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Embedded programming plays a crucial role in 2D to 3D shape Liquid Liguid Random Chains

transformation by providing on-demand, precise, and localized control for applications RSt 4

ranging from soft robotics to biomedical devices. In this work, as a first of its kind, k(\. (

bending strain (or stress) distribution is applied on the TPU-BIFA composite to embed Direct Ink

topology information in 2D, which transforms into a 3D structure with the Writing

corresponding topology when exposed to light. The internal bending strain distribution = -

characteristics of the composite structure govern the poststimulant-triggered actuation C',‘ _> Aligned Chains

or shape morphing. The internal strain distribution can be effectively varied through the
magnitude and position of external loads and the boundary conditions. The prebending
approaches of embedding topology are more useful for soft and planar structures with
complex architecture. We also report an embedded composite ink 3D printing strategy
to fabricate such complex structures by applying the principle of liquid—liquid phase
separation. In addition to enabling programmability within the system, light as a
stimulus offers great control over the actuators by tuning the light intensity and point of light irradiation. Upon irradiation with blue
light (455 nm), the fabricated actuator performs well with omnidirectional light-triggered bending actuation of 20°/s and response
rate of 60° in 8 s. As a proof of concept, phototunable curvature was demonstrated in complex architectures such as grids and human
hand models by manipulating the prebending strain distribution. This work presents a comprehensive catalog of data generated by
tuning various parameters to unveil a fresh horizon, which can be leveraged for programming complex geometries and opening
avenues for smart polymers in biomimicry and biomedical applications.
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enable programmable actuation. A plethora of applications can
benefit significantly from such precise control of the actuator.
For instance, the human face has varied topography, including
features like eyes, nose, and mouth, resulting in a variation in
curvatures across the face. The transformation of a planar lattice
into a 3D human face needs precise control.” The human hand
endows us with unparalleled precision, where each finger can
articulate in multiple ways and perform a wide range of tasks.””
To illustrate further, the complexity of vascular networks varies
greatly in shape within and across organisms.'® The control over
actuation may be crucial to developing dynamic scaffolds for
these organs.'' Such an independent control over the system is a
challenging task to achieve experimentally.

Bending strain distribution is a critical concept of mechanics
that refers to the variation of strain along and across the length of
an element or structure when subjected to transverse load. The

4D printing has emerged as an advanced manufacturing
technique revolutionizing various sectors, including industry as
well as research domain. Recently, Bodaghi along with the
leading researchers across the globe provides a comprehensive
review on the roadmap of 4D printing to guide the rapidly
evolving field of 4D printing." The key advantage of 4D printing
over conventional 3D printing lies in the dynamic/adaptive
behavior where the printed objects can change shape, function,
or properties over time in response to external stimuli. Figure 1
shows the data generated using Scopus that illustrate the
collaborative links between institutions and leading researchers
actively publishing in the field of 4D printing.

Adaptive structures are ubiquitous in nature. The demand for
replicating complex designs in nature using synthetic soft
materials is ever-growing for various applications, such as soft
robotics, biomimetics, dzru§ delivery, dynamic substrates for

tissue engineering, etc. However, to fully harness the March 22, 2025
potential, these adaptive structures must be controlled and May 29, 2025
programmed at each point, defining the change in length and May 30, 2025

angle throughout the entire space.” Therefore, the objective of
this work is to integrate the principles of mechanics into 4D-
printed structures by embedding topological signatures to
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Figure 1. Global research network and leading researchers in 4D printing based on Scopus data.
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Figure 2. Schematically indicating the steps involved in designing and actuation of bending strain distribution on the embedded programmable

actuator. Also, examples (a—c) show the potential applications.

corresponding stress distribution is called the bending stress
distribution, which may be linearly or nonlinearly related to the
former, depending on the materials involved. For embedding
programmability in a soft actuator, the prebending strain
distribution could provide an additional thrust by designing
the distribution of strain throughout the structure. The
traditional approach for programming photoresponsive soft
actuators usually requires prestrain in the form of uniaxial
stretching.'”'® The uniaxial prestraining of the polymeric matrix
aligns the coiled polymeric chains, bringing the photoresponsive
moieties close to responding under the light stimulus.'*
However, when it comes to complex, planar soft structures
with multiple joints or points of discontinuity, the uniaxial
prestraining limits the adequate strain required in specific areas
and thus limits only simple deformation. Therefore, the
prebending strain distribution can be strategically and selectively
controlled to achieve complex actuated shapes, as demonstrated
in this work.

Furthermore, traditional manufacturing techniques often
struggle to fabricate intricate 3D designs with soft materials."*"'®
The introduction of Direct Ink Writing (DIW), an extrusion-
based 3D printing technique, enables precise, customizable

fabrication of a wide range of soft materials, including li%uid
crystal elastomers,'”*® hydrogels,lg_21 biological materials,”* ™%
etc. However, they are often restricted to fabricating simple
geometries due to the layer-by-layer deposition of viscoelastic
material, which is susceptible to collapse. To address this
limitation, several efforts have been made in the past for an
immediate in situ curing mechanism to maintain the shape
fidelity of the printed structures. For example, Hausladen et al.
demonstrated a dual-core approach where UV-assisted photo-
polymerization followed by thermal curing of polyurethane
elastomer was performed to improve the structural integrity,”
Li et al. developed an in situ gelation method of cellulose
nanofibrils hydrogel ink via ionic cross-linking. The addition of
Ca-montmorillonite into cellulose nanofibrils improved the
gelation strength.26 However, these mechanisms still entail
challenges, such as postprocessing, precise environmental
conditions, additional material systems, equipment such as a
UV light source, etc. Therefore, a simple, robust, and economic
strategy is needed to showcase its potential in printing complex
structures and reducing environmental footprints.
Liquid—liquid phase separation (LLPS) is a simple and faster
method in which a polymer solution, when immersed in a
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nonsolvent, is separated into polymer-rich and polymer-lean
phases, enabling immediate curing. The polymer-rich phase
forms a structural matrix, while the polymer-poor phase helps
form pores within the matrix.””** Thermoplastic Polyurethane
(TPU) has been of great interest to LLPS because of its
simplicity, scalability, and shape memory behavior.”” ' TPU is
a widely used elastomer consisting of repeating soft and hard
segments. Employing embedded 3D printing where TPU is
printed inside a suspension bath can allow the printing of
intricate 3D structures due to immediate curing and further
broadens the ability to tune the complexity of the printed
structure in response to a stimulus. TPU mainly responds to
temperature when programming a temporary shape;*” however,
the temperature is not suitable for biomedical applications as it
may harm the body tissues. Therefore, light can be an ideal
stimulus, allowing localized, noncontact, and remote-controlled
shape deformation.””** Among various photoresponsive dyes,
anthracene dye facilitates cross-linking by undergoing [4 + 4]
cycloaddition reactions, thereby locking the temporary shape of
the polymer.”” >’ However, using short-wavelength, high-
energy UV light can potentially risk the body tissues and,
therefore, is not recommended for biomedical applications.***’
In this work, a benzylamine-functionalized anthracene (BIFA)
dye was prepared using Schiff base chemistry to demonstrate a
visible-light-induced temporary shape fixation of TPU."’

In this contribution, we present an approach to designing
complex architectures that can undergo localized and program-
mable actuation in response to light. We first demonstrate the
embedded printing of a TPU-BIFA composite using the LLPS
method, which leads to immediate curing. We further generated
a data set by embedding programmability using bending strain
distribution through the magnitude ofload, position of load, and
boundary condition. In addition to enabling programmability
within the system, we demonstrated control over the actuator by
varying the number of light irradiation points and the intensity of
light. Thereafter, we designed a customizable photoresponsive
deformation of grid structures and tuning of human finger
curvature to demonstrate different tasks based on the knowledge
of the data generated from the parameters mentioned above.
The fabricated filaments exhibit outstanding performance with
light-triggered bending actuation of 20°/s, response rate of 60°
in 8 5, and mechanical properties (4.88 MPa). To the best of our
knowledge, no previous literature has reported the printing of
complex 3D structures, and their actuation based on program-
mable photoresponsive deformation using controlled prebend-
ing strain or stress distribution. We envisioned that this work
provides a very robust approach to programming a soft actuator
for biomimicry and personalized healthcare, where patient-
specific demands can be fulfilled.

The concept of the bending strain distribution for program-
mable light-controlled deformation is schematically explained in
Figure 2. Initially, the design of the actuator was inspired by
various biological structures, which served as motivation for
replication (step 1). These are also the target structures based on
intended applications. The next step involves designing the basic
2D structure using the DIW 3D printing technique (step 2).
Once the 2D structure is printed, the next step is to program the
structure by embedding the topology of the desired shape (step
3). This step predetermines how the actuator will behave in
response to light as a stimulus. The programming is performed
using the strain distribution throughout the structure by
applying load to specific areas. Finally, in step 4, the
programmed structure is exposed to light to transform from a

simple 2D structure to the desired 3D topology for which it was
programmed in step 3.

Programming a 2D structure is not limited to specific shapes
but can be easily morphed into various shapes for diverse
applications. This flexibility in embedding topology by bending
strain distribution opens up a new avenue, enabling the design of
smart actuators that can be tuned for specific functionalities for
various applications, from soft robotics to biomedical
applications, and even for designing deployable structures for
space applications.

Thermoplastic Polyurethane granules with shore hardness 92A
(LARIPUR LPR 9020) were purchased from Anoopam India Pvt.
Ltd. 9-Anthracenecarboxaldehyde and 4-aminophenol were purchased
from TCI Chemicals. Acetic Acid glacial was procured from Sigma.
Dimethylformamide and methanol were purchased from SRL Pvt. Ltd.
Deionized water was obtained from the equipment Aquelix S Millipore.
All of the reagents were used without further purification.

2.2.1. Synthesis of Benzylimine-Functionalized Anthracene
Dye. A benzylimine-functionalized anthracene dye (BIFA) was
prepared, as reported previously.’” Briefly, 100 mL of anthracene
precursor dye (1.6 g) was prepared in a mixture of Methanol:DMF (8:2,
v/v). To obtain a homogeneous solution, the mixture was refluxed at 60
°C, followed by the addition of 4-aminophenol solution (872 mg in 20
mL of methanol). The orange crystals precipitated after adding ice
acetic acid, and the mixture was refluxed for another 8 h. The orange
crystals were filtered, washed with D.I. water, and dried at 50 °C for
further use.

2.2.2. Embedded 3D Printing of a TPU-BIFA Composite Ink.
Initially, TPU granules (20 g, 40 wt %) were added to DMF (50 mL)
and mixed using a mechanical stirrer (300 rpm) at 90 °C until a
homogeneous solution was prepared. Meanwhile, BIFA solutions of
different concentrations (1, 2, and S wt % of TPU) were prepared in
DMF and added dropwise to the TPU solution under constant stirring
at 60 °C. Afterward, the obtained homogeneous composite ink was
transferred to the syringe for further use.

The prepared TPU-BIFA composite ink was extruded in water by
using a custom-built DIW 3D printer. STL models were generated
using SolidWorks and imported into Ultimaker Cura for slicing files.
The printing process involved loading a syringe (SO mL) with
composite ink, then using a 1 bar pressure on a nozzle (19G) to print
at a speed of S mm s~ Due to the phase separation process, the
composite ink solidifies immediately after extrusion into water. The
printed structures were left in water for 30 min to complete the phase
separation process and then dried overnight at room temperature.

The rheological behavior of pure TPU and the TPU-BIFA composite
was investigated using a rotational rheometer (MCR301, Anton Paar,
Austria). The samples were placed using a 25 mm parallel plate with a
measurement gap of 1 mm. The viscosity of the printable ink was
measured at room temperature with shear rates ranging from 0.1 to
1000 s~'. Attenuated Total Reflectance Fourier Transform Infrared
(ATR-FTIR) was performed using a TENSOR II FTIR Spectropho-
tometer from Bruker Optics over a range of 400—4000 cm™" with a
resolution of 8 cm™' and 64 scans were performed to analyze the
chemical structures of the samples. The UV—vis absorption measure-
ments were carried out with a Cary 4000 UV—vis double beam
spectrophotometer. The alignment of the fabricated samples was then
analyzed using X-ray diffraction (XRD) spectrometry (X'Pert3 Powder,
Malvern PANalytical, UK) in the range of 4°—70° with a time step of
0.6 s. The mechanical properties of the samples were characterized by a
universal tensile testing machine (1ST Tinius Olsen); the machine was
equipped with a 1 kN load cell, and the stretchability of the filaments

(40 mm gauge length) was measured at a speed rate of 15 mm min™".

https://doi.org/10.1021/acsaenm.5c00225
ACS Appl. Eng. Mater. XXXX, XXX, XXX—=XXX


pubs.acs.org/acsaenm?ref=pdf
https://doi.org/10.1021/acsaenm.5c00225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Engineering Materials

pubs.acs.org/acsaenm

Suspension
Bath

Liquid-Liquid Phase Separation

o) "
(C) =z OH (d) —TPU
I —=—TPU-BIFA
10% 4
® "
% 10°
Reflux 4-Aminophenol .y
9-Anthracenecarboxaldehyde %’
9 102
2
(L g
10" 4
Pt
OH BIFA ,
10 T T T
10 10° 10" 10? 10%
Shear Rate [1/s]
T Preeursor nthrscune ——BIFA
(e) 0.5 (D —— Precursor Anthracene g
4000
3 0.4+ 3500 1 ——TPU
i 1636 cm™ ° — TPU_Anthracene
Py b 3000 4
g 0.3
5 -E . §2500-
E F] £ 2000
H Q @
£ < 0.2 8 1500
# @ 1000
1668 et 0.11 5001
o \
T T T T T T T 0.0 T -500 T T T T T T T T )
4000 3500 3000 2500 2000 1500 1000 500 300 400 50 400 0 100 200 300 400 500 600 700 800
Wavenumber (cm™) Strain (%)

Wavelength (nm)

Figure 3. (a) Schematic illustration of embedded ink 3D printing of a human hand using a liquid—liquid phase separation mechanism. (b) An enlarged
image of TPU and water interface, displaying the exchange of water and DMF, leading to immediate curing of TPU. (c) Molecular design of BIFA
synthesis using Schiff base chemistry. (d) Rheological characterization of 40 wt % TPU and TPU-BIFA composite printable ink. (e) FTIR spectra of
precursor anthracene and BIFA dye. (f) UV—vis spectra for monitoring the conjugation of precursor anthracene to synthesize BIFA dye. (g) Stress—

Strain curve of 40 wt % TPU-BIFA (15 mm min™').

Thermogravimetry investigations of TPU and its composite ink were
conducted using a Q500 Hi-Res TGA (TA Instruments, Inc.). Samples
were heated in nitrogen or air atmospheres at a heating rate of 10 K/
min. The morphology of the cross-sectional filament was obtained by
high-resolution scanning electron microscopy (HR SEM) (S-4800,
Hitachi(R)) under an accelerating voltage of 1—3 kV. The blue LED
light (455 nm, 190 mW cm™) and LED driver were purchased from
Holmarc Opto-Mechatronics Ltd., Kochi, India, to study the light-
responsive actuation. The temperature changes on the surface of the
irradiated filaments were measured through a thermal infrared imager
(FLIR). The actuation of the samples was analyzed by using Image]
software. A cantilever-based blocked force measurement setup was used

to measure the force generated by the filaments.

3. RESULTS AND DISCUSSION
3.1. Embedded Ink 3D Printing of Complex Structures

This work aims to utilize bending strain distribution within the
3D printed structures to generate complex shapes when they are
exposed to light stimuli. Before going to programming and
actuation, the embedded ink writing 3D printing technique was
employed for the printing of 3D intricate structures inside a
suspension bath. The mechanism of embedded ink 3D printing
of a TPU-BIFA composite is schematically illustrated in Figure
3a. The composite ink was printed by using a liquid—liquid
phase separation (LLPS) method. Initially, the printing ink was
prepared by homogeneously mixing BIFA dye into a TPU
solution to impart photoresponsive behavior. The ink was
introduced into the syringe and extruded with a nozzle (size
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Figure 4. (a) Photomechanical deformation of a TPU-BIFA filament in response to blue light (i) before prebending strain, (ii) after prebending strain,
(iii) omnidirectional movement by changing the direction of the light irradiation. (b) Schematic illustration of the light-induced actuation due to a

through-thickness gradient formed by the photodimerization of BIFA dye in a prebent filament. (c) Schematic illustration of the steps involved in
programming and chain alignment of the filament using bending strain.

19G) with 1 bar of pressure. Water was chosen as a suspension (dissolved in DMF). DMF acts as a good solvent for TPU, where
bath for embedded printing because it is a nonsolvent for TPU the polymeric chains are uniformly dispersed. When extruded in
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water, the ink undergoes phase separation because water
molecules gradually diffuse into the polymer and disrupt the
solubility of TPU. TPU polymer chains start aggregating into a
polymer-rich domain and immediately solidify, leaving water
inside the polymer-lean domain (Figure 3b).*® After drying the
printed structure in the air, water gradually evaporated, and the
interconnected porous structure of TPU-BIFA was formed, as
shown in the SEM images (Figure S1). A video of the printing
process of a grid structure can be found in the Supporting
Information, Video S1.

For successfully printing viscoelastic materials, the rheological
characteristics of the ink play an important role in determining
the shape fidelity of the final structure and eventually the
actuation rate. The steady-state shear test was performed at
room temperature to investigate the extrudability of the
composite ink (Figure 3d). When the shear rate is increased,
the viscosity of the ink decreases, attributing to the ink’s shear
thinning property and ensuring the ink’s smooth extrudability
without clogging the nozzle."” It was observed that there was a
slight decrease in the viscosity of TPU after introducing BIFA
dye, which increases the polymer chain mobility.

The molecular design of printing ink, composed of a
functionalized anthracene moiety, was characterized by FTIR.
Figure 3¢ shows the molecular schematic of the synthesis of
visible-light-responsive BIFA dye using Schiff base chemistry,
where an imine bond was introduced to increase the
conjugation. The characteristic peak at 1636 cm™ confirmed
the presence of an imine functionality, as shown in Figure 3e.
UV—vis spectroscopy was conducted to determine the increased
conjugation in BIFA for the visible light response, exhibiting a
strong absorbance peak in the 400—460 nm region, which was
distinguished from the typical UV light-responsive precursor
anthracene (Figure 3f). To determine the mechanical proper-
ties, the TPU-BIFA filament (40 mm gauge length) was
extruded from a 19G nozzle to perform the tensile testing. The
tensile strength of the 3D-printed TPU (3.19 MPa) was
improved after the addition of BIFA to TPU (4.88 MPa), which
is attributed to the fact that BIFA acts as a filler and improves the
mechanical properties (Figure 3g). The thermal properties of
TPU further improved after the inclusion of BIFA. The
decomposition of TPU occurs in two stages due to the presence
of hard and soft segments. Figure S2 shows that the initial
thermal stability of TPU is increased following the introduction
of the BIFA dye.

After the successful printing of the structures using the LLPS
technique, the fabricated structures were subjected to bending
strain, enabling the embedded programmability within the
structure. This aspect of the bending strain distribution is
discussed in detail in the following section.

Initially, we exposed the filament made of the TPU-BIFA
composite to blue light; however, no macroscopic deformation
was exhibited, as shown in Figure 4a(i). This could be attributed
to the fact that initially, it contains coiled polymeric chains, and
BIFA molecules are embedded in positions where dimerization
is not possible when exposed to blue light.'"**' However, after
we applied a bending strain to this filament and exposed it to
blue light, it morphs in the direction of light, as shown in Figure
4a(ii). The applied bending strain helped align the polymeric
chains of TPU and bring the photoresponsive moieties close to
each other, resulting in photomechanical deformation when

exposed to blue LED light. We used solid tubular filaments that
can bend in any direction depending on the direction of the
irradiation of light. Figure 4a(iii) and Video S3 show the
formation of the “S” shape by irradiating the light from the top
and bottom sides, exhibiting omnidirectional movement.

The deformation of TPU-BIFA filaments results from the
photodimerization of BIFA moieties within the aligned
polymeric chains of the TPU matrix. The fabricated filaments
formed by applying the phase separation principle were typically
opaque. Due to its inherent opacity, light penetration depth is
limited, and thus, dimers cannot be formed uniformly across the
thickness. This leads to a through-thickness gradient in cross-
linking density, which contributes to the macroscopic
deformation (Figure 4b).** Since light can be localized in time
and space, the cycloaddition reaction induced by light may result
in local cross-linking of the actuator. When light is applied to a
specific portion of the filament experiencing bending strain, the
local cross-linking density pulls the polymeric chains closer, thus
bending toward the light. After the actuation strain reaches the
plateau, the light is moved to another point, and the same
reaction occurs, potentially leading to cross-linking in the new
area. Consequently, a more pronounced bending angle was
observed, as shown in Video S2.

In earlier works, researchers applied uniaxial prestraining to
align the polymeric chains in the direction of the applied force.
This approach has significant limitations since it can be applied
to extremely simple structures and uniform deformation. For
generating complex shapes, the out-of-plane bending strain can
be useful for embedding programmability, as it provides
localized control over the chain alignment at each point of the
actuator. Before demonstrating the deformation of a complex
structure with the programmed distribution of bending strain,
we illustrate the concept of obtaining different deformations
through a simple strand filament. Figure 4c shows the steps
involved in the embedded programmability (step 1), a 3D-
printed filament with randomly coiled polymeric chains where
BIFA molecules are distributed in areas where it is challenging to
form dimers. In step 2, when the filament is subjected to load
developing bending strain, the polymeric chains align
themselves (according to the stress—strain distribution),
bringing the BIFA molecules into close proximity. The position
of the load results in the local concentration of BIFA molecules
due to the alignment of the polymeric chains in the region of the
subjected load. Step 3 shows the relaxed filament (with some
residual strain) after removal of the load. In Step 4, when
irradiated with light, more dimers form in the area with a higher
magnitude of bending strain than in the other regions with a
lower magnitude of strain. This is the most important design
aspect of the proposed work, where the bending strain/stress
distribution (magnitude and position) determines the actuation
curvature. Additionally, due to through thickness gradient, the
top (exposed) region of the filament forms more dimers than the
bottom part of the filament to achieve the desired actuation.
This strategy may also help in tuning the curvature of the
actuator, in addition to the strain distribution. The change in the
molecular chain alignment by prestrain was studied using XRD
(Figure S3). The TPU-BIFA has a broad peak around 26 = 20°,
suggesting an amorphous TPU filament. The XRD pattern of
TPU-BIFA with prebending strain reveals a sharp peak with
increased intensity, attributing to an orderly arrangement of
TPU molecular chains corresponding to the recrystallization of
the soft domain.*'
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Figure S. (a) The final curvatures of filaments of different BIFA concentrations by varying the bending strain for 10 min. (b) Schematic illustration of
bending stress distribution and their corresponding photomechanical deformation of the different positions of the subjected load on the filament. (c)
The relationship between light-induced curvature for different concentrations of BIFA dye (i) B1, (ii) B2, (iii) B and the critical parameters (bending
strain, duration of bending strain, filament diameter). (iv) Each point has 3 bar representing different diameters, i.e., 15 to 19 G from left to right.

The photoresponsive behavior of the BIFA dye was also
investigated at the molecular scale. UV—vis spectroscopy was
used to detect the absorbance characteristics where a strong
absorbance was observed in the visible region (400—460 nm)
due to the 7—z* transition. After exposure to blue light (455
nm), absorbance decreased because the conjugated system was

broken to form dimers with the neighboring anthracene groups
(Figure S4).*7** These results suggest that the synthesized BIFA
dye is responsive to blue light.

The light-induced changes in the surface temperature of the
filament were measured by using an infrared camera (Figure S5).
In the photothermal images, no significant changes were
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observed upon variation of the light intensities. For example,
under the low light intensity (28 mW cm™), the surface
temperature was about 38 °C, whereas the maximum temper-
ature attained with maximum intensity of light (190 mW cm™2)
was 49 °C. These results suggest that the actuation of the
filament does not correspond to the photothermal effect but
rather is mainly due to the photodimerization effect of BIFA
molecules.*

Light actuation and bending strain enabled us to delve further
into studying the localized manipulation and programming of
the filament curvature. Understanding the relationship between
transverse load and the actuation curvature is crucial for precise
control, ensuring the customization of an actuator based on the
individual’s needs. Our goal was to prepare a catalog of tunable
curvature by programming through various parameters, such as
magnitude and position of load, stiffness of the filament, and
light irradiation conditions. The reported curvatures are solely
determined from the actuation, with the residual curvature, if
any, due to the viscoelastic nature of TPU, subtracted from it.
For ease of explanation, the following parameters were denoted
as filament length (L1 and L2 for 3 and 6 cm), BIFA conc. (C1,
C2,and C3 for 1, 2, and S wt % of TPU), bending strain (S1, S2,
and S3 for 33%, 66%, and 100%), and duration of load applied
(T1, T2, and T3 for 1, S, and 10 min).

3.3.1. Magnitude of Load. Initially, the light-induced
curvature of the TPU-BIFA filament was investigated by varying
the internal bending strain/stress distribution through an
externally applied load of (a) different magnitudes and (b)
durations of application (Figure S). The filament (L1) was
subjected to point load at the center by varying three different
magnitudes of bending strains, i.e., 33%, 66%, and 100%. After
the load was applied, the filaments were relaxed from the fixed
ends. Then, they were subjected to light irradiation. For the
same position of a load, an increase in the magnitude of bending
strain exhibited increased light-induced curvature.”® The
filaments with a bending strain of 33% exhibited a bending
angle of 30°, which can be attributed to fewer TPU chains being
aligned, limiting the number of photoresponsive moieties to
form photodimers. However, increasing the bending strain to
66% and 100% increases the internal strain and allows more
TPU chains to align, bringing the photoresponsive moieties
close enough to form photo dimers, leading to a greater
curvature. The above observations, in particular, demonstrate
the effect of the bending strain distribution across depth/
thickness on the curvature. Most of the examples in the
following section, however, focus on the effect of strain
distribution along the length on the attained curvature. It is
important to notice that the curvature of the filament can also be
controlled by the duration of the applied load on the element, as
shown in Figure Sc. This is because TPU, together with
photoresponsive moieties, undergoes creep. We, however, at
present, have not understood the nature of the creep (primary,
secondary, or tertiary) responsible for the effect of duration of
loading on actuation. When the constant load was subjected for
time T1, the curvature varied as 17°, 38°, and 188° for the
bending strains of S1, S2, and S3, respectively. As the duration of
subjected load increases, the internal creep causes the light-
induced curvature to exhibit an increasing trend of 35°, 107°,
and 255° for S1, S2, and S3 at T2 and 38°, 196°, and 322° for S1,
S2, and S3 at T3, respectively. The influence of the BIFA dye
concentration on the light-induced curvature of the filament was

also investigated. When the duration of the applied load is kept
constant, the curvature of the filament varied as 236°, 294°, and
322° for BIFA concentrations of C1, C2, and C3, respectively.
The higher dye content leads to a higher degree of photo-cross-
linking and a greater curvature.”” These results confirm that the
magnitude and duration of the bending strain significantly
influence the light-induced curvature of the printed filaments.

3.3.2. Position of Load. The position of the subjected load
is another crucial parameter to achieve different internal strain
distributions and, thus, the final curvature of the filament, as
demonstrated in Figure Sb. When the load is applied at different
positions, it creates a varying stress distribution within the
filament, leading to programmable deformation of the filament.
We studied the actuation by changing the position of the
transverse loads. When the external load was placed at the
center, the stress distribution was symmetric; therefore, a
uniform bending was observed. However, the stress distribution
and, thus, the internal strain distribution was asymmetric when
the transverse load was applied away from the center, resulting in
more pronounced actuation toward the side where the load was
applied. It was interesting to note that the actuation profile can
be further modified by subjecting filaments to multiple loadings,
since the latter alters the internal bending strain distribution
differently.

Later, the impact of combining two loads at different positions
of the filament was investigated. As shown in Figure S6, the
filament was divided into ten segments (0.6 cm each), and the
two-point loads (symmetric and asymmetric) were subjected to
different points on each side from the center to observe the
curvature at every point when exposed to light. Compared with
the single load, a more complex deformation was obtained with
two-point loads.

3.3.2.1. Load Symmetry/Asymmetry. For symmetric load-
ing, the filaments were subjected to two-point loads at equal
distances from the center. The resulting filaments exhibited a
uniform curvature between the loads when exposed to light.
This matches the pattern of the stress distribution shown on the
left. To monitor the changes more intuitively due to varying
bending stress distribution, the two loads were unevenly
distributed along the filament. When exposed to light, it
exhibited a more complex curvature, where stress-concentrated
regions displayed a sharp curvature upon light irradiation
compared to the other parts of the filament. When we look
around us, we find that asymmetric curvatures are often more
prevalent compared with symmetric curvatures. Therefore, this
study may help mimic the asymmetric structures for better
adaptation to natural or practical applications. The illustration
presented above laid the foundation for programming the
actuation profile of the filament based on internal strain
distribution via regulating the position of the transverse
load(s). It is realized that although bending stress is a nonlinear
function of bending strain for materials of this kind, one is a
monotonically increasing function of the other. This is the
reason we are synonymously using stress and strain distribution.

3.3.3. Filament Stiffness. Stiffness is another crucial
parameter in determining bending strain distribution, as it
influences how a material deforms under the applied load. We
studied the influence of the stiffness on the light-induced
curvature by varying the filament diameter using different nozzle
diameters (15, 17, and 19 G). Increasing the filament’s diameter
results in a decrease in curvature on light actuation due to
increased stiffness (Figure 5c).** Additionally, the light
penetration depth may also partially contribute to the actuation
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Figure 6. Light-induced curvature of the BS filament (a) with varied light intensities (64, 124, and 190 mW cm™2), (b) with varied light irradiation

points (S, 7, and 11 points).

process. In opaque filaments, light can only penetrate up to a
certain distance; ie., light penetration depth decreases with
increasing filament thickness. This coupled effect of penetration
depth should be taken into account while designing the filament
diameter for the desired curvature. These results suggest that
stiffness (structure dimension) can also be tuned to attain a final
curvature.

Besides bending strain distribution, we also studied how light
can affect the actuation characteristics of the fabricated
filaments. Due to spatiotemporal control, light can be easily
localized to a specific portion of the filament, and its intensity
can also be tuned to change the actuation profile.

3.3.4. Effect of Light Intensity. The intensity of the light is
another parameter that can also play a crucial role in tuning the
curvature. The photomechanical response of the TPU-BIFA
filament was studied with different intensities (64—190 mW
cm™?) of blue light. The results demonstrated that the curvature
of the filament improved gradually with an increase in the
intensity of blue light (Figure 6a). This could be ascribed to the
formation of a higher number of dimers compared to filaments
irradiated with lower-intensity light. When the intensity
increased from 64 to 190 mW cm™ the bending curvature
improved from 60° to 322°.*

3.3.5. Position of Light Irradiation. Light offers unique
precision and spatiotemporal control over the actuator. Instead
of completely scanning the filament with light, we can selectively
irradiate the filament in a discrete fashion to achieve the required
deformation. Here, we investigated the effect on the curvature
by changing the number of light irradiation points on the
filament for the same bending strain distribution. The length of
the filament was kept constant (6 cm), and we changed the
number of light irradiation points, i.e., P1 =5, P2 =7, and P3 =
11 (Figure 6b). As the number of light irradiation points
increased, the curvature of the filament started increasing from
56°,96°, and 120° for P1, P2, and P3, respectively. This results
from the local cross-linking of BIFA moieties at each point,
resulting in a more pronounced curvature with increasing light
irradiation points. Another way of explaining it is the cumulative
effect of strain at more than one point on the curvature. The

change in curvature after selectively irradiating every point of the
filament is shown in Figure S7.

The parametric studies performed above have demonstrated
how the bending strain distribution can influence the bending
angle of the fabricated filament on exposure to light. These
insights will play an instrumental role in providing a fundamental
understanding of the development of more complex structures,
as demonstrated in the following section.

3.4. Controlled Deformation of 4D Printed Construct

The fundamental concept of embedded programming using
prebending strain and light irradiation conditions is explained
above. Numerous applications can be envisioned applying this
concept with a transformative potential in robotics, actuators,
tissue engineering, sensors, etc., as highlighted by Bodaghi and
team in their recent article outlining the roadmap for 4D
printing." The advent of smart materials and additive
manufacturing has open up avenues for new age soft robotics.””
In this work, we designed and developed two 3D-printed
structures (i) grid-like and (ii) human hand-like structures for
light-controlled deformation. These designs hold significant
potential in the field of biomedical engineering, particularly for
customizable vascular grafts and scaffolds and soft robotic hands
for surgical manipulation.

3.4.1. Soft Grids. The quest for complex structures that can
attain different shapes is ubiquitous, especially in biomedical
applications. Afzali Naniz et al. presented a comprehensive
overview of the potential of 4D bioprinting in tissue
regeneration, further emphasizing on how harmless stimulus
like light could benefit to remotely control the shape
transformation of the printed organ.** Figure 7a shows the
schematic representation of the steps to program a plane 2D grid
structure to attain the shape of an artificial vascular graft. In this
work, two types of grid constructs were printed, i.e., one-grid (3
X 3 cm) and two-grid (6 X 3 cm) constructs, that can be
programmed for a desired shape in response to blue light. In
Figure 7b, the one-grid construct was subjected to load on the
center of all four sides. This leads to symmetrical (approx-
imately) bending strain distribution for each side, with the
maximum being at the center. When irradiated with light, it
deforms into a flower-like structure with curved edges,
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Figure 7. (a) Schematic representation of the steps involved in programming a flat sheet into a 3D vascular graft. Photomechanical deformation of a
(b) single- and (c) two-grid structures based on their stress distribution and position of the subjected load.

exhibiting that the deformation is more at the center (based on
the strain distribution) than the far end. Similarly, the two-grid
construct (Figure 7c) was subjected to load at the center of the
three horizontal sides, and the rest of the sides were not
prestrained. When irradiated with light, it demonstrates the
ability of the grid to deform from flat to (ii) half-curved and (iii)
full-curved shapes depending on the bending strain distribution.
These responsive constructs were demonstrated as a proof of

concept and may have practical application as dynamic scaffold/
vascular grafts in tissue engineering to support the growth of
cells to regenerate blood vessels or other organs.*’ Individual
patients need scaffolds with unique anatomical structures such
as blood vessels that vary in diameter and curvature depending
upon their location. The fabrication of these complex scaffolds is
difficult with the current technology, and hence, these
responsive constructs could offer a viable alternative. Our future
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Figure 8. Schematic illustration (a—d) and photoresponsive deformation (i—iv) of the human hand corresponding to the subjected prestrain
performing different tasks, i.e., different curvature of each finger, claw hand for grabbing a ball, holding a pen, and victory “V” sign. (The yellow color
represents the area undergoing prestrain, and the gray color represents no prestraining).

work envisioned developing photoresponsive structures with a
hollow and porous network that can be customized using
bending strain. These advanced structures will be designed to
undergo a dynamic transformation, enabling them to be used for
applications such as wrapping around critical biological
structures such as arteries, veins, and other organs. This unique
ability would allow them to target drug delivery and nutrient
supply, enhancing therapeutic precision. As an example, the
SEM image of our hollow and porous TPU is shown in Figure
S8, illustrating the foundation of our future work for these
innovative applications. Through this approach, we seek to
bridge bioengineering with advanced materials by utilizing
innovative techniques such as bending strain distribution. This
integration allows us to customize responsive systems that
address various medical needs effectively.

3.4.2. Soft Robotic Hand. The human hand is an ideal
model to demonstrate a controlled and programmable photo-
responsive actuation due to its ability to provide synchronous
movement and possess a high degree of dexterity. These features
enable it to perform different tasks, such as gripping, holding,
and manipulating delicate objects with precise coordination and
adaptability. In this work, we printed an artificial human hand to
program different photomechanical movements or tasks by
controlling the bending strain distribution and light irradiation
conditions. Figure 8a—d shows the schematic representation of
the strain distribution based on the position of the subjected
load on different fingers to perform various tasks. Figure 8(i)
shows the 3D-printed hand where the three fingers (middle,
ring, and pinky) were subjected to different prebending strains
before actuation. When the blue light was irradiated onto the
fingers, they started to bend toward light and deform with
different curvatures depending on the prestrain conditions. This
was followed by the demonstration of a claw hand, where we
showed that the curvature of the finger can further be tuned by

changing the irradiation point to grab a ball (Figure 8(ii) ). When
the light was irradiated on the distal interphalangeal finger line,
sharp bending was observed, exhibiting the ability of light to
tune the curvature even when the strain was constant. Therefore,
changing the light irradiation point may help in tuning the
curvature. In the subsequent experiment, the holding of a pen
was demonstrated by subjecting the index finger and thumb to
the prebending strain (Figure 8(iii)). The pen was held in the
air, and the fabricated hand was brought closer to actuate. After
irradiation with light, only the thumb and index finger started to
actuate to hold the pen; the rest of the fingers remained in their
original position. We also demonstrated the victory “V” sign by
subjecting the thumb, ring, and pinky finger to the prebending
strain (Figure 8(iv)). These results indicate that the artificial
human hand based on light irradiation points and tunable
prestraining strategies has a huge potential in soft robotics and
biomimicry.

The aforementioned examples demonstrate the enormous
potential of the fabricated TPU-BIFA samples. The parametric
study on tuning the curvature based on the strain distribution,
particularly along the length, helps attain different complex
shapes. The versatile strategies, i.e., DIW via the LLPS principle
and bending strain demonstrated in this work, could pave the
way for numerous future applications such as personalized
healthcare, soft robotics, biomimicry, etc. However, this
approach is limited to reliance on point-based light exposure
rather than global actuation. While point-based actuation allows
for more localized and precise control, it increases operational
complexity and limits actuation precision. To enhance the
actuation reproducibility and ease of control over the system,
our future research will consider methods where the filaments
can be programmed via bending strain, and the entire structure
will be exposed to global light actuation to take a desired shape.
Another aspect of improvement would be to utilize the LLPS

https://doi.org/10.1021/acsaenm.5c00225
ACS Appl. Eng. Mater. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acsaenm.5c00225/suppl_file/em5c00225_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaenm.5c00225/suppl_file/em5c00225_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaenm.5c00225?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.5c00225?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.5c00225?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.5c00225?fig=fig8&ref=pdf
pubs.acs.org/acsaenm?ref=pdf
https://doi.org/10.1021/acsaenm.5c00225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

principle for printing more complex structures, taking it a step
closer to real-world applications.

In this contribution, we present a prebending strain strategy to
program 4D printed structures fabricated using a liquid—liquid
phase separation (LLPS) mechanism for controlled and
programmable photomechanical deformation. LLPS strategy
exhibits immediate curing of the TPU-BIFA composite to
enable the printing of complex structures. BIFA dye was
introduced into TPU to endow blue light-responsive function-
ality. Compared with the traditional uniaxial prestraining, we
demonstrated bending strain to program localized photo-
mechanical deformation by varying various parameters such as
(i) strain magnitude, (ii) concentration of photoresponsive dye,
(iii) position of load, (iv) filament diameter, (v) intensity of
light, and (vi) point of light irradiation. Building upon
comprehending the above-mentioned parameters, we designed
3D printed grid-like and human hand-like models to show
different complex geometries from flat to curved shapes and
perform various tasks in response to light. We believe that this
work could play a pivotal role in the development of a soft
actuator for biomimetics and personalized healthcare. In the
future, we aim to use this concept to develop tailored
photoresponsive vascular grafts or implants required for the
specific needs of individual patients.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaenm.5c00225.
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