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ABSTRACT: Here, we present a novel materials-based strategy that bypasses alignment
procedures by integrating ZnO nanoparticles into an LCE ink, enabling a simplified, direct-write
4D printing process. We first demonstrate that ZnO doping significantly enhances the photo-
actuation of non-aligned, injected LCE films, confirming the viability of the approach. Applying
this strategy, we successfully printed reproducible actuators that exhibit large-amplitude bending
and high actuation speeds, with performance comparable to traditionally aligned LCEs. The

mechanism behind this enhancement is a synergistic photo-thermal effect; the ZnO nanoparticles
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increase light absorption via scattering while also dramatically improving the thermal diffusivity
of the polymer matrix, leading to a more efficient and rapid mechanical response. By shifting the
complexity from the manufacturing process to the material itself, this work offers a scalable
pathway towards the rapid fabrication of complex, stimuli-responsive architectures for

applications in soft robotics and adaptive systems.

1. Introduction

Additive Manufacturing (AM), or 3D printing, has revolutionized the fabrication of complex
structures, enabling rapid prototyping, design flexibility, and product customization across
industries from aerospace to medicine.'® A recent evolution of this technology is 4D printing,
which incorporates "smart" materials capable of changing their shape or function over time in
response to external stimuli such as heat, light, or electricity>*’. 4D printing is an innovative
method in additive manufacturing that enables static objects to transform dynamically by the
application of smart materials and subsequent exposure to varying stimuli, including temperature,
light, and electricity.®!! The fourth dimension in 4D printing denotes the temporal alteration
undergone by the component, making it programmable. This additional dimension signifies a
predictable and intended transformation of the printed object over time, contingent upon three-
dimensional space. This three-dimensional space is the precise configuration of voxels (x, y, and
z coordinates) defined by mathematical principles and actualized by printing!>!3.

Among the most promising candidates for 4D printing are Liquid Crystal Elastomers (LCEs),

which can undergo large, reversible deformations!*'6. Photo-responsive LCEs, typically
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incorporating azobenzene moieties, are particularly attractive as they allow for precise, non-
contact spatial and temporal control of actuation'’. However, a significant bottleneck has hindered
their widespread adoption in 4D printing: the need for macroscopic molecular alignment!!8.
Traditionally, achieving high-performance actuation in LCEs has relied on complex, often slow,
and equipment-intensive secondary processing steps to pre-align the liquid crystal director, such
as mechanical rubbing of substrate surfaces, or the application of strong magnetic or electric
fields'+!81°, While direct-write printing can impart a degree of shear-induced alignment, it hits
fundamental limitations bound to the intrinsic dependance of liquid crystals (LC) to their transition
temperatures. When the nematic-isotropic transition temperature (Ty;) is higher than the
temperature reached during the printing process, mesogenic alignment can still be achieved®. In
fact, if the printing speed is sufficiently low, the induced orientation can be preserved during the

rapid UV polymerization. Conversely, when the processing temperature exceeds Ty;, obtaining

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

aligned structures in the nozzle while the LCs are in isotropic temperature becomes challenging,
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is very likely to have random molecular orientation.?!-23
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In fact, in this regime, the material flows as a nearly Newtonian melt, so the Ericksen—Leslie
flow-alignment mechanism is effectively switched off, and any transient orientation generated in
the nozzle relaxes on timescales much shorter than the residence time. As a result, printing liquid
crystal mixtures with high melting temperature with Ty,<T predominantly produces isotropic or
weakly paranematic strands, unless an external field or surface anchoring is introduced during or

immediately after deposition.?*
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Recent temperature-responsive LCE DIW studies instead maintain the ink slightly below or
around Ty; (for example, printing near 60-65%°C for Ty; = 63 °C?), specifically to exploit the
nematic rheology and obtain strong shear-induced alignment and monodomain filaments. Various
work of literature deliberately prints near Ty; and/or at a slow speed to facilitate the isotropic to
nematic transition’. In contrast, more restrictive scenarios with printing temperature significantly
higher than Ty; show is easier extrusion (low viscosity, stable flow), but the fundamental loss of
nematic order during printing makes it significantly more difficult to program well-defined
director architectures compared to the literature strategies.

To address the constraints imposed by the Ty; and to minimize reliance on surface-induced
alignment, we introduce a materials-driven strategy that eliminates the need for thermal
stabilization prior to curing, allowing immediate photopolymerization during deposition. Our
working hypothesis is that incorporating ZnO nanoparticles into the LCE formulation will (i)
shorten the transition interval between Tm and Ty; and (ii) amplify the intrinsic photothermal
response of the material. This dual effect is expected to compensate for the absence of long-range
pre-alignment and to enable a streamlined, direct-write 4D-printing workflow for the fabrication
of functional light-responsive actuators. This theory can fill an important gap: by allowing a
simplified printing process, reducing thermal equilibration times, and improving the feasibility of
intelligent photothermal actuators.

In this work, we validate this hypothesis through a two-stage investigation. First, we establish
the foundational effect of ZnO doping in non-aligned, standard LCE films to isolate its impact on

photo-actuation. Subsequently, we apply this optimized material to an extrusion-based 4D printing
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process, demonstrating the fabrication of reproducible, high-performance actuators without any
secondary alignment process. Finally, we elucidate the underlying mechanism, showing that the
performance enhancement is driven by a synergy of improved light absorption and a dramatic
increase in thermal diffusivity, which facilitates a more rapid and efficient photo-mechanical

response.

2. Materials & Methods
2.1.Materials
LC monomers 4-Methoxybenzoic acid 4-(6-acryloyloxyhexyloxy)phenyl ester (MAPE), 4[4[6-
Acryloxyhex-1-yl)oxyphenyl]carboxybenzonitrile (AOCB), 1,4-Bis-[4-(6-
acryloyloxyhexyloxy)benzoyloxy]-2-methylbenzene (AOBM), 4,4'-Bis[9-

(acryloyloxy)nonyloxy]azobenzene (A9ZA9) were purchased at Synthon Chemicals (Germany),

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

and the photoinitiator Bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide from Sigma Aldrich.
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Elvamide was provided by Beamco. Other chemicals were provided by Sigma-Aldrich.
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2.2.Methods
2.2.1. Preparation of the cell reactor
Photo-actuator synthesis cells were prepared using glass slides and plastic spacers. The method
used was previously discussed in literature with some differences!*-?¢?’. In particular the cells were

or not rubbed /coated in function of the sample needed.

2.2.2. Synthesis of the photo-mobile polymer films
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The PMP and PMP/ZnO films were prepared following a protocol described elsewhere ?’. In
brief, the reaction mixture was dissolved in dichloromethane and heated up at 70°C until all solvent
was removed. Then, the reaction mixture was left to recrystallize at room temperature overnight.
The reaction cell was heated to 95°C and the mixture infiltrated by capillarity. After the infiltration,
the sample was moved on a second hotplate set at the nematic temperature (50°C) and
photopolymerized for 1h (30 minutes each side) using a UV lamp emitting at 405 nm (12 mW/cm?)

and successively left for 24 hours at 50°C. Nanoparticles dimension was 100 nm

2.2.3. Printing Equipment
A Hyrel3D System 30 M printer, including a KR2 printhead and low-volume HTK print
cartridges, was utilized for all 3D printing activities. The ink was introduced into the print head,
the head heated at isotropic temperature (90 °C), the plunger was advanced until the ink appeared
at the tip, and the print head was maintained upright for over 30 minutes to eliminate any air
bubbles. The system was permitted to cool to ambient temperature prior to the attachment of the
400 um diameter nozzle to the print head. The LC mix was deposited on a heated bed (50°C),
utilizing a print speed of 20 mm s7!, a layer height of 50 um, and a linewidth of 400 um. During
the printing process, UV light (405 nm) was utilized to polymerize the deposited mixture.
The ink used in the printer was the same used in micro-cell reactors.
2.2.4. Characterization of LCEs
The motion characteristics of PMP films, including its angular position and bending velocity,

were examined by capturing video frames subsequent to the stimulation with the light beam. All
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experiments presented were repeated a minimum of three times to ensure the trends are robust and
reproducible. Lasers with wavelengths of 457 and 405 nm were used as light source, meticulously
positioning the light beam on the surface of the PMP film. Each frame was obtained via an
experimental process lasting (N) seconds, utilizing a high-resolution camera (General Web Cam
HD 1980 x 1020) that captured a frame every 0.25/0.5 seconds. The system consists of an
automated gate operated by a servo motor controlled by Arduino, which opens one second after
the experiment starts and closes at (N/2 + 1) seconds post-opening, enabling observation of the
PMP behavior in both regimes laser light on and off while the system continues data acquisition.
The entire process was conducted using a bespoke MathWorks MATLAB code for control-
acquisition data and angular data reconstruction. The software is available on github

(https://github.com/BryanGuilcapi/Acquisition_Data_Pictures).

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

The experimental configuration is illustrated in Supplementary Figure 2.

2.2.5. Thermographic measurements

Open Access Article. Published on 18 December 2025. Downloaded on 12/24/2025 6:07:40 PM.

The thermal measurements were performed using a FLIR camera (FLIR A-50). The samples
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were irradiated with a laser at a wavelength of 457 nm; the laser spot was widened using a beam
expander (Thorlabs EL-25-10x-A) to irradiate the whole sample. The laser output was calibrated
after the beam expander to find out the density in mW/cm? that would impinge the sample. The
experiments were performed as a sweep in function of laser power that varied from 0 to 4 mW/cm?

The data analysis was performed using the science SDK provided by FLIR. The SDK was used
by interfacing it with Matlab. The software is available on github with a simple guide,

(https://github.com/Docdomee/FLIR_SDKY/)
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3. Results & Discussion
3.1.Establishing the principal effect of ZnO on LCE photo-responsivity in the absence of
mechanical alignment.

In our previous work, we showed that incorporating ZnO nanoparticles enhances the photo-
mechanical response of aligned liquid crystal elastomers (LCEs), where molecular order is induced
by surface rubbing?’. These results established ZnO as a performance-enhancing additive. A
critical question remained, however: is this nanoparticle-induced enhancement strong enough to
be effective in the complete absence of complex, and often laborious, pre-alignment procedures?

To answer this question, we first designed an experiment to isolate the effect of ZnO. We
fabricated LCE films diffusing the monomers within glass mini-reactors without any external
alignment techniques. Specifically, we prepared two types of non-aligned cells: one set lacked any
surface coating and mechanical rubbing (*_NC series), while another was coated with elvamide
polymer but still lacked the crucial rubbing step (*_NR series).

The results presented in Figure 1 clearly show the impact of the nanoparticles on the photo-
mobile polymer (PMP) film. In a direct comparison, the ZnO-doped films (ZnO06%_NC and
Zn0O06%_NR) exhibited a dramatically improved bending angle and actuation speed compared to
the pristine LCE control sample (C_NR), which showed minimal response. This initial finding
confirms that ZnO doping can effectively compensate for the lack of a pre-defined molecular

director (Figure 1).
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Building upon this, we conducted a more systematic investigation by varying the ZnO
concentration (0, 1.5, 3, and 6 wt%) and the wavelength of the light stimulus (457 nm and 405
nm), as shown in Figure 2. The results reveal a coupled relationship between nanoparticle
concentration and stimulus wavelength. At higher concentrations (3 and 6 wt%), a clear and
consistent performance enhancement was observed regardless of the wavelength (Figure 2).

However, the behaviour at the lower concentration of 1.5 wt% was strongly wavelength-
dependent. When stimulated with 405 nm light, the 1.5% ZnO sample showed a significant
improvement in actuation (Figure 2e) especially at lower power density reaching a plateau,
reflecting an overall behaviour. Conversely, under 457 nm light, its performance was lower than
the pristine control (Figure 2d). This observation is consistent with our findings on traditionally

rubbed cells®, where 1.5% ZnO doping instead resulted in actuation comparable to the control. In

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

this case, in absence of external alignment 1.5% ZnO limits the ability of the material to respond

to light possibly because the lesser interaction with LCs and lower ability of azobenzene moieties

Open Access Article. Published on 18 December 2025. Downloaded on 12/24/2025 6:07:40 PM.

to efficiently actuate with a light at 457 nm. This is probably due to the different optical properties
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of azobenzene moieties at the different wavelength radiation, consequently using less effective
wavelength we would need more doping agent.

These data suggest that while higher ZnO concentrations provide a robust, global enhancement,
the benefit of lower concentrations becomes evident only under more favourable stimulation
conditions (i.e., 405 nm) in systems with no pre-alignment. We hypothesize that higher
concentrations (2 3 wt%) are required to form a more densely packed nanoparticle network, which

ensures efficient energy transfer throughout the polymer matrix under all conditions. Nevertheless,
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these results unequivocally confirm that ZnO doping is a viable materials-based strategy for

enhancing photo-responsivity, providing a strong rationale for its application in a simplified 4D

printing process.
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Figure 1.(a) Bending and (b) speed of PMP and PMP/ZnO prepared without rubbing (ZnO6%_NR;
C_NR) or elvamide coating (ZnO6%_NC_457). The measurements were carried out with 457nm

laser.

\)OLO ’”P : . 53 mol% MAPE (a)

o~
o

6 mol% A9zA9
1 mol% PHENYLBIS

\i 1Y, T 209
OOl S
\)(I)\ o) 18 mol % AOCB
o’ﬁ“ﬁo ‘@JLOOCN
22 mol% AOBM

Motip L, (5 -0t

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 18 December 2025. Downloaded on 12/24/2025 6:07:40 PM.

1 = C_NC _ (d) 100 ~ (e)
90+ -—=—6%ZnO_NC A=457 1-—=—C NC A=405
] . 90 | _
ol " 3%Zn0O_NC |—=—6%ZnO NC
|- = 15%2zn0_NC 804 = 3%Zn0O NC
707 ~® 1.5% ZnO_NC
60
= 504
£ ]
2 40-
gl © |
e
20
10
0 -
-10 T T T T T T T T T T T T T T T T T 1 1
0 1 2 3 4 5 6 7 8 g-10 : . - T .

Power Density (W/cm?) 0 ! 2 s
Power Density(W/cm?)

11


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01396h

Open Access Article. Published on 18 December 2025. Downloaded on 12/24/2025 6:07:40 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

Page 12 of 27

View Article Online
DOI: 10.1039/D5MA01396H

Figure 2. (a) Structures and molar concentration of the LC monomers used to prepare the pristine
PMP and PMP/ZnO composites (b)&(c) Images?® of liquid crystal polymer films doped with ZnO,
the scalebar represents 1cm.

3.2.Application of the ZnO-doping strategy to simplify the 4D printing of photo-actuators.

Using the standard films' foundation results, we used ZnO-doping in a direct-write 4D printing
process. It is well-established that in extrusion-based printing, a degree of shear-induced molecular
alignment is naturally imparted to the material as it passes through the nozzle. Our central objective
was to investigate if the synergistic effect between this inherent, partial alignment and the ZnO-
induced enhancement was sufficient to create high-performance actuators without any post-
extrusion induced alignment and not wait-time for the nematic organization to happen.
Furthermore, the materials would be polymerized in situ while being extruded.

Using an ink with the same composition as our base materials, we successfully printed simple
geometries, such as cantilevers, at a rapid rate (20 mm/s) with in-situ UV polymerization,
eliminating the need for post-processing steps (Figure 3). The printed cantilevers doped with ZnO
exhibited a large and rapid photo-actuation, including the ability to enter a high-speed self-
vibration mode under continuous irradiation (Figure 3d). In contrast, control samples printed
without ZnO showed no appreciable movement under the same conditions (Figure 3b). Crucially,
the actuators bend towards the light source (Figure 3¢) and goes back to start position, a hallmark
of the contractile phase transition driven by the azobenzene moieties on the illuminated surface.
This directional contraction is fundamentally different from a simple, non-directional thermal

expansion effect that might occur in any polymer. While the process is amplified by the ZnO-
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enhanced photo-thermal effect, the actuation itself is contingent on the presence of the photo-
switchable azobenzene. Indeed, as we have previously established, control samples fabricated with
ZnO but lacking the azobenzene component show no photo-induced movement under illumination,
confirming that the observed mechanical work is generated by the LCE's intrinsic photo-
mechanical properties and not by simple heating?’.

To evaluate the homogeneity and repeatability of the process across different printing directions,
a planar 'sun-like' geometry was designed and printed (Figure 4d). The individual arms were
analyzed, and the results demonstrated excellent reproducibility. All tested arms exhibited similar,
high-performance actuation, reaching a maximum bending of up to 100 degrees, irrespective of
their original printing orientation (Figure 4a). The performance of these printed actuators was

superior to the non-aligned cast films (Figure 1&2) and was comparable to that of traditionally

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

aligned samples doped with ZnO, validating our simplified printing approach (Supplementary

Figure 1). Furthermore, the actuation speed showed a clear and tunable dependence on the

Open Access Article. Published on 18 December 2025. Downloaded on 12/24/2025 6:07:40 PM.

incident laser power density (Figure 4b, 4c), highlighting the controllability of the printed
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structures. A closer look at the instantaneous velocity (Figure 4c) reveals that upon illumination,
the speed rapidly peaks within the first 2-3 seconds and then decreases as the arm approaches its
maximum bending angle. Notably, this peak occurs earlier at higher power densities, suggesting
the intervention of more rapidly activated thermal phenomena that will be discussed in the next

section.
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Figure 3.(a) Set-Up used to print and polymerize the mixtures of LCs. (b) 3D printed mesh
without ZnO, scale bar represents lcm; (c)&(d) 3D printed film before and during the actuation
with 405 nm laser where the LCEs film doped with ZnO bends and start self-vibration at high
speed. The purple arrow in figure 4c represent the impinging light the black arrow in figure 4d

represents the vibration span of the material (3mm).

14


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01396h

Page 15 of 27

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 18 December 2025. Downloaded on 12/24/2025 6:07:40 PM.

[{ec

Materials Advances

View Article Online

DOI: 10.1039/D5MA01396H

1209 (a) (b)
—=— Maximum Bending 0012 | ®  Maximum speed | R
100 j/i»i 58 Soro //
= L h I /.’
80 P -
—~ x = 0,008 - /)./
Qs /i —_ g
D 60 E /
= Vs 5 0.006 -
& o QO Ve
@ e a
40 // v 0.004 4
J -/
el 0.002 - /-’
J
04 0.000 v
T T T T T T T T T T T T T 1 T T T T T T T T T 1
4 0 1 2 3 4 5 6 7 8 9 10 11 12 13
Power Density {W/cm?)
0.0125 A ©) L&lser ON LaserOff _ & 10mw
: —e— 20mw
—a— 30mw
:_o? 0.0100 + v  A0mw
£ ¢ 50mw
L —<4— 60mw
g BO0F4 —»— 70mw
En.. —a— 80mw
5 *  90mw
4 0.0050 4
=
0.0025 -
0.0000

Time (s)
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3.3.Unveiling the mechanism: A Synergy of Enhanced Light Absorption and Thermal
Transport.

To explain the performance boost in ZnO-doped printed actuators, we looked at their microscopic
structure and photo-thermal properties. To see if the improved performance was due to a more
organized molecular structure, we used Polarized Optical Microscopy (POM) (Supplementary
Figures 3) to analyze the printed films. The POM analysis confirms that the printed ZnO-doped
material lacks the large-scale, uniform birefringent domains characteristic of LCEs prepared with
traditional rubbing methods (Supplementary Figure 4). This observation is critical: it demonstrates
that the superior actuation is not attributable to the formation of a macroscopic, highly ordered
nematic structure. Any residual micro-alignment, if present, would be minimal and not the driving
factor for the strong photo-actuation observed, which aligns with the actual thermographic and
mechanical data.
The ZnO nanoparticles (100 nm) may impose anchoring conditions on the nematic director field,
leading to local distortions when their size and concentration exceed critical thresholds®-¥.
Specifically, when the nanoparticle size surpasses the surface extrapolation length, strong
distortions and topological defects form around the particles, reducing the overall nematic order
parameter®*>°. Moreover, at concentrations such as 6%, these distortions accumulate and promote
a phase crossover from a uniform nematic phase to a distorted or paranematic phase, effectively
disrupting the nematic alignment. This behavior aligns with observations for other spherical
nanoparticles, where increasing particle content beyond about 0.4% weight leads to a notable

reduction in nematic order due to similar interfacial and elastic effects.??30
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Is instead clear in literature that small size—often a few nanometers—induce minimal elastic
distortion in the liquid crystal director field!**!. Additionally, their metallic nature and the strong
surface plasmon resonance effects enable enhanced photothermal and optical functionalities
without significantly perturbing the nematic phase!®?!. For instance, gold or silver nanoparticles
embedded in liquid crystalline elastomers show efficient photo-actuation performance while
preserving the local order.!*!

Our data point towards a synergistic mechanism rooted in the material's optical and thermal
properties. As we have previously demonstrated, ZnO nanoparticles act as possible scattering
centers within the polymer matrix?’. This scattering may increases the optical path length of the
incident light, effectively trapping it within the film and leading to a significant increase in the

overall light absorption, particularly in the 400-500 nm wavelength range where the pristine LCE's

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

absorbance begins to decrease. This enhanced absorption means that more of the light's energy is

converted into heat within the material, but photo-thermal conversion is only part of the story. The
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key to the enhanced performance lies in how efficiently this generated heat affects the material

(cc)

properties. To investigate this, we measured the thermal properties of the printed films (Figure 5).
The thermographic measurements reveal a striking difference: the thermal diffusivity of the ZnO-
doped material is approximately four times higher than that of the undoped control (Figure 5a).
This indicates a much more rapid and efficient diffusion of heat throughout the ZnO-doped
polymer matrix. While the temperature recorded on the surface of the doped samples was lower at

the plateau (Figure 5b), suggesting a better heat diffusion and dissipation.
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A clear mechanism emerges, the ZnO nanoparticles first enhance the absorption of light,
generating more heat. Then, due to the improved thermal diffusivity, this heat is rapidly and
uniformly distributed throughout the actuator's bulk. This leads to a faster, more efficient, and
more homogeneous phase transition*’, which is the ultimate driver of the mechanical work.
Therefore, the simplified 4D printing process is enabled by a materials-driven photo-thermal
enhancement that effectively compensates for the lack of a macroscopic, pre-aligned molecular

structure.
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Figure 5. (a)Thermal diffusivity of materials tested in function of the laser power
density. (b) Temperature profile of control and doped materials showing that at the
plateau the surface temperature is lower on ZnO doped material (c) frames of the IR

video of a sample being irradiated.
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4. Conclusions

In this work, we have demonstrated a novel and facile materials-based strategy to overcome
limitations in the 4D printing of Liquid Crystal Elastomers. By integrating ZnO nanoparticles into
an LCE ink, we have successfully fabricated high-performance photo-actuators using a simplified,
direct-write process. Our findings show that ZnO doping is remarkably effective at enhancing
photo-actuation even in the complete absence of traditional alignment methods, as confirmed by
our initial studies on cast films. When applied to an extrusion-based 4D printing process, this
material strategy, leveraging the synergy between shear-induced alignment and nanoparticle
enhancement, yielded reproducible actuators with large-amplitude bending and high actuation
speeds, performing on par with traditionally fabricated aligned LCEs.

Furthermore, we have elucidated the mechanism behind this performance enhancement. The
superior actuation is not due to the formation of a macroscopic, ordered nematic structure, but
rather to a synergistic photo-thermal effect. The ZnO nanoparticles serve a dual function: they
increase light absorption via scattering and, crucially, they dramatically improve the thermal
diffusivity of the polymer matrix. This allows for a more rapid and efficient conversion of light
into the heat that drives the nematic-to-isotropic phase transition, resulting in a faster and stronger
mechanical response.

In conclusion, this work presents a significant step towards making 4D-printed LCE systems
more accessible and scalable. By shifting the complexity from the process (e.g., external alignment
fields, precise temperature control) to the material itself (i.e., nanoparticle doping), we open the

door to the rapid fabrication of complex, stimuli-responsive architectures. Future work will focus
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on optimizing nanoparticle concentration and dispersion, and exploring the printing of true three-
dimensional geometries for applications in soft robotics, adaptive systems, and responsive
packaging.
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