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Introduction

Delayed crosslinking enables ultra-high-resolution
melt electrowriting of responsive liquid
crystal elastomers

b

Mehrzad Javadzadeh, and

Carlos Sanchez-Somolinos

@ Maria Fernandez-Melero,® Jesus del Barrio

*aC

Melt electrowriting (MEW) enables the fabrication of finely structured scaffolds with sub-micrometer
resolution. However, reducing the inter-fiber distance (IFD) in MEW remains challenging due to
electrostatic interactions between the charged polymer jet and previously deposited fibers, often leading
to fiber bridging. Recently, we demonstrated that MEW of reactive liquid crystalline inks, followed by
ultraviolet (UV) photopolymerization, enables the fabrication of digitally positioned liquid crystal
elastomer (LCE) structures. Building on this, we demonstrate that tuning the UV light intensity during
photopolymerization significantly improves the achievable resolution range. Lower UV intensities
produce smaller minimum IFDs without fiber bridging, enabling the fabrication of highly ordered
structures with IFDs down to 11 um for 5 pm-diameter fibers, a feature that, to the best of our
knowledge, surpasses the smallest IFDs previously reported for MEW. We hypothesize that slower
crosslinking kinetics extend the time window for charge dissipation, reducing electrostatic interactions
between the jet and the previously deposited fibers. Although the mechanism remains unclear, local
variations in material flow or curing-induced surface morphology may also affect electric field
distribution. Beyond resolution improvements, this strategy enables defect-free fabrication of stimuli-
responsive LCEs with programmable shape transformation and actuation. UV light intensity thus
emerges as a critical design parameter for MEW, with implications for other photo-crosslinkable
systems.

establishes a high voltage between the nozzle and the collector
to electrodynamically stabilize a charged polymer jet, produ-
cing a fine fiber that is precisely positioned by digitally con-

Additive manufacturing (AM) is transforming various indus-
tries by allowing the rapid, efficient, and precise layer-by-layer
production of complex structures." Specifically, nozzle-based
direct writing has played a key role in this transformation,
expanding the range of processable materials, including poly-
mer melts, shear-thinning hydrogels, and metallic, ceramic,
or polymeric colloidal inks.>™* However, generating sub-100
micron fibers remains challenging with extrusion-based digital
deposition technologies, mainly because of the high pressures
required to extrude inks through nozzles with small diameters.

In recent years, a new method called Melt electrowriting
(MEW) has been developed to address this limitation.”> MEW
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trolling the relative movement of the printhead with respect to
the substrate. Once deposited, these fibers are fixed, either by
cooling-induced solidification for thermoplastic materials such
as poly(e-caprolactone) (PCL) or by post-deposition polymeriza-
tion and network formation in solvent-free reactive systems.®™®
Additionally, the electrostatic attraction enables precise fiber
stacking, resulting in well-defined, high walls. MEW has thus
demonstrated a remarkable ability to produce micron- and sub-
micron fibers,'® as well as digitally defined structures with
geometrical features that far exceed the resolution limits of
scaffolds produced by conventional extrusion-based AM
techniques.®™®

Like other AM techniques, MEW is constrained by resolu-
tion limitations. In electrohydrodynamic (EHD) techniques like
MEW, surface charge accumulation of deposited fibers can
cause electrostatic instabilities, undermining deposition accu-
racy and limiting the achievable resolution.'" If the previously
deposited fibers cannot dissipate their residual charge

Mater. Adv., 2026, 7, 3645-3654 | 3645


https://orcid.org/0000-0003-2416-5638
https://orcid.org/0000-0002-5380-6863
https://orcid.org/0000-0003-3900-2866
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ma01174d&domain=pdf&date_stamp=2026-03-06
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01174d
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA007007

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 26 February 2026. Downloaded on 6/20/2026 11:07:35 AM.

(cc)

Paper

Macromer

R: !ﬁ‘\/\/\/\o

Oio@ir@

View Article Online

Materials Advances

UV Light

\

Conductive Substrate

Photoinitiator

\/\/\/\slsi

Fig. 1 MEW of LCE. (A) Conceptual illustration of charge distribution in a deposited and incoming fiber on a conductive substrate electrically connected
to the collector. The figure highlights key geometrical parameters: the diameter of the deposited fiber and the interfiber distance (IFD). (B) Chemical
structures of the ink components. (C) Schematic representation of the MEW and UV curing process, including the nozzle and Taylor cone for fiber
formation, a conductive substrate for charge dissipation, and UV light irradiation used to crosslink the deposited fibers.

effectively, this can lead to electrostatic field distortions that
can deflect the incoming fiber from its intended path. As
electrostatic interactions between the depositing and pre-
viously deposited fibers become stronger at short distances,
this effect is particularly pronounced when two parallel fibers
are written in close proximity, as illustrated in Fig. 1A. This can
lead to an inaccurate fiber placement phenomenon known as
“fiber bridging”. In this situation, the new depositing fiber
is drawn towards the previously placed one, deviating from
the intended printing path. This fiber bridging is the
primary challenge in creating small-period scaffolds using
MEW.*'"'? Different strategies have been proposed to mitigate

3646 | Mater Adv, 2026, 7, 3645-3654

electrostatic instabilities in MEW by enhancing charge dissipa-
tion from deposited fibers. Some studies have shown that
conductive substrates can reduce these instabilities by facilitat-
ing charge dissipation from previously deposited fibers.'""*
Also, Cao and coworkers carried out MEW of PCL, varying the
collector temperature from 16 °C to 30 °C. Although collector
temperature can influence the charge distribution, the extent of
polarization in the processed material, and the residual charge
amount, their studies concluded that these aspects have a
limited influence on preventing fiber bridging when printing
single parallel fibers at small interfiber distances (IFDs)."> As a
result, the generation of well-defined scaffolds composed of

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01174d

Open Access Article. Published on 26 February 2026. Downloaded on 6/20/2026 11:07:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

parallel lines with small IFDs on the order of a few tens of
microns remains challenging.’® Recent work by Du and Xu has
systematically investigated these resolution limits in thermo-
plastic melt electrowriting, reporting IFDs down to approxi-
mately 25 um for PCL scaffolds through careful optimization of
printing kinematics and process parameters.”” Related
solution-based electrohydrodynamic printing studies, which
are not strictly MEW, have suggested that collector design
and charge dissipation can influence achievable fiber
spacing.'® Moreover, as the number of printed layers increases,
precise deposition becomes increasingly complex due to cumu-
lative electrostatic interactions and field distortions induced by
the growing, potentially charged structure, raising the mini-
mum achievable IFD without fiber bridging. In contrast to
these approaches, which primarily rely on optimization of
printing kinematics, collector design, or process parameters
in thermoplastic or solution-based systems, the present work
explores a complementary strategy based on tuning curing
kinetics in reactive, solvent-free MEW systems.

Recently, we have presented the melt electrowriting of
reactive liquid crystalline inks, which are deposited as
solvent-free viscoelastic melts and subsequently stabilized by
ultraviolet (UV) photopolymerization, leading to digitally posi-
tioned liquid crystal elastomer (LCE) fibers with diameters
ranging from hundreds of nanometers to tens of micrometers.
This process results in well-defined stack walls composed of
ultra-fine LCE fibers. Moreover, the electrowriting process
induces a preferential alignment of the mesogenic constituent
molecules of the ink along an orientation direction, defined by
the director n, which lies parallel to the fiber axis. In LCEs, large
and reversible anisotropic shape changes take place in
response to certain external stimuli. An increase in tempera-
ture, for example, induces a decrease in the mesogenic order,
leading to a contraction of the LCE along the director and a
simultaneous expansion perpendicular to it. Advantageously,
since the molecular alignment is determined by the MEW
printing path, a precise digital control of the mechanical
response of the printed LCE upon stimulation can be
achieved."”

In our previous work, we explored the preparation of small
period structures, obtaining 90 pm period square lattice scaf-
folds of 5 layers per wall with no defects.'”” When exploring
smaller periods, fiber bridging between adjacent scaffold lines
often occurred, resulting in structural defects, providing an
idea of the current resolution limits of MEW when applied to
these liquid crystalline materials.

As managing residual charge on deposited fibers plays a
critical role in fiber-to-fiber interactions and influences deposi-
tion accuracy, the active control of charge dissipation during or
after deposition could provide new pathways to push resolution
limits. It is well known that polymer crosslinking leads to
increased rigidity and density of the material, limiting the
mobility of charge carriers. Macroscopically, this crosslinking
results in a significant decrease in the electrical conductivity of
the material."® We hypothesize that by modifying the curing
process of the deposited fibers, specifically by varying the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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ultraviolet (UV) light curing intensity during LCE photopoly-
merization, we could influence network characteristics that
affect the ability to manage residual electrostatic effects, thus
impacting the minimum achievable IFD without bridging.
Based on this assumption, in this work, we systematically
investigated how UV curing intensity affects the resolution
limits of MEW for reactive LCE inks. We explored this for
different fiber diameters and different numbers of layers. By
tuning the polymer network formation process through photo-
curing, our goal is to push the resolution limits of MEW and
enable the fabrication of highly ordered, fine-featured, stimuli-
responsive systems.

Results and discussions

To experimentally evaluate our hypothesis, we systematically
explored the effect of UV light intensity during photopolymer-
ization on the resolution limits of MEW in LCE systems. Our
study focuses on quantifying the minimum IFD achievable
without fiber bridging across various fiber diameters and
scaffold heights. The following sections detail the ink prepara-
tion, MEW methodology, and key findings regarding how
curing conditions can enhance printing precision and enable
the fabrication of ultra-fine, anisotropic LCE scaffolds with
thermally responsive behavior.

Ink preparation

As ink, we used an acrylate-functionalized main-chain liquid
crystal polymer with a UV-sensitive photoinitiator, Irgacure 369
(Fig. 1B). The synthesis of the reactive macromer was done
following a previously reported procedure, which employs the
Aza-Michael addition reaction of n-butylamine with a meso-
genic diacrylate, C6M."” To carry out this addition reaction, the
amine and the diacrylate monomer are added to an amber flask
to protect against undesired UV-photoinduced curing in a
molar ratio of 1:1.3. The excess of C6M ensures that the
polymer chains terminate with acrylate groups, resulting in a
macromer that can later be photo-crosslinked, ultimately form-
ing the final LCE material."”'® Such a stoichiometric imbalance
is required to achieve a sufficiently high degree of crosslinking
within the system, resulting in stiff materials that enable thin
walls prepared by MEW to remain vertical without bending or
collapsing (vide infra).

Electrowriting of parallel fibers with small interfiber distances:
resolution limit determination

Electrowriting was carried out using a GeSIM Bio-Scaffolder 3.2,
equipped with an integrated electrowriting module. This sys-
tem features a temperature-regulated printhead with controlled
X-Y-Z movement and a static collector. The electric field is
generated by applying a positive voltage to the collector and
grounding the nozzle. The gap between the nozzle and collector
was precisely maintained at 2 mm above the printing area (see
Experimental section) while the printhead temperature was
kept at 25 °C. The fine selection of MEW parameters, such as
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voltage, printhead pressure, and velocity, is crucial for achiev-
ing precise fiber deposition to form well-defined scaffolds.****
The nozzle orifice diameter, 100 pm in our case, also directly
influences the diameter of the deposited fiber.'”"***> We used a
glass substrate with an indium tin oxide (ITO) coating, which
was electrically connected to the collector. Conductive ITO
substrates facilitate charge dissipation from deposited fibers
to ground and stabilize the local electric field at the collector
surface, thereby improving fiber placement fidelity during melt
electrowriting, as previously reported in the literature."* Once
the fiber is deposited, a UV lamp above the collector irradiates
the deposited material and initiates photo-crosslinking, form-
ing the LCE (Fig. 1C). Because the UV irradiation wavelength
range employed (320-390 nm) corresponds to the absorption
range of the photoinitiator (Irgacure 369), while the liquid
crystalline mesogenic units do not exhibit significant absorp-
tion at these wavelengths, the applied UV light selectively
initiates photopolymerization rather than directly exciting the
mesogenic moieties.

In our previous work, we introduced MEW as a method to
produce well-defined shapes and scaffolds of LCEs. However, as
mentioned in the introduction, achieving high-layered scaf-
folds with periods below 90 um proved challenging."” To
explore the MEW resolution limit, in the current work, we
printed parallel fibers following the methodology proposed by
Dalton and coworkers.'* In this approach, fibers are deposited
in parallel with systematically varied IFDs. As already described
in the introduction, for sufficiently large IFD, the incoming
fiber does not interact significantly with the previously depos-
ited one, and thus, the first gets attracted to the substrate
following the printing path as programmed. However, as the
IFD is progressively reduced, a critical distance is reached,
referred to as the minimum IFD without fiber bridging, below
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which the electrostatic attraction from the previously deposited
fiber becomes strong enough to deflect the incoming fiber,
resulting in fiber bridging. This phenomenon marks the onset
of fiber bridging and defines the resolution limit in terms of the
minimum achievable IFD. The minimum IFD corresponds to
the smallest programmed spacing at which fibers could be
deposited reproducibly along the intended printing path with-
out lateral deflection or loss of positional fidelity. This thresh-
old was determined by systematically reducing the target IFD in
successive printing experiments until deposition defects con-
sistently appeared. Scanning electron microscopy was used to
analyze both successful and unsuccessful deposition attempts
to establish this limit.

We initially studied the resolution limits when printing
parallel fibers with a target diameter of 5 pm (Fig. 2 and
Fig. S1 of the SI).

Once the appropriate combination of printing parameters
(pressure, speed, and voltage) was established to generate this
fiber diameter consistently, these parameters were maintained
constant throughout the different printing experiments
focused on this specific fiber diameter. After the initial stabili-
zation of the jet, sets of parallel fibers were electrowritten with
progressively decreasing IFDs to determine the minimum IFD
without fiber bridging. In the first set of experiments, a UV light
intensity of 15 mW cm >, hereafter referred to as high UV light
intensity, was used to cure the deposited fibers. As demon-
strated in our previous work, this light intensity effectively
crosslinks the ink into an LCE, leading to well-defined fibers
that stack layer by layer.

Fig. 2A-C show scanning electron microscope (SEM) images
of samples printed at the minimum IFD without fiber bridging,
with different numbers of layers, using 15 mW cm ™2 of UV light
intensity for curing. For one layer (1L in Fig. 2A), the minimum
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Fig. 2 Effect of UV light intensity and number of layers on the minimum IFD without Fiber Bridging for 5 um-diameter fibers. (A—C) SEM images of melt
electrowritten (MEW) fibers deposited under high UV light intensity (15 mW cm~2) showing the minimum IFD at which no fiber bridging occurred for
(A) 1 layer (L), (B) 5 layers (5L), and (C) 10 layers (10L). (D—F) SEM images of samples printed under low UV light intensity (9 mW cm™2), also showing the
minimum IFD without fiber bridging for (D) 1 layer (1L), (E) 5 layers (5L), and (F) 10 layers (10L). (G) Plot showing the relationship between minimum IFD
without fiber bridging and the number of deposited layers for 5 pm-diameter fibers. Red crosses correspond to experiments conducted under low UV
light intensity conditions, and black squares indicate high UV light intensity. The standard deviation (SD) of the measured IFDs was 1.85 pm (A), 3.01 pm (B),
4.76 um (C), 0.51 pm (D), 3.49 pm (E), and 1.77 pm (F), based on 10 measurements per condition. Scale bars: 50 pm.
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IFD without bridging was 30 um. Fiber bridging was observed
when printing lower IFDs, such as 25 pm (see Fig. S2 in the SI).
As the number of layers increased, the minimum interfiber
distance without bridging also increased, reaching 50 um for
five layers (5L, Fig. 2B) and 65 pm, as shown in Fig. 2C, for ten
layers (10L, Fig. 2C).

Next, we carried out a similar set of experiments to deter-
mine the minimum IFD without bridging, using, this time, a
lower UV irradiation intensity of 9 mW cm ™2 for curing (40%
lower than in the previous experiment), hereafter referred to as
low UV light intensity, while keeping all other printing para-
meters constant. Photopolymerization using lower UV light
intensity levels (e.g., 8 mW cm™?) resulted in insufficient
curing, causing the deposited fibers to fuse into thicker fila-
ments rather than forming well-defined walls and structures
(see Fig. S3 in the SI). Fig. 2D-F show SEM images of samples
printed at the minimum IFD without fiber bridging for the
different numbers of layers, all of them cured with 9 mW c¢cm >
of UV light. In this case, the minimum interfiber distance
without bridging was 11 pm for a single layer (1L, Fig. 2D),
almost three times smaller than that obtained under higher UV
intensity (Fig. 2A).

Fiber bridging was observed at 10 um for a one-layer sample
(see Fig. S4 in the SI). As the number of layers increased, the
minimum IFD without bridging also increased, reaching a
value of 20 pm for five layers (5L, Fig. 2E) and 30 um for ten
layers (10L, Fig. 2F). Notably, in multilayered samples, espe-
cially under low UV light intensity, the resulting walls appear
thicker than the nominal 5 pm fiber diameter. This is likely due
to delayed solidification, allowing partial flow or spreading of
the deposited material before complete crosslinking. The lower

Number of Layers

View Article Online

Paper

curing intensity may prolong the viscous state of the deposited
fibers, promoting fusion between layers and giving rise to
broader fiber and wall features in SEM.

Fig. 2G summarizes the minimum IFD without fiber brid-
ging for printed parallel fibers with a different number of layers
and under the two UV light intensity conditions. The reported
standard deviations (SDs) reflect local interfiber spacing varia-
bility within successfully printed regions and therefore quantify
placement precision. Consistently, for each fixed UV light
intensity, the minimum IFD without bridging progressively
increases with the number of layers, as previously reported by
Dalton et al for poly(e-caprolactone) melt-electrowritten
fibers."" Remarkably, in experiments conducted at low UV light
intensity, the minimum IFDs without fiber bridging were
significantly smaller across different numbers of layers com-
pared to those performed under high UV light intensity. At very
small IFDs, residual charge accumulation on previously depos-
ited fibers causes strong electrostatic interactions and local
electric-field distortions that deflect the incoming jet. These
effects intensify with increasing layer number due to cumula-
tive charge buildup and geometric confinement, thereby defin-
ing the practical resolution limit.

We further explored the resolution limits under different
UV light intensity conditions for fibers with diameters as small
as 2 pm. Fig. 3 (and Fig. S5 of the SI) presents SEM images of
samples printed at the minimum IFD without fiber bridging for
different numbers of layers, using UV light intensities of
15 mW cm > and 9 mW cm > for curing. As shown in
Fig. 3G, the trends observed in the minimum IFD without
bridging for 2 pm fibers are qualitatively consistent with those
observed for 5 um fibers (Fig. 2G). For a given curing condition,
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Fig. 3 Effect of UV light intensity and number of layers on the minimum IFD without fiber bridging for 2 um-diameter fibers. (A)-(C) SEM images of melt
electrowritten (MEW) fibers deposited under high UV light intensity (15 mW cm~2) showing the minimum IFD at which no fiber bridging occurred for (A) 1
layer (1L), (B) 5 layers (5L), and (C) 10 layers (10L). (D—F) SEM images of samples printed under low UV light intensity (9 mW cm™2), also showing the
minimum IFD without fiber bridging for (D) 1 layer (1L), (E) 5 layers (5L), and (F) 10 layers (10L). (G) Plot showing the relationship between minimum IFD
without fiber bridging and the number of deposited layers for 5 pm-diameter fibers. Red crosses correspond to experiments conducted under low UV
light intensity conditions, and black squares indicate high UV light intensity. The SD of the interfiber spacing was 2.38 um (A), 4.20 pm (B), 2.41 pm (C),
1.90 um (D), 1.16 pm (E), and 2.15 um (F), calculated from 10 SEM-based measurements. Scale bars: 50 pm.
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smaller minimum IFDs without bridging were achieved at a
lower number of layers. Furthermore, similar to results from
the 5 pm fiber experiments, significantly smaller minimum
IFDs without bridging were obtained for all the numbers of
layers when a lower UV curing intensity was used. Finally, when
quantitatively comparing the minimum IFD without fiber brid-
ging between the two fiber diameters (Fig. 2G and 3G), the 2 um
fibers showed a slightly better resolution performance. This
observation is consistent with previous findings in PCL
reported by Dalton and coworkers."*

As noted earlier, polymer crosslinking increases the rigidity
and density of the material, restricting charge carrier
mobility.>>** We tentatively ascribe the improved resolution
observed under lower UV light intensity to the delayed cross-
linking kinetics, which may provide a longer time window for
residual charges to dissipate before the polymer network soli-
difies. This enhanced charge relaxation likely reduces electro-
static interactions between the jet and the previously deposited
fibers, thereby mitigating fiber deflection, bridging, and ulti-
mately improving resolution.

To further assess the influence of UV light intensity on
crosslinking kinetics, Fourier transform infrared (FTIR)
spectroscopy was used to monitor acrylate conversion in the
reactive ink. FTIR spectra of the uncured ink and samples
irradiated for 60 s at 9 mW cm > and 15 mW cm™ > reveal a
progressive decrease in the acrylate band at approximately
810 cm™ " with increasing UV intensity (Fig. S6, SI). This trend
indicates a higher degree of acrylate conversion at higher
irradiation intensity, confirming that reduced UV intensity
leads to slower network formation at fixed exposure time. These
observations support the proposed mechanism in which
delayed crosslinking kinetics extend the time window for
charge dissipation during MEW.

Electrowriting of square lattice LCE structures with small
interfiber distances: resolution limit determination

To further advance the development of functional scaffold-type
structures, we investigated the formation of square lattice
scaffolds with small periodicities, taking advantage of our
enhanced resolution capabilities achieved under optimized
photopolymerization conditions. While depositing parallel

Fig. 4 MEW of square lattice LCE structures using low UV light intensity. SEM images of structures prepared under low UV light intensity of 9 mW cm™.
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fibers with close interfiber distance is inherently challenging,
creating square lattices introduces additional complexity.
Unlike unidirectional parallel fiber deposition, where electro-
static interactions are limited to fibers aligned in the same
direction, square lattice formation interactions
between fibers parallel and perpendicular to each other. At
the intersection points, where fibers are deposited on each
other, local material accumulation occurs, resulting in elevated
features that further perturb the surrounding electrostatic
environment. These local field distortions can lead to fiber
deposition inaccuracies, including fiber bridging, misalign-
ment, and deviation from the programmed printing path,
making the fabrication process of these scaffold-type structures
significantly more intricate.*

For structures with sufficiently large periodicities, on the
order of several hundred micrometers, electrostatic interac-

involves

tions between the incoming fiber and previously deposited
layers are minimal. This reduced interaction allows for accurate
fiber positioning, resulting in vertical walls with a well-defined
square lattice geometry and clearly shaped, uniform square
pores. This behavior is also observed in our LCE materials, as
shown in Fig. 4A, which presents a square lattice scaffold with a
period of 300 pm, consisting of 25 layers per wall (resulting in
50 intersections), fabricated with 5 pm diameter fiber, under a
low UV light intensity of 9 mW em .

During printing, the MEW fibers stack and fuse, leading to
continuous walls with a height of about 170 um and a smooth
surface, a morphological aspect that we will comment on
further below.

A closer examination of the walls forming the structure
shows that the initial fibers in direct contact with the substrate
define a straight vertical wall in its lower part. However, as the
number of layers increases, the upper part of the thin walls
becomes more prone to buckling or collapsing near the center,
while the junctions at fiber intersections remain vertical. From
our observations, such a trend is more pronounced in higher
and longer walls, especially when the wall thickness is small in
relation to its height and length.

Conversely, when printing square lattice structures with
smaller periods, electrostatic interactions between the incom-
ing fibers and the pre-deposited layers become increasingly

AT Y )

2

(A) 5 um fiber diameter, 300 um period, 50 layers (scale bar: 300 pm); (B) 2 um fiber diameter, 50 um period, 32 layers (scale bar: 50 um); (C) 2 um fiber
diameter, 30 pm period, 20 layers (scale bar: 20 pm); (D) 2 um fiber diameter, 15 um period, 4 layers (scale bar: 10 pm).
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significant, often resulting in fiber misalignment and struc-
tural defects. Nevertheless, by leveraging the resolution
enhancement provided by curing with low UV light intensity,
we have successfully fabricated defect-free square lattice LCE
structures with periods in the tens of microns, something not
achieved using high UV light intensity. Fig. 4B-D show exam-
ples of square lattice structures with periods of 50 pm, 30 um,
and 15 um, respectively, and composed of 32 (16 + 16), 20 (10 +
10), and 4 (2 + 2) layers, respectively. These structures exhibit
well-defined and precisely positioned fibers, forming straight,
uniform walls with a thickness of approximately 6 pm and
exhibiting minimal visible defects. As with the parallel fiber
walls, decreasing the lattice period makes it progressively more
challenging to add additional layers due to a stronger, increas-
ingly complex electrostatic environment and higher structural
confinement.

As mentioned, another intriguing morphological aspect of
these structures, cured under this lower UV light intensity, is
the smooth surface of the walls made of fused fibers. This
smoother morphology occurs because of the additional time
allowed between fiber deposition and network gelation when
curing with low UV light intensity. The material can flow
slightly before crosslinking, creating a more level surface. In
contrast, curing with high UV light intensity induces rapid
gelation, which locks the network before significant flow
occurs, resulting in a well-defined stacked fiber structure
(Fig. S7). Interestingly, this phenomenology reminds the obser-
vations reported by Dalton and co-workers during thermoplas-
tic MEW of polypropylene, where increasing the collector
temperature led to smoother or even molten fiber morpholo-
gies due to reduced cooling and extended fiber fluidity of the
polymer at the collector surface.>* However, while in their case
this effect arises from thermal control, in our system, it is
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achieved through the modulation of the curing kinetics of the
reactive ink.

Anisotropy and thermally induced actuation of high-resolution
LCE scaffolds

Once we established the structural characteristics of small-scale
scaffolds printed under low UV light intensity conditions, we
investigated their anisotropy and mechanical response. Fig. 5
presents a square lattice LCE structure prepared under this low
UV light intensity. As discussed in the introduction, LCEs can
undergo significant and controlled anisotropic shape transfor-
mations when exposed to external stimuli.> In these systems, a
reduction in mesogenic order, triggered, for instance, by an
increase in temperature, results in a contraction along the
director and an expansion in the perpendicular direction. To
achieve greater mechanical deformation, we used a different
molar ratio of components in this section for macromer pre-
paration (1:1.01, amine to diacrylate), resulting in longer
polymer chains and a more loosely crosslinked network after
the photopolymerization step, which allows for greater defor-
mation in response to temperature changes. Nevertheless,
although smaller in magnitude, qualitatively similar thermo-
mechanical behavior was confirmed for the 1: 1.3 ink composi-
tion used in the previous sections, as described in Fig. S8 in
the SI

As previously noted, for high UV light intensity,"” fibers and
structures printed and cured under lower UV light intensity also
exhibited anisotropic alignment, with the director oriented
parallel to the fiber deposition direction. This was visualized
by polarization optical microscopy (POM) in Fig. 5A. The POM
images confirm the anisotropic nature of the printed fibers,
with light extinction at 0° (Fig. 5A1) and transmission at 45°
(Fig. 5A2) relative to the transmission direction of the first

Fig. 5 Anisotropy and thermally induced actuation of square lattice LCE structures prepared under low UV light intensity. (A) Polarized optical
microscopy images of a 30 um period, 5 + 5 layered square lattice LCE structure. White arrows indicate polarizer transmission directions (scale bar:
100 pm) with the fiber direction oriented parallel (A1) and at 45° (A2) to the polarizer transmission directions. (B) Optical magnifier image of a 500 pm
period square lattice composed of 50 layers (25 + 25), where fibers are uniformly stacked without forming holes or bridges, resulting in smooth walls and
an optically transparent structure (scale bar: 1 mm). (C) Schematic illustration of molecular orientation (n) and contraction forces acting on the structure
upon heating. (D) Optical magnifier images of a 450 um period, 24-layer square lattice structure observed at: (D1) 25 °C, (D2) 50 °C, (D3) 75 °C, and (D4)
100 °C (scale bar: 500 pm).
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polarizer, consistent with a well-defined director along the fiber
axis."” The shear and elongational forces involved in the MEW
process induce a preferential orientation of the mesogenic
macromer chains along the fiber axis, which is fixed during
the UV light-induced crosslinking process. These electrowritten
thin walls exhibit good optical transparency, as shown in the
optical magnifier image in Fig. 5B, allowing clear visualization
of features behind the structure.

Despite the liquid crystalline nature of the material, this
remarkable transparency suggests a uniform director align-
ment within the wall region, which minimizes light scattering
(see Fig. S9 in the SI).

Only in the region near the fiber intersections does the
director exhibit an out-of-plane component caused by the
crossing fibers and subsequent material accumulation, which
creates a pinnacle-like shape at the intersection.

We performed heating experiments on these samples while
imaging them with an optical magnifier (Fig. 5D1-D4). At room
temperature (RT), the walls tended to lose verticality, particu-
larly in the region between two neighboring intersections if
their thickness is much smaller than the height and length of
the wall, as mentioned above. The partially collapsed wall
straightens at 50 °C, leading to a well-defined straight box
structure. To explain this result, we must consider the orienta-
tion of the director within the LCE structure. Given this
orientation of the director along the length of the wall, except
in the region close to the intersections of the fibers, a tempera-
ture increase leads to a contraction of the walls along the length
of the forming fibers. As a result, the fibers straighten between
neighboring intersections, as conceptually shown in Fig. 5C,
bringing the walls to verticality. Further heating enhanced this
contraction effect, resulting in nearly rectangular walls and a
pronounced reduction of the pinnacle-shaped features at the
intersections at 100 °C, as shown in Fig. 5D4. Heating of the
structures above these temperatures led to the appearance of
defects or detachment from the substrate due to excessive
stretching (see Fig. S10 in the SI). For samples not subjected
to this overheating process, cooling back to RT restored the
initial structure, in which the walls collapsed while the inter-
sections remained in their original position and retained their
pinnacle shape. This demonstrates the reversibility of the
thermally induced actuation.

Conclusions

In this work, we have demonstrated that varying the UV light
intensity during the photopolymerization of reactive LCE inks
in MEW can significantly influence the resolution limits of the
process. By reducing the UV light intensity, we observed an
apparent reduction in the minimum achievable IFD without
fiber bridging. This approach enabled us to fabricate highly
ordered structures with IFDs down to 11 um, to our knowledge,
below the smallest reported for MEW.

While the origin of this improvement cannot be conclusively
ascribed, we hypothesize that the delayed -crosslinking
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associated with low UV light intensity may provide additional
time for the dissipation of residual charges within the depos-
ited fibers. This extended dissipation period may reduce elec-
trostatic interactions between the incoming jet and previously
deposited fibers, thus mitigating fiber bridging and improving
deposition accuracy. However, other factors might also con-
tribute to this behavior, including differences in local material
flow or surface morphology during curing, which might locally
influence the electric field or influence charge transfer
pathways.

Beyond pushing the resolution limits of MEW, the ability to
fabricate defect-free fine LCE architectures is particularly
appealing, given their intrinsic stimuli-responsive properties.
The combination of high-resolution printing and programma-
ble actuation allows the design of micro-structured systems
capable of shape transformation, anisotropic motion, or
mechanical reconfiguration in response to external stimuli.

Our findings establish UV light intensity during photopoly-
merization as a new design parameter to improve resolution in
MEW of reactive materials.

Beyond the specific case of liquid crystalline elastomers
studied here, the ability to control curing kinetics opens new
opportunities to tune printing accuracy across a broader range
of photo-crosslinkable systems. We envision that the strategy of
controlling the dynamics of network formation during printing
could provide a general approach for advancing the resolution
limits of MEW in diverse reactive materials, an aspect that
forms part of our ongoing research program.

Experimental
Materials and methods

Materials. The mesogenic diacrylate RM82, also known as
C6M, was obtained from Chemfish, the chain extender n-
butylamine was purchased from Aldrich, and the photoinitiator
Irgacure 369 from Aldrich. Tetrahydrofuran (THF) from Aldrich
was used as a solvent for the Michael addition reaction.

Ink preparation. The amine and mesogenic diacrylate mono-
mers were combined in an amber container for our LCE ink
formulation in the chosen stoichiometries. Molar ratios of
1:1.3 and 1:1.01 were used in this work. Irgacure 369 was
added at 5 wt% as a photoinitiator. THF, equal to the total
weight of the reactants, is used to dissolve the components for
the Michael addition reaction, which is then allowed to proceed
for one hour at 60 °C. Subsequently, the material was subjected
to vacuum drying at 60 °C and 100 mbar for 48 hours to ensure
complete solvent removal while removing bubbles.

MEW device configuration. Melt electrowriting was carried
out using a GeSiM Bio-Scaffolder 3.2, equipped with precision
linear X-, Y-, and Z-axes driven by belt drives with iterative
position correction. The motion system offers, in the XY plane,
a nominal step width of 2 pm and a specified repetitive
accuracy of £10 pm. In our experimental methodology, follow-
ing that of Dalton and coworkers,"* the interfiber distance
resolution was evaluated by printing a single line and
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subsequently moving the stage laterally in small increments
corresponding to the IFD to deposit a new parallel line. Given
the small step sizes, consistent movement direction, and short
travel distances involved, the effective positioning accuracy in
this specific case is expected to be governed by the step width of
the system (2 um) rather than its specified repetitive accuracy
(£10 pm), which applies primarily to larger or more complex
movements.

The printhead consisted of a temperature-controlled
stainless-steel cartridge with a 100 um conic nozzle. The ink-
filled cartridges were preconditioned at 25 °C for 2 hours before
printing to ensure thermal and material stability.

During printing, a positive voltage was applied to the
collector plate while the printhead remained grounded. The
internal software manages processing parameters such as
pressure, height, temperature, and printing speed. All printing
parameters were optimized to ensure stable extrusion and
consistent fiber morphology.

Scaffold design and execution. G-Code commands were
initially prepared using CAD fusion software from Aerotech
Inc. Modifications of the code for a proper interface with the
GESIM Bio-Scaffolder router were manually done.

Substrate and melt electrowriting protocol. The MEW pro-
cedure involved depositing fibers onto ITO glass substrates
(10 Q sq.”" surface resistivity), carefully cleaned with soap,
acetone, and isopropanol, followed by ozone treatment. The
ITO was electrically connected to the collector with copper tape.
All experiments were performed on identical ITO-coated glass
collectors to ensure consistent charge dissipation and to isolate
the effect of UV curing intensity on printing resolution. A
consistent separation between the nozzle and substrate was
maintained throughout (2 mm from the ITO glass), with a
minor increase in nozzle height after each layer to accommo-
date the growing structure. During deposition, UV light reached
the deposited fibers, initiating liquid crystal elastomer (LCE)
crosslinking. An EXFO OmniCure S2000 UV lamp (Gentec,
Nivelles, Belgium) equipped with a bandpass filter (320-
390 nm) was used to irradiate the printing area directly from
above. UV intensities of up to 15 mW c¢cm™> were applied at the
sample plane.

Post-printing protocol. After final layer deposition, the scaf-
fold is kept in a two-step UV irradiation process, first under
ambient conditions and then intensified under vacuum to
ensure thorough crosslinking.

SEM analysis. SEM analysis was launched on the Inspect F50
(FEI) at 10 kV with a coating of 10 nm Palladium under high
vacuum conditions.

Image measurement. The straight-line selection tool of Fiji
software was used to measure IFD and fiber diameters and crop
the SEM images. Measurements were taken at 10 random
regions within the SEM image, and mean values were
calculated.

POM analysis. The LCE scaffolds were evaluated under a
Nikon Eclipse 80i POM.

Thermoactuation experiment. The printed grid scaffold was
placed in a homemade oven with a circular opening (30 mm
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diameter). The sample was fixed inside the oven cavity, and the
temperature was monitored using a thermocouple placed close
to the sample. The thermo-actuation process was observed and
recorded using an Euromex magnifier.

FTIR analyses. FTIR measurements were launched on a
Varian 670-IR infrared spectrometer at ambient temperature.
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