed, resulting in microactuators

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 4. A) 3D model design of the microactuator. B) Scanning electron microscopic (SEM) images of LC microactuators: top view (left) and tilted
view (right). C) Array of LC micro-actuators printed at different laser power (27.5-35 mW) and scanning speed (5-9 mm s™).

of a height of =55-65 um (Figure 4B; Figure S9, Supporting
Information). Interestingly, the shrinkage perpendicular to
the alignment direction did not just lead to a shorting of the
arms but also to a clear bending, inducing the actuation to its
“closed state”. As expected, this bending was highly dependent
on the crosslinking density of the printed structures, and there-
fore, it could be tuned by different printing parameters (e.g.,
laser power and scanning speed (Figure 4C). By inducing the
nematic-to-isotropic transition, it was expected that the gripper
would open due to the elongation of the arms. Prior to the
light-driven actuation studies, a reference sample without dye
was studied to confirm the actuation pattern by temperature
as a stimulus. The 3D microactuators showed the expected
actuations. At 270 °C, the 3D grippers reached their maximum
expansion. By cooling down to room temperature, a complete
recovery to the initial state was observed (Figure S10, Sup-
porting Information).

As a next step, five 3D microactuators, each incorporating
one of the five dyes (LC o Azol, Azo2, DASA1, DASA2 or
SBII) and one fabricated with Azol using the conventional
method (LC + Azol) for comparison, were employed to study
their photoresponse at the corresponding wavelengths of light.
In order to exploit the maximum potential actuation, all struc-
tures were functionalized using highly concentrated solution of
dyes (see details in the Experimental Section) to ensure that we
were above the activation threshold. The actuation was moni-
tored with a light microscope and imaged either in top or side
view, while irradiating with an LED emitting at 459 nm for the
3D microactuators containing Azol or Azo2 photoabsorber (LC
D Azol or Azo2), at 520 nm for LC > DASA1 or DASA2, and
at 622 nm for LC o SBII. Under light irradiation using the
suitable wavelength, an unfolding motion similar to the refer-
ence sample using temperature as stimulus was observed for
all functionalized actuators (Figure 5A; Movie S1, Supporting
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Information). This was a clear indication that the absorption of
the dye induces a temperature increase resulting in the thermal
liquid crystal to isotropic transition. The exact temperature
reached in the microstructures after irradiation is not known
to us. The extent of movement could be modulated by tuning
the light intensity of the LEDs. For example, as depicted in
Figure 5B for a 3D gripper containing Azol, the angle between
the arms and the substrate gradually decreases from 51° to 10°
by increasing the electrical current from [ =0 A, 3 A to 5A (cor-
responding to 1.4 to 2.0 W cm™2 for the blue LED).

We monitored the actuation of all the photoresponsive
microactuators (Figure 5C; Figure S11, Supporting Information)
over 50 cycles (on-off light) by analyzing the changes in the tip
distance AL (L"—L% compared to the initial configuration L°
(Figure 5B) The first noticeable difference between them was
the maximum distance (L,,,,) reached (Figure 5D). Remarkably,
an increase of 65% in L was achieved for LC © Azol, compared
to 27% for the reference LC + Azol. This is the largest effect so
far seen for 3D microactuators whose alignment was based on
surfaces. This result emphasized the advantage of the current
method in enabling the enhancement of dopant concentration
(vide supra) and thus, the actuation amplitude.

Furthermore, a comparable actuation for LC > Azo2 to the
reference LC + Azol was observed, despite the fact that Azo2
does not equip with photopolymerizable groups and there-
fore, it is “only” non-covalently attached to the polymer net-
work (Figure 2D). For LC > DASA1 and DASA2, we observed
increases in L of 11% and 22%, respectively, using irradiation at
520 nm (9.6 W cm™2). It is worth mentioning that the actuation
of the later LC > DASA2 was comparable to the amplitude of
the reference LC + Azol, but interestingly, it shows less fatigue
over 50 actuation cycles, indicating the better photostability of
the system. In addition, LC > SBII microstructures allowed
photoactuation driven by red light (622 nm, 3.5 W cm™),
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Figure 5. A) 3D representation of the reversible actuation of the 3D printed microstructures. B) Optical images showing the photoactuation of LC ©
Azo1 from the top view (top row) and side view (bottom). The bending degree depended on the light intensity of the irradiated light, which was tuned
by the electronic current from I =3 A to 5 A. C) Optical microscope images of the printed microactuators functionalized with the different dyes: LC ©
Azo1/2, DASA1/2, and SBII. D) Response of the photoresponsive actuators by switching the light on and off, determined by the lateral expansion (%)
from the top view (see the complete 50 cycles in the Supporting Information). The red, green, and blue LEDs were all set at / =10 A (corresponding
to 3.5, 9.6, and 3.1 W cm2, respectively) for the LC > Azo1/2, DASA1/2, and SBIl microactuators, respectively. The scale bars are 25 um for all micro-

scopic images.

showing an increase in L of 18%. Importantly, these new light-
driven microactuators incorporating DASAs and SBII dyes
enable responsive structures in a new regime of the visible
spectrum for actuation (see next section). In terms of temporal
response (see details in the Experimental Section), the fastest
actuation was observed for the azobenzene-containing micro-
actuators: 35 ms for LC D Azol, and 70 ms for LC D Azo2 and
LC + Azol at the specified irradiations conditions. Temporal
responses of 400-500 ms were determined for LC > DASA2
and SBII, and the slowest response of =1 s was measured for
LC o DASAL

2.3.2. Multiple-Color Light Actuation

By taking advantage of the developed fabrication approach,
we ultimately targeted the possibility of fabricating 3D com-
plex microactuators, enabling more complex responses. For
that, we combined two of the described dyes, which could be
selectively activated by different wavelengths of light. In par-
ticular, we chose combinations of two dyes that exhibit distinct
absorption regions (i.e., Azol and DASA2 or Azol and SBII)
to enable selectivity and incorporate them into the 3D printed
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microstructures by mixing them in the post-functionalization
step. Afterward, the actuation of the dual-functionalized struc-
tures was investigated by using two LEDs emitting at different
wavelengths (459 and 520 nm for Azol + DASA2, and 459
and 622 nm for Azol + SBII). As a reference, mono-function-
alized microstructures were irradiated under the same condi-
tions. The dual-functionalized microactuators (LC > Azol +
DASA2 and LC > Azol + SBII) showed a wavelength selective
response (Figure 6). For instance, when only the green light
was switched on, LC D Azol + DASA2 showed “half expansion”
with an amplitude of 84.8%, similar to the monofunctional LC
O DASA2, defined by the changed distance(Ad) of two opposing
tips from the side view compared to the initial state (d°)
(Figure 6A). Alternatively, by only switching on the blue light,
a full expansion of the bifunctional microactuator due to the
activation of Azol was observed, while the reference sample LC
5 DASA2 did not actuate as DASA2 only showed low absorp-
tion at 459 nm. (see Figure 6A; Movie S2, Supporting Informa-
tion). We also compared the bifunctional LC o> Azol + SBII
and the monofunctional LC > SBII (Figure 6B): while selec-
tive actuation was observed for the bifunctional microactuator
by irradiating with blue light (459 nm) (Movie S3, Supporting
Information), the actuation of both was possible using red light

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com
A) Light off

LC o AZO 1+DASA2 | ¢ - DASA 2

Ad/d’ :84.8 %
A6: 22.6°

B) Light off

LC o Azo 1+SBll | co SBlI

Ad/d° : 108.2 %
406: 44.1°

Green (520 nm) light on

Ad/d° :94.3 %
A6: 19.9°

Blue (459 nm) light on

Ad/d® :3.1%
A6:1.6°

www.advmattechnol.de

Blue (459 nm) light on

Ad/d% 3.1%
46:2.0°

Ad/d° :101.7 %
46:42.5°

-
o~

Red (622 nm) light on

Ad/d° 73.4%
A6: 18.5°

Ad/d° :72.2%
A6: 17.8°

Figure 6. Wavelength-selective actuations of LC microstructures. A) LC D Azol + DASA2 and LC © DASA2. B) LC O Azol + SBIl and LC O SBII are
depicted as 3D model (top) and microscope images (down). The lateral expansion and bending angle differences from the pristine state (light off) to
the actuated state (red/green/blue light on) were measured (N = 3) from the side view for each actuated state. Scale bar = 25 um.

(622 nm) due to the absorption of SBII, which was included in
both. These results demonstrated that the wavelength plays a
critical role in the actuation, which depends on the absorption
of the dye(s) at the irradiation conditions. To the best of our
knowledge, this is the first reported LC microsystem showing
selective response at different wavelengths.

3. Conclusions and Outlook

We have presented a facile approach for the fabrication of
multi-photoresponsive 3D microstructures using two-photon
3D laser printing as a manufacturing technique. To enable the
light response, we selected different dyes: two azobenzenes,
two DASAs, as well as Sudan Blue II, which all absorb in dif-
ferent regions of the visible spectrum. In particular, the fabrica-
tion strategy included two major steps: i) 3D laser printing of a
LC formulation (transparent at the writing wavelength) and ii)
incorporation of the functionalities into the printed 3D micro-
structure via diffusion of the corresponding dye(s) dispersed in
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E7 mixture. The processes were optimized to ensure optimal
performance and the 3D printed microstructures were charac-
terized in-depth. It was shown that all the 3D microstructures
showed actuation under irradiation with a suitable wavelength
(blue 459 nm, green 520 nm, and red 622 nm). Importantly, the
versatility and performance of the fabricated microstructures
were proven to be superior in comparison to the conventional
“one-step” approach. The possibility of including new dyes ena-
bling actuation at different wavelengths — in particular in the
red-shifted region of the visible spectrum— and the simplicity
of using dyes without further structural modification are the
main advantages encountered. Furthermore, we demonstrated
the realization of wavelength selective microactuators by com-
bining two dyes exhibiting orthogonal absorption. In the near
future, further efforts will be made for the fabrication of multi-
material microstructures enabling wavelength-dependent and
complex motions. We believe that this work opens new avenues
for the facile implementation of complex functionalities in
3D printed structures that can be potentially applied to other
printing techniques ranging from the micro to the macroscale,
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paving the way toward the precise fabrication of multi-respon-
sive 3D actuators with great potential, for example, in the field
of smart robotics.

4. Experimental Section

Chemicals and Materials: 4-Methoxybenzoic acid 4-(6-acryloyloxy-
hexyloxy) phenyl ester (1), 1,4-Bis[4-(3-acryloyloxypropyloxy) benzoyloxy]-
2-methylbenzene (2), and E7 mixture (3), were purchased from
SYNTHON Chemicals GmbH & Co. KG. Other chemicals and solvents
were supplied from either Sigma—Aldrich or Fisher Scientific unless
otherwise mentioned. All materials were used as received without
further purification.

Synthesis and Structure Characterization: The synthetic details are
provided in the Supporting Information. All synthesized compounds
were purified with flash column chromatography (Interchim PuriFlash
XS520Plus) and characterized with 'H/™3C nuclear magnetic resonance
(NMR) spectroscopy (Bruker Avance Il 400 or Bruker Avance Il
300) and mass spectrometry (Bruker AutoFlex Speed time-of-flight
for MALDI-MS, or Bruker ApexQe hybrid 9.4 T FT-ICR for ESI-MS).
Absorption spectra were measured with a UV-vis spectrometer
(Jasco V-770 Spectrophotometer) by using a 10 mm cuvette and the
concentration was controlled to reach the absorbance =1 (10~ M in
toluene).

LC Ink Preparation: The LC ink was adapted from previously reported
formulation.™ A mixture of three nematic mesogens was employed:
1(16.4 wt%), 2 (32.8 wt%), and 3 (49.2 wt%). A photoinitiator, phenylbis
(2,4,6-trimethylbenzoyl) phosphine oxide (1.2 wt%), was added in
addition, to facilitate multi-photon polymerization. Besides, a radical
inhibitor, 3,5-di-tert-4-butylhydroxytoluene (0.4 wt%), was included
to increase the thermal stability and act as radical scavenger for
improving the printing resolution. All components were first dissolved
in dichloromethane and then mixed evenly by continuously stirring
at elevated temperature (80 °C) under nitrogen flow until complete
removal of the solvent. For fabricating Azo1/Azo2 functionalized LC
structures via conventional method, the pristine LC ink was modified
by adding additional 2.5 wt% of the corresponding azobenzene powder
to it and then mixing them homogeneously with the same procedure.
The phase transition temperature was measured by differential scanning
calorimetry (Discovery DSC 250).

Cell Construction: The cells were assembled based on previously
reported methods.[®1%04] First, microscope cover glasses (22 x 22mm?,
thickness 1770+ 5um, Marienfeld) were cleaned by sequential sonication
in acetone and 2-propanol (10 min each) and then treated with ozone-
plasma cleaner (Harrick Plasma). 100 puL of polyimide (Nissan SUNEVER
SE-5661) was soon after spin-coated on the glass surfaces, followed by
prebaking at 80 °C for 2 min and then post-baked at 220 °C for 150 min.
The cells were assembled by gluing two coverslips at the coated side
together with 30 um spacers.

Two-Photon Laser Writing of LC Microstructures: The alignment
of the LC ink was achieved by filling the alignment cell with the
filtered LC ink by capillary force at 80°C followed by cooling to room
temperature in a controlled manner (10 °C min™'). The homeotropic
alignment within the cell was confirmed by an optical microscope
(Leica DM2700 M equipped with FLEXACAM C1 microscope camera)
with the cell located between crossed polarizers. With the predefined
orientation of the LC, two-photon laser writing was performed within a
commercially available direct laser writing setup (Photonic Professional
GT2, Nanoscribe GmbH & Co. KG) in oil immersion configuration
with a femtosecond laser (4 = 780nm) focused by a 63x oil objective
(NA =1.4; WD =190 um; Zeiss) at the interface between the LC ink and
the bottom glass. After printing, the cell was cut open and followed
by development in warm 2-propanol (60 °C) for 5 min to remove
unpolymerized ink. The printed microstructures were subsequently
dried with mild nitrogen flow and then used for the next step for
pos-modification.
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Post-Functionalization of Photoresponsive Dyes Incorporation: First, the
20 wt% dye dispersions were prepared by dissolving 20 mg of the dye
and 80 mg of E7 mixture in dichloromethane (1 mL), followed by solvent
evaporation during stirring. The dispersions with concentration 5 wt%
were prepared with the similar procedure. Next, the precipitates in the
dispersion were removed with a syringe filter and then subsequently
filled the gap of a new glass cell, which was assembled with an uncoated
coverslip and the previously printed substrate. The immersed LC
structures were kept in the dark in ambient temperature overnight and
then irradiated with a UV light (380-390 nm, 14.5 mW cm™2) for 30 min.
Last, the excess dye mixture was removed with the same development
method mentioned above and the functionalized-microstructures were
prepared for further characterizations.

Characterization of the Thermoactuation: The LC microstructure was
printed with a laser power of 32.5 mW and scanning speed of 5 mm s~
by using the method mentioned above. The thermal actuation of it was
performed in a heating stage (LTS 420, Linkam Scientific Instruments)
coupled to the optical microscope. The expansion and recovery of the
microactuators were induced with a programed heating cycle, heating
from ambient temperature to 270 °C with a rate of 10 °C min~'. At
270 °C, the temperature was kept for 5 min, followed by cooling to
ambient temperature with the same rate. The distance between two
opposing arm tips at the X and Y directions were tracked and averaged
to obtain a mean deformation as a function of time.

Characterization of the Photoactuation: The LC microstructures were
printed with a laser power of 32.5 mW and scanning speed of 5 mm s,
thereafter functionalized with each organic dye by using the method
mentioned above. The functionalized LC microstructures were mounted
5 mm above the LEDs which were attached to a high precision stage. A
microscope equipped with a monochrome camera (EO-5310) and a 10x
objective (NA = 0.25) was used to image the samples from either top
view or tilted view (30-45°) by recording with a frame rate of 28.6 fps.
The LED was switched on by applying an electric current of | = 10A
(corresponding to light intensities of 3.5, 9.6, and 3.1 mW cm™ for red,
green, and blue LEDs, respectively). Either 10 (for LC > Azo2 and LC
D DASA2) or 5 s (for the others) of interval was programmed for each
on-off cycle, depending on the temporal response of the functionalized
structures. For the comparison of the functionalized actuators,
50 continuous actuation cycles were performed (Figure S11, Supporting
Information) and recorded from the top view. The amplitude L of each
actuation cycle was defined by the mean of the distance measurements
for two opposing arm tips at the X and Y directions. The measurements
were performed frame by frame via Image] by applying an intensity
threshold to improve the accuracy. The temporal response was defined
as the time required to reach 50% of recovery after the light switched
off (t;,2) to compare the different microactuators using the highest light
intensity.

Scanning Electron Microscopy: All scanning electron microscopic
images were acquired using a Zeiss Supra 55VP (Carl Zeiss AG) at
5 kV in secondary electron mode. Prior to imaging, the structures were
sputter coated with a Pt—Pd layer of 10 nm.

Confocal Raman Spectroscopy: Raman spectra were collected with a
confocal Raman spectrometer (Renishaw InVia Reflex) in backscattering
configuration equipped with a 633 nm laser and a 50x long working
distance objective (Olympus, NA = 0.5). A calibration with a silicon
wafer at 520.6 cm™ was performed prior to each measurement. Each
spectrum was recorded with 10 s of integration time, two accumulations,
and an excitation density of 2.04 mW cm™. For the measurements of LC
microstructures, blocks with dimension 50 x 50 X 10 um? were printed
and the measurements were performed at the center of the block with
a focus point centered 1 um below the surface to exclude an influence
of surface inhomogeneities. To minimize the influence of spot-to-spot
variations, 100 spectra were recorded over a 10 x 10 um? area of the
sample and averaged after that. Spectra were fitted with Voigt functions
after baseline correction and normalization at the peak maximum of v
(C=0) (1728 cm™).

Mechanical ~ Characterization: To characterize the mechanical
properties of the printed structures, glass substrates printed with blocks
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dimension 100 x 100 x 10 um?3 were glued to a 6-well plate and immersed
in deionized water to avoid displacement during the measurements.
The well plate was placed in a fiber optics-based nanoindenter (Pavone,
Optics11, Netherlands) and the indentations were carried out with an
indenter probe, which had a cantilever spring constant of k=3.57 N m™
and a spherical glass tip of 3.0 um radius. The indentation profile was
optimized with the 15 uUN indentation load, a speed of 4 uN s, and a
hold time of 2 s before the retraction. For each microblock, indentations
were repeated for eight times at different locations within the central area
(20 x 20 um?) of the block. The indentation curves were analyzed with
the Data Viewer (V2.5.0) software supplied by the device manufacturer
to determine the Young's modulus. For this, curve fitting with a Hertzain
contact model was applied in the range between the contact point
(0 nm) and 150 nm.

Confocal Laser Scanning Microscopy: Fluorescence images were
acquired from Nikon ATR confocal microscope (20x, NA = 0.75)
equipped with GaAsP-detectors by exciting the incorporated dye
molecule with 561 nm laser and detecting the fluorescence at
595 nm.

Time-of-Flight Secondary lon Mass Spectrometry: ToF-SIMS was
performed on a TOF.SIMS5 instrument (ION-TOF GmbH, Miinster,
Germany). This spectrometer is equipped with a Bi cluster primary
ion source and a reflectron type time-of-flight analyzer. UHV base
pressure was <2 X 1078 mbar. For high mass resolution, the Bi source
was operated in “high current bunched” mode providing short Biz*
primary ion pulses at 25 keV energy, a lateral resolution of =4 um, and
a target current of 0.35 pA. The short pulse length of 1 ns allowed
for high mass resolution. For reference measurements of the dyes,
ion doses were kept below 2 x 10" jons cm™2 (static SIMS limit). For
charge compensation, an electron flood gun providing electrons of
21 eV was applied and the secondary ion reflectron tuned accordingly.
Spectra were calibrated on the omnipresent C-, C,7, and C37, or on
the C*, CH*, CH,*, and CH;* peaks. For depth profiling, a dual beam
analysis was performed in non-interlaced mode: The primary ion
source was again operated in “high current bunched” mode with
a scanned area of 150 x 150 um? (three frames with 128 x 128 data
points, 125 us cycle time) and a sputter gun (operated with Arysoe"
ions, 10 keV, scanned over a concentric field of 250 x 250 um? target
current 5-5.3 nA) was applied to erode the sample for 4 s followed
by a 1's pause until the underlying glass was reached. Cross-sections
were presented as recorded. For 3D representation, a 3D correction
based on the flat underlying glass slide based on the Si* signal was
performed. Software: ION-TOF Surfacelab 7.2.129059. Metadata of the
TOF-SIMS experiments (doi:10.35097/605) are publicly accessible via
RADARAKIT (https://radar.kit.edu/).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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