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ARTICLE INFO ABSTRACT

Keywords: This paper demonstrates a new class of printable magnetic hydrogels that can be successfully used for multi-
Additive manufacturing material direct ink printing (4D printing) of soft actuators. To date, most reports on magnetic actuation have not
Biocompatibility

considered biocompatibility issues associated with magnetic materials and synthetic polymers. For this reason, in
this study, considerable attention was given to developing bionanocomposites that exhibit noncytotoxicity and
biocompatibility and hence may be used in biomedical applications. Three inks with various concentrations of
magnetic nanoparticles (MNPs) were used to print 3D objects, such as tubes (wheels), cubes, and cantilevers. The
interactions between MNPs and hydrogel precursor network accounted for excellent shear thinning properties of
the inks. Usually, hydrogel actuators move or change a shape upon anisotropic swelling and deswelling, possible
only in an aqueous environment. Our study addresses this challenge by incorporating magnetic nanoparticles
into the hydrogel, allowing for contactless in-air control of hydrogel motion. Because of the high structural
integrity of the hydrogel, we can state that multimaterial direct ink printing is an excellent method for obtaining
a 3D construct of high resolution, shape fidelity, tunable distribution of MNPs, and induced macroscopic
anisotropy. The magnetic hydrogels are not only highly porous and noncytotoxic towards fibroblasts but also
exhibit good mechanical stability and unique magnetic responsiveness. The simple approach allowed us to
fabricate different magnetic actuators with various patterns, composed of magnetic and non-magnetic materials.
The results demonstrate the interplay between magnetic and nonmagnetic hydrogels that influences the actua-
tion performance of multimaterial objects, as illustrated by magnetically induced rolling, jumping, and bending.
It was shown that programmable patterning of the hydrogels leads to the development of macroscopically
anisotropic magnetic material. Our study confirmed that the intersection of 4D printing of magnetically
responsive hydrogel materials and programmable patterning promises to fulfill future soft robotics’ biocom-
patibility and functionality requirements.

Magnetic nanoparticles
Graded materials
Magnetic hydrogels

Abbreviations: ALG, sodium alginate; MAPs, magnetoactive particles; MC, methylcellulose; MNPs, magnetic nanoparticles; NPs, nanoparticles; PO, nonmagnetic
hydrogel consisting of one-type ink (contains 0% magnetic nanoparticles); P10, magnetic hydrogel consisting of one-type ink (contains 10% magnetic nanoparticles);
P20, magnetic hydrogel consisting of one-type ink (contains 20% magnetic nanoparticles); PAA, polyacrylic acid; PG, hydrogel assembled from 3 inks (thirteen layers
of 0% MNPs, thirteen layers of 10% MNPs and fourteen layers of 20% MNPs); PGO, hydrogel assembled from 3 inks, measuring the bending angle for the cantilever
where the magnet was on the side of the layers with 0% MNPs; PG20, hydrogel assembled from 3 inks, measuring the bending angle for the cantilever where the
magnet was on the side of the layers with 20% MNPs; PL, hydrogel consisting of two-type inks altered after every two deposited layers; PW, hydrogel consisting of
two-type inks altered after every ten deposited layers; PW10, hydrogel consisting of two-type inks that were altered after every ten deposited layers (ten layers of 0%
MNPs, ten layers of 10% MNPs, etc.); PW20, hydrogel consisting of two-type inks that were altered after every ten deposited layers (ten layers of 0% MNPs, ten layers
of 20% MNPs, etc.); PL10, hydrogel consisting of two-type inks that were altered after every two deposited layers (ten layers of 0% MNPs, ten layers of 10% MNPs,
etc.); PL20, hydrogel consisting of two-type inks that were altered after every two deposited layers (ten layers of 0% MNPs, ten layers of 20% MNPs, etc.); SPIONs,
superparamagnetic iron oxide nanoparticles; UW, ultrapure water.
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1. Introduction

Stimuli-responsive hydrogels and composites have evolved as soft
materials with promising applications in several fields, including elec-
tronic devices [1,2], sensors [3], soft robots [4], and actuators [5,6].
Biopolymeric gels have gained significant attention largely owing to
their excellent biocompatibility and high water capacity [7,8]. Howev-
er, their actuation is usually driven by slow volume changes upon
anisotropic swelling and deswelling, requiring an aqueous environment
[9]. Magnetoactive particles (MAPs) may serve as an effective filler of
hydropolymers to introduce remote and contactless actuation in water
and air [10,11]. These MAPs include ferrites, superparamagnetic iron
nanoparticles, or neodymium particles. Nanocomposites of polymers
(elastomers and hydrogels) and MAPs exhibit exceptional magnetic
responsive features, such as the temporal deformation without fracture
upon exposure to a magnetic field [12-14]. Most magnetically respon-
sive materials, especially those containing neodymium particles and
elastomers, remain nonbiocompatible and nonbiodegradable despite
their magnetic properties [15-17].

A key factor in developing soft robots for biomedical applications is
the biocompatibility of robotic materials [18]; therefore, significant
attention has been dedicated to replacing synthetic materials with bio-
polymeric alternatives. Biocomposites of magnetite nanoparticles and
hydrogels are an auspicious class of biocompatible and
stimuli-responsive materials for soft robotics [19-21].

Several strategies have been developed to introduce nanoparticle
anisotropy into polymeric materials, such as nanoparticles (NPs) and
controlled diffusion within the matrix driven by external stimuli [22].
For example, externally applied magnetic fields were used to pattern
agarose hydrogels with a gradient of growth factor-linked MNPs to
induce osteogenesis [23]. In another approach, gold ions diffused across
the 3D polymer matrix to form an ionic gradient followed by the in situ
reduction of ions to nanoparticles [24].

The strategies mentioned above fail to produce more complex pat-
terns. 3D printing (additive manufacturing) provides an excellent, sys-
tematic tool to create programmed multimaterial designs. Recently,
multimaterial 3D printing has been capturing attention because it en-
ables the integration of multiple materials into one 3D object in a single
printing process [25,26]. When combined with stimuli-responsive
polymers, additive manufacturing transforms into 4D printing by
employing an extra time dimension compared to traditional 3D printing
[27-29]. The capability of 4D objects to change their shape over time in
response to an environmental stimulus has been beneficial for various
soft robotic and actuating systems [13,30]. Current hydrogel actuators
can exhibit motions such as bending [31], jumping [32-34], folding
[35], walking [36], swimming [37,38], rolling [39], and cargo trans-
porting [40]. For example, Xiang et al. developed photoinduced poly-
urethane actuators, whose motion depended on the shape and
irradiation position [41]. Upon irradiation, their photodriven hydrogel
wheels rolled forward and backward, and biomimetic hydrogel flowers
blossomed out. Usually, UV- or laser-based techniques such as digital
light processing (DLP) and stereolithography (SLA) are used to fabricate
soft actuators [42-45]. Being different from DLP and SLA, direct ink
printing creates 3D structures by directly extruding shear-thinning inks
[25,46,47]. In recent years, 4D direct ink printing has emerged as a fast
and straightforward technique to fabricate various hydrogel actuators
and robots [31,48]. However, reports on multimaterial 4D direct ink
printing have been limited to the last few years [49-51]. First attempts
to 3D print magnetically active hydrogel structures have been made only
recently [52-54]. For example, Chen et al. fabricated a hydrogel octopus
with UV-cured hydrogel precursor blended with commercial MNPs [54].
The magnetic soft robot was capable of traveling on the XY plane under
the driving force of the magnetic field.

Recently, patterned and gradient materials with unique properties
and functionalities are catching attention. Among them, Functionally
Graded Materials (FGMs) represent a new class of materials whose
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peculiarity concerns composition, but also microstructure and porosity,
changing gradually along one or more spatial directions and resulting in
a gradual change of the properties and function in such a material [55,
56]. The tissues of the human body are naturally endowed with
anisotropy, which allows for variations in their chemical, physical or
biological properties. Due to this functional gradation of paramount
importance, biomimetic or bioinspired materials are more and more
often challenged to recapitulate this property of native tissues [52].
Artificial FGMs can be fabricated by a variety of methods, however,
sharing a hurdle maintaining high resolution or layers’ adherence. As a
new technology that provides a high degree of control over spatial res-
olution, additive manufacturing has gained popularity. 3D printing
technology, as it involves the deposition of single layers of one or more
materials, enables local control of composition and microstructure in
simultaneously multiple dimensions. In this way, the process conditions
can be suited for the fabrication of complex FGMs with their multidi-
mensional and directional character. Tognato R. et al. [52] have shown
that hydrogel materials with a structural gradient can provide cell
guidance. The cells arranged themselves along the fibers made of MNPs
— containing material. The study also demonstrated that anisotropic
materials can stimulate cell differentiation, which may be a promising
direction for further research and a great inspiration for tissue engi-
neering. Another breakthrough application of microscale soft devices
composed of anisotropic materials could be easy navigation and
controllable stimulation e.g. during Minimally Invasive Surgeries (MIS)
and targeted therapy [57,58]. Gradient scaffolds could elicit different
responses to a stimulus and thus create structures able to transport
cargo, deliver drugs or move in a controllable way [59]. Engineering of
structures with functional gradients is likely to expand the spectrum of
3D printing applications beyond the creation of structures composed of a
single type of material. This should also meet the requirements of tissue
engineering emphasizing the tremendous importance of the anisotropic
nature of biologically inspired materials [58].

Herein, we demonstrated a novel 4D printing strategy to fabricate
patterned magnetic hydrogel structures from natural polymers. The
magnetic inks are mainly composed of alginate (ALG), methylcellulose
(MC), and polyacrylic acid (PAA)-stabilized magnetite nanoparticles of
Fe304 (MNPs), as shown in Fig. 1.1. Three inks with different magnetic
filler concentrations (Fig. 1.2) were prepared and used to print (Fig. 1.3)
3D shapes such as tubes (wheels), cubes, and cantilevers. Programmable
patterning of the hydrogels led to the development of macroscopically
anisotropic magnetic material. When subjected to a magnetic field, the
printed objects exhibited different shape- and pattern-dependent mag-
netic responses, including rolling, jumping, and bending (Fig. 1.4). To
our knowledge, this is the first demonstration of the multimaterial 4D
printing of patterned magnetic hydrogel actuators.

2. Experimental section
2.1. Synthesis of PAA-stabilized magnetite NPs

The suppliers of the chemicals used in this work are summarized in
Supplementary material. Magnetite magnetic nanoparticles (Fe3O4)
were synthesized via the coprecipitation technique according to a pro-
tocol proposed by Ravikumar and Bandyopadhyaya [60] with some
modifications as described in our previous study [53]. Accordingly, an
aqueous (ultrapure water) solution of Fe?* and Fe3* with a Fe?*/Fe®*
molar ratio of 1/2 was prepared to obtain iron nanoparticles. Mixing the
components was carried out at a temperature of 80 °C and a nitrogen
atmosphere to avoid uncontrolled oxidation of iron(II) and (III) ions.
Five milliliters of ammonium hydroxide (25% solution) was added to the
mixture in the next step. After 10 min, polyacrylic acid sodium salt
(PAA) was introduced to prevent the aggregation of nanoparticles in the
solution. A concurrent solution blackening indicated the formation of
magnetic nanoparticles. The mixing process (200 rpm) lasted for
approximately an hour, and then the solution was cooled down for
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30 min and dialyzed for one week in ultrapure water to remove chloride
ions. The mixture was washed several times with ultrapure water and
decanted to obtain ferrofluid (pH ~ 7). The nanoparticles obtained from
the synthesis are described as sample MNPs and further used for mag-
netic ink preparation.

2.2. Preparation of magnetic and non-magnetic inks

Three types of inks differing in the content of MNPs (0%, 10%, and
20%) were prepared for the study. Inks were based on alginate and
methylcellulose — ALG/MC (weight ratio of 1/1). Neutral (0%) ink was
formulated by adding powdered sodium alginate to ultrapure water
(UW) to obtain an 8% solution. The alginate suspension was magneti-
cally stirred (300 rpm) while adding calcium chloride (CaCly 6 mg/ml)
in a UW/Ca®* volume ratio of 3/1, followed by heating (80 °C) and
adding powdered methylcellulose in a weight ratio to alginate of 1/1.
The mixture was continuously stirred during the whole procedure and
later ultrasonicated in a water bath for 15 min to attain homogeneity.
The final pH of the 0% ink was ~6.00. Magnetic inks (10%, 20%) were
prepared using the modified previously reported [53,61,62]. For pre-
paring 10% and 20% inks, 10% or 20% ferrofluid solutions were used
instead of UW. A 10% MNP solution was prepared by adding 10 ml of
UW per 1 g of synthesized MNPs. ALG, MC, and CaCl; were added with
the proportions established for neutral ink. The 20% ink preparation
process was analogous. The pH value of both 10% and 20% inks was ~
6.30. Eventually, three prepared inks varying in MNP content denoted as
0%, 10%, and 20%, were cooled down, first in a water bath and then in a
refrigerator (~ 8 °C).
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2.3. 4D printing

Hydrogel structures were printed using a BioX 3D printer (CELLINK,
Sweden). The inks were prepared using the methodology previously
reported [39,53]. In brief, 3 ml plastic syringes were filled with hydrogel
precursors and kept overnight at ~ 8 °C. Afterward, they were centri-
fuged (5800 rpm) for 15 min before printing to eliminate air bubbles.
Cartridges loaded with magnetic inks were subjected to the magnetic
field for 20 min before printing for the magnetic arrangement of
incorporated MNPs. The 3D designs (Solidworks®) were exported to an
STL file and then imported into the printer software. Printing conditions
(pressure, speed, and nozzle type) were optimized for each ink compo-
sition (Table S1, Supplementary material).

The 3D printing process began with loading the cartridge into a
printhead. Then, the ink was pneumatically extruded through the sy-
ringe at optimized printing conditions and room temperature. Layers
were deposited along the designed path on a Petri dish. During extru-
sion, the stage height was adjusted to maintain proper and accurate
layer deposition. Pressure settings were also tuned when necessary
because of temporary nozzle clogging. However, pressure changes did
not exceed 10 kPa. Once the printing procedure was complete, the 3D
hydrogels were submerged in 0.5 M CaCl, solution for 24 h for Ca*-
crosslinking. Subsequently, the hydrogels were washed several times
with ethanol and ultrapure water and stored at ~ 8 °C. Inks’ and
hydrogels’ characterization methods are described in detail in Supple-
mentary material.

2.4. Magnetic actuation

A neodymium magnet (20 x50 x5 mm) with polarity normal to the
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Fig. 1. Concept of the fabrication of magnetically graded materials. (1) Ferrofluid containing PAA-stabilized magnetic nanoparticles was used for the (2) preparation
of magnetic inks with ferrofluid concentrations of 0%, 10%, and 20% w/w; (3) Multimaterial 3D printing of the magnetic materials; (4) Mechanism of the magnetic
motions (a - rolling, b — jumping, ¢ — bending) of the multimaterial patterned hydrogels.
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plate was used to investigate the magnetic actuation of 3D-printed ob-
jects. The average magnetic field gradient observed at a 1-cm distance
from the magnet was 0.2 T/cm. The strongest field of 0.23 T is present at
the shorter magnet edge and decreases rapidly to values of 0.035 T and
0.015 T at distances of 1 and 2 cm from the edge surface, respectively.

The actuation approaches were dependent on the sample shape
(cube, cantilever, and wheel) and pattern. All actuation tests were video
recorded. Images extracted from the records were analysed in Java-
based image processing and analysis software (ImageJ) to determine
actuation performance. The rolling motions of the tubular samples were
induced by a magnetic field applied from the bottom using a magnet
moving horizontally. A magnet slowly approached its top surface for the
cube specimens until the magnetic interactions were strong enough to
attract the cube. Moving of the magnet towards the specimen led to its
deflection in a vertical direction. Video analysis of the cube actuation
allowed us to specify the height at which the magnet attracted the
sample. Images of the cantilever samples were analysed using ImageJ to
determine the bending angles.
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3. Results and discussion
3.1. MNP characterization

The MNPs were synthesized following a previously described pro-
tocol and comprehensively characterized, ensuring that our method is
reproducible for obtaining stable magnetite nanostructures. After syn-
thesis, MNPs formed stable colloids (ferrofluid) in ultrapure water
because of the stabilizing effect of polyacrylic acid (PAA). Ferrofluid and
dried MNPs showed high magnetic responsiveness, as confirmed by their
saturation magnetization of 60 emu/g [53]. To prevent nanoparticle
cluster formation and allow anchoring to the polymeric network, MNPs
were functionalized with polyacrylic acid. Upon crosslinking, calcium
ions link together polyacrylic acid and alginate chains. Therefore, the
hydrogel’s carboxylic groups coordinate PAA-MNPs directly bounding
them to the polymeric backbone [63].

Fig. 2 demonstrates the FTIR spectrum and XRD pattern of PAA-
stabilized MNPs, showing the characteristic peaks of PAA-Fe304. The
XRD plot (Fig. 2.1) exhibited standard diffraction reflections for
magnetite at 20 ~ 30°, 36°, 43°, 54°, 57°, 63°, 71°, and 75°, corre-
sponding to the (220), (311), (400), (422), (511), (440), (620) and (533)
planes, respectively. The analysis of the MNPs using ATR-FTIR spec-
troscopy shows the presence of groups originating from both magnetite

Normalized absorbance [a.u.]

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [cm™)

Fig. 2. Magnetic nanoparticle characteristics. (1) XRD pattern of PAA-stabilized MNPs confirming the presence of orthorhombic Fe30, in the sample. (2) The ATR-
FTIR spectrum of PAA-MNPs shows peaks that correspond to the stabilizer (al — 2925 cm-1, a2 — 1709 cm-1, a3 — 1401 cm-1, a4 — 1241 cm-1), nanoparticles (c —
548 cm-1), and the interactions between them (b — 1549 cm-1). (3) HRTEM images of PAA-stabilized MNPs demonstrate their spherical shape when observed at
lower magnification. When magnified, images reveal hexagonal nanoplates characteristic of iron oxide nanostructures (FezO4) [64].



J. Siminska-Stanny et al.

and PAA on the NP surface. As illustrated in Fig. 2.2, four peaks at 2925,
1709, 1401, and 1241 cm ™! were identified in the sample corresponding
to C-H stretching and bending modes and stretching vibrations of C-O,
C=O0, and C-OH groups in PAA, respectively [65,66]. A peak at
1549 cm™! corresponds to the asymmetric stretching vibration of
-COOH groups that coordinate to iron ions on the nanoparticle surface,
indicating the transition of COO-H in PAA to COO-Fe. A band at
548 cm ™! corresponding to the Fe-O vibration of Fe3O4 confirmed the
presence of iron oxide. HRTEM images showed PAA-stabilized MNPs
with spherical shapes when analysed at lower magnification. When
magnified, hexagonal nanoplates were observed. The presence of lattice
fringes confirmed that nanoparticles are crystalline, and the distance
between these fringes of approximately 3.0 A corresponds to the (220)
planes of the Fe3O4 crystal (Fig. 2.3) [64], thus confirming magnetite
nanostructure formation.

In a previous study [53], we demonstrated the superparamagnetic
behavior of our MNPs. Superparamagnetic iron oxide nanoparticles
(SPIONSs) are biocompatible NPs with low aggregation when exposed to
external magnetic fields [67]. Therefore, SPIONSs are of great interest for
developing biomedical hydrogels.

3.2. Ink rheological characterization

First rheological measurements of the magnetic inks were performed
(Fig. 3). The shear-thinning behavior of the inks was achieved by
incorporating methylcellulose as a rheological modifier. Hydrogen
bonds form between hydroxyl groups in MC, and the interactions be-
tween the MC backbone and water molecules are responsible for form-
ing highly viscous MC-based hydrogel networks [68]. Our previous
study optimized the ALG/MC ratio to ensure the high printability and
shape fidelity of the hydrogel [53]. In this paper, the rheology of inks
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with varying MNP contents of 0%, 10%, and 20% and constant alginate
(8%) and methylcellulose concentrations (8%) was measured. The
log-log rheological curves indicate viscoelastic properties of both
nonmagnetic and magnetic hydrogels, because of G’ values higher than
G" values at low frequencies (Fig. 3.1). Therefore, magnetic inks can be
regarded as elastic within the whole measured range of frequencies
(0-70 Hz) and possess excellent shear-thinning behavior.

As demonstrated in Fig. 3.1, the incorporation of magnetic nano-
particles into the inks reduced the viscoelastic moduli. This can be
because of the interaction of PAA-stabilized MNPs through repulsion
with hydroxyl and carboxyl groups in methylcellulose and alginate
molecules, thereby reducing the hydrogen bonding within and between
both polymers.

The strain sweep testing plots for the ink without MNPs exhibited a
linear viscoelastic region for strains lower than 85% (Fig. 3.2). Due to
the physical interaction between methylcellulose and alginate, 0% ink
behaved like elastic solids at strains below 85% with a yield stress of
1380 Pa but turned to a liquid-like state at higher strains. In comparison,
10% and 20% magnetic inks had G’ values higher than G" within the ~
0-100% and 0-150% strain regions and corresponding values of 930
and 630 Pa yield stress, respectively. Therefore, the strain sweep results
suggest that magnetic nanoparticles render the nanocomposite capable
of withstanding higher strains than its nonmagnetic equivalent. This
phenomenon can be associated with the interaction of the MNPs with
the alginate network [69] because a greater number of nanoparticles
incorporated in the ink corresponds to a higher strain at the yield point.

We next calculated tand, which corresponds to the G”/G’ ratio. The
values of tand were lower than 1 at the measured frequencies for all inks,
suggesting their gel-like nature that was necessary for maintaining shape
fidelity [70]. The shape fidelity of the materials is a feature desired for
decent-quality extrusion of the inks into various 3D objects.
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Fig. 3. Rheological properties of the individual inks (0%, 10%, and 20% w/w ferrofluid). (1) Log-log plots of storage and loss moduli vs. frequency and (2) strain (at
a frequency of 1 Hz); (3) Log-log plots of the apparent viscosity of the magnetoinks; and (4) log-scale shear stress vs. shear rate plot.
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The apparent viscosity was found to drastically decrease from above
10° Pa s for low shear rates (below 1 s_l) to values lower than 10% Pa s
and was constant until a shear rate of 60 s~! was achieved (Fig. 3.3).
During printing, shear stress disrupts hydrogen interactions within
methylcellulose, leading to the gel-to-liquid transition. Once the shear is
removed, the material quickly recovers its original gel state. Incorpo-
rating MNPs reduced shear stress due to disrupting noncovalent in-
teractions between polymer networks (Fig. 3.4). These results suggest
that printing using nonmagnetic ink induces higher shear forces within a
nozzle than with its magnetic counterparts under the same printing
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conditions. On the other hand, interactions between magnetic nano-
particles and the hydrogel network provide increased resistance to
damage under strain compared to their non-magnetic counterparts [69].

3.3. 4D printing of functionally graded structures

Here, a strategy for assembling nonmagnetic and magnetic materials
in a single multimaterial 3D printing process was presented. Various
objects were printed to verify the magnetic response of gradient
hydrogels embedded with MNPs and illustrate their printability. Fig. S1

Fig. 4. (1) Multimaterial 3D printing of magnetically graded hydrogel cubes; (2) three inks with varying magnetic content were additively assembled by direct
printing to form 3D nanocomposite structures; (3) various designs (left side) and print (right side) of single- and multimaterial hydrogel structure. Scale bars
correspond to 1 cm.
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demonstrates the fabrication of the magnetic cube (10 x 10 x 10 mm)
with a gradient and shows other printouts, including hinge-type disks
and tubes. Additionally, to assess the magnetic response and to prove the
maneuverability of the hydrogels, magnetic cantilevers and wheels were
fabricated, as presented in the following sections.

Every printing process was preceded by UV light chamber steriliza-
tion and manual printer calibration. 3D scaffolds were built layer-by-
layer on Petri dishes using pneumatic extrusion. The hydrogel pre-
cursors were dispensed through a nozzle (inner diameter of 250 um),
with a printing speed of 5 mm/s and a pressure of 115-130 kPa. The 3D
printer was programmed to extrude layers of different materials ac-
cording to settings in g-code or directly from the printer’s graphical user
interface level. Such an approach allowed us to print three-dimensional
structures with induced anisotropy. We focused on filament formation
and uniformity upon extrusion, which was successful thanks to MNPs
assembling in the magnetic field [53].

Different printing nozzles were used, either conical or cylindrical, for
ink deposition. The tested diameter ranged between 200 and 410 pm.
The choice for a specific nozzle depended on the required print resolu-
tion and the ability to extrude ink containing MNPs continuously.
Finally, a high-precision 25 G-type nozzle (inner diameter of 250 ym)
was chosen, resulting in the best print accuracy. The MNP size and
rheological properties of the inks impacted the nozzle choice. Similar
nozzle types were used for deposition by Sonnleitner K. et al. and our
group [53,71]. To maintain the high out-of-plane stiffness of 3D print-
outs, we selected a honeycomb infill pattern and density of 15% for
printing. Because hexagonal cell patterns have both high mechanical
strength and flexibility, they can be used in motion applications, e.g.,
magnetic actuators [39].

To meet the challenges of multimaterial printing, a three-printhead
extrusion system controlling printing material delivery was used.
Depending on hydrogel composition, one to three syringes were
employed (Fig. 4.1-3). Eight different cubic structures were fabricated
(each group included ten hydrogels) (Fig. 4.3). The first three on the left
side, described as PO, P10, and P20, consisted of one-type ink (0% or
10% or 20%), and a sample named PG was assembled from 3 inks (0%,
10%, and 20%). Samples PW and PL were printed using only two ink
types: 0% and 10% (PW10 or PL10) or 0% and 20% (PW20 or PL20).
Their printing process differed in the manner layers were deposited. For
PW and PL, nozzles loaded with different inks were altered after every
ten and two deposited layers, respectively.

Using our nonmagnetic and magnetic inks, it was also possible to
print a high, dual-hydrogel 3D tube (Fig. S1) and flat hinge bending
when exposed to a magnet. 3D printing experiments show that our
multimaterial 3D printing via assembly of magnetic and nonmagnetic
hydrogels could enable high print fidelity upon Ca?* crosslinking.

Similar to Compton et al., we observed that MNPs embedded within
hydrogel precursors increased ink spreading after deposition [72], spe-
cifically when compared to neutral (0%) hydrogel precursors.

Right after printing scaffold resolution was satisfactory but after
soaking in ultrapure water the resolution decreased. Still, in the context
of extrusion methods as direct ink writing (DIW), it should be reminded
that the material swelling affects the final resolution, which is inevitable
[73].

The layers from different ink types fused well together. The fusion
under gravity was sufficient to assemble a 3D structure. A final
magnetically graded printout, even a heterogeneous structure, was
neither delaminated nor collapsed, while the layers stuck together
(Fig. $2.1).

3.4. Hydrogel characterization

Next, the hydrogels’ biological, structural, and mechanical proper-
ties were evaluated using cytotoxicity assays and SEM imaging, and
compression tests. The interplay between magnetic and nonmagnetic
materials and its effect on actuation were determined based on the
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results.

Unlike other magnetic nanocomposites, hydrogels with intrinsic
magnetic properties have demonstrated considerable biocompatibility
with various cell lines [74-76]. However, most of their applications
referred to magnetized hydrogels for tissue growth induction. A great
advantage of magnetic hydrogels is that they undergo magnetically
driven spatial deformation resulting in stimulation of encapsulated or
seeded cells [77]. When considering magnetic materials for soft ro-
botics, their cytotoxicity evaluation is essential for applications that
come into contact with body or body fluids.

To test the cytocompatibility of our printed magnetic and nonmag-
netic hydrogels, in vitro viability assays using L929 fibroblasts were
performed (Fig. 5.1). Cells maintained 97.6 + 7.5% viability after 24 h
when cultured with PO based on normative neutral red (NR) uptake. In
contrast, fibroblasts cultured with magnetic hydrogels exhibited cell
viability above 85% in all cases compared with the positive control
(100% viability). There were no statistical deviations among the tested
samples and the control, demonstrating that our hydrogels are
biocompatible with the tested fibroblasts.

In our previous study, we observed magnetically stimulated align-
ment of the hydrogel using SEM. Here, the MNP gradient along the
sample height was evaluated to determine whether it influences the
intrinsic structure of multimaterial hydrogels. Figs. 5.2-5 and S2.2 show
the SEM images of the cross-section of the magnetically graded canti-
lever and cubes. The cantilever and cube consist of three layers with
different amounts of MNPs (20%, 10% and 0%). All layers are stuck
together with no space between them to generate a stable, cohesive
object. SEM images of the hydrogel cross-section (Figs. 5.3,4 and 52.2)
showed magnetic nanoparticles as bright dots well dispersed in the
hydrogel structure. The MNP amount decreases with the cantilever
height, and nanoparticles are absent in the bottom layer. The magnetic
nanoparticles formed small, well-dispersed clusters throughout the
hydrogel matrix (Fig. S2.2,). No strong aggregation was observed, sug-
gesting that the nanoparticles were electrostatically stabilized through
PAA, calcium ions, and alginate interactions [78,79]. As expected, a
closer inspection of SEM images of the nanoparticle clusters (Fig. S2)
demonstrated different MNP concentrations in the top (20%) and middle
(10%) layers. The formation of this nanoparticle gradient was enhanced
because MNPs contributed to the crosslinking of the alginate network.
Strong interactions with the polymer chain locked them within the
matrix and preserved the concentration gradient formed via additive
manufacturing. The green line in Fig. 5.3-4 shows the transition be-
tween the magnetic (10%) and the non-magnetic layers (0%). The dif-
ference was clearly indicated by the white dots that correspond to the
magnetic nanoparticles and were only present within the magnetic
layer. The same magnetic-to-nonmagnetic change can be observed in the
higher-magnification SEM image of the gradient cube (Fig S2.2).

The hydrogel network exhibited porous intrinsic morphology with
open and closed elongated mesopores (Fig. 5.5, highlighted in yellow)
with a pore diameter ranging between 4 and 16 um. The pore distribu-
tion (Fig. 5.5, examples highlighted in green) was calculated based on
100 diameters using ImageJ. The top, middle, and bottom layer average
pore sizes were 8.11 + 2.79, 8.00 + 2.27, and 7.85 + 2.73 um, respec-
tively. These results suggest that MNPs did not significantly affect pore
size and morphology; rather they influenced the surface topography.
The nonmagnetic alginate layer showed a smooth polymeric surface
(Fig. S2.2.1) compared to the rough surface of the MNP layers
(Fig. $2.2.3)). Similar differences between nanoparticle-loaded and
nanoparticle-less polymer structures were reported in previous papers
by our group and other researchers [53,80,81]. Finally, we compared
the hydrogel porosity alongside its width. The left side (Fig. 5.3)
exhibited a denser structure than the middle part (Fig. 5.4), and the pore
size increased from left to right. The hydrogel walls were directly in
contact with calcium chloride during crosslinking, while the center was
crosslinked by Ca?* diffusion [82,83]. Asa result, the Ca2+—exposed side
has a higher crosslinking density than the center. The other explanation
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Fig. 5. (1) L929 fibroblast viability incubated with hydrogel extracts and ethanol (negative control, NC). The red solid line corresponds to a positive control (100%);
(2) SEM overview of the sample and scheme of the cross-section of the cantilever showing the functional gradient; (3) SEM images of the left side and the center (4) of
the cantilever between a layer containing 10% MNPs and a non-magnetic layer (the green line shows the border of the layers) (5) SEM image showing the pore type
(yellow) diameters (green). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

for the differences between the outer and middle structures may be the
nonuniform heat transfer during the freeze-drying process [84].
Consequently, the freezing effect is stronger on the sample surface than
in its interior.

Next, we determined the mechanical properties of the printed cubic
hydrogels containing different patterns of magnetic and nonmagnetic
layers (Fig. S2.3) via a static compression test. Mechanical experiments
aimed to evaluate the relationship between the mechanical properties
and the hydrogel composition and 3D arrangement. The compressive
strength (Rm) and Young’s modulus (E) results are shown in Fig. 6.1 and
6.2, respectively. Because the samples did not break during the test,
compressive stress at 75% strain was used.

First, the mechanical properties of single material hydrogel cubes
were compared. The highest Rm (0.28 + 0.12 MPa) was achieved for
the P20 series consisting of one-type 20% ink. A decrease in the content
of MNPs in the single-material hydrogel cubes resulted in a significant
reduction in the mechanical properties. In particular, the compressive
strength decreased to 0.25 + 0.05 and 0.18 + 0.05 MPa for 10% and 0%
MNP content, respectively. Along with the reduction of the nanoparticle
content, Young’s modulus increased from 8.6 + 1.2 MPa (P20), through
11.6 & 2.3 MPa (P10), to 17.7 & 1.8 MPa (P0). The introduction of
MNPs into the ink may weaken alginate intrachain interactions and
Ca?"-crosslink density after printing. Consequently, it reduces the
elastic nature of magnetic hydrogels. The compressive strength
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Fig. 6. Mechanical properties of the printed hydrogel cubes with different 3D patterns. (1) Compressive strength (Rm) and (2) Young’s modulus (E) of the samples.

(0.21 + 0.04 MPa) and stiffness (10.5 &+ 2.0 MPa) of the magnetically
graded hydrogel consisting of all three inks are between the values for
single-material scaffolds (PO, P10, P20). SEM images (Fig. S2.2) showed
no differences in porosity alongside the sample height. Therefore, the
mechanical properties of the graded sample were due to the presence of
MNPs rather than the hydrogel intrinsic structure.

The difference between PL and PW was the distribution of the layers.
Numbers 10 and 20 accounted for 10% and 20% of the MNP content in

the magnetic layers, respectively. The stiffness of the hydrogels in which
the ink, either 10% or 0%, was changed after every two layers (PL10)
was insignificantly lower (9.5 + 3.4 MPa) than that of the sample in
which the inks were altered after every ten layers (PW10)
(10.3 + 2.0 MPa). A similar trend was observed for compressive
strength - 0.16 + 0.03 MPa for PL10 versus 0.18 + 0.03 MPa for PW10.
Increasing the nanoparticle concentration up to 20% in the PL sample
(PL20) reduced both E and Rm to 5.92 + 0.61 and 0.13 + 0.03 MPa,
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Fig. 7. 3D-printed magnetic cantilevers that bend towards the magnetic field. The bending angle strongly depends on the hydrogel composition and side exposed to a

magnetic attraction. (1) The average bending angles of 3D-printed cantilevers with different three-dimensional patterns and corresponding (2-6) photos of their
magnetic responses.
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respectively. The hydrogels with layers being changed less frequently
(PW) exhibited similar (PW10) or higher (PW20) values of Young’s
modulus than those of single-material samples (P10, P20). The Rm and E
of PW20 were even higher than those of PW10 and reached values of
11.3 + 1.5 and 0.18 + 0.04 MPa, respectively. The more frequently the
layers are altered, the weaker they stick together, affecting the overall
mechanical stability of the multimaterial cubes.

The mechanical results suggest that the proper arrangement of
magnetic and nonmagnetic layers may significantly advance the me-
chanical properties of the printed hydrogels and consequently the
actuation. Reasonable mechanical stiffness and the good dispersion of
the MNPs may allow for whole-nanocomposite movement under a
magnetic field.

3.5. Actuation of the hydrogel actuator

Three magnetically responsive actuators were created: cantilevers
(beams), cubes, and wheels (tubes). The samples were composed of
layers of nonmagnetic and magnetic hydrogels arranged in various
patterns. Samples PO, P10, and P20 were made up of one ink type at 0%,
10%, and 20%, respectively. In contrast, PG consisted magnetic
gradient. Our magnetic actuators were able to move in the air upon
exposure to a magnetic field. Three different motion behaviors were
recorded: bending, jumping, and rolling. These movements were
dependent on the 3D multimaterial patterns of the hydrogels. These
findings suggest that 3D printing can introduce macroscopic anisotropy
into objects.

As shown in Fig. 7, bending deformation occurs upon exposure to a
magnetic field, leading to the displacement of the center of gravity of the
cantilever and resulting in a range of deflection angles (Fig. 7.1). The
cantilever containing 10% MNPs could bend through 30.4 4+ 2.5° upon
applying the static magnetic field (Fig. 7.2). The bending angle
increased to 45.0 + 1.6° when the nanoparticle content was 20%
(Fig. 7.3). The graded cantilever is simply composed of several layers of
magnetic and nonmagnetic hydrogels arranged in a gradient. For the
gradient beams, the deflection angle differed depending on their
orientation to the magnetic field. The measurements carried out in three
ways showed that the strongest interaction between the magnet and the
actuator occurred when the surface of the highest MNP concentration
was turned in the direction of the magnet (Fig. 7.4, PG20). It led to the
highest deflection angle of 42.4 +4.0°. When the magnet was
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positioned on the opposite side of the cantilever, the sample was bent by
an angle of 21.8 + 3.8° (Fig. 7.5, PG0). Sideways placement resulted in a
deflection angle of 26.0 & 3.0° (Fig. 7.6, PG). The results showed
different magnetic responsiveness for the gradient beam compared to
the homogenous beam, confirming the dependence of the deflection
angle on the distribution of nanoparticles in the sample. As demon-
strated, the gradient beam exhibited different magnetic responses
depending on the sample surface exposed to the magnetic field. This
unique property means that with only one actuator, we can obtain
different magnetic responses with a single source of the magnetic field.

Cubic samples were compared in terms of the heights they could
vertically jump when attracted by a magnet (Fig. 8.1). As expected,
sample P20 demonstrated the highest jump height of 8.0 +£ 1.0 mm
(Fig. 8.2, Movie S1). In contrast, P10 reached a significantly lower
jumping height of 3.0 + 1.0 mm (Movie S1). Different jumping dis-
tances were achieved by controlling the gradient sample (PG) position
relative to the magnet. The black side of the PG sample was elevated by
6.3 & 0.6 mm (Movie S2). In contrast, when the cube was turned around
(white side up), a distance of 0.3 + 0.6 mm was required to lift it. A cube
positioned sideways to the magnet (Fig. 8.3) rotated by 90° while
jumping so that eventually, the wall parallel to the magnet surface was
the one with the highest content of MNPs (Movie S2). A spatial con-
centration gradient led to a characteristic profile of magnetic properties
and affected the actuation response [85]. Only nanoparticle gradient
cubes exhibited a unique ability to rotate and jump under an external
magnetic field. Because of this special property, the PG sample could be
used as an intelligent hydrogel valve remotely controlled by magnetic
stimulation.

Supplementary material related to this article can be found online at
doi:10.1016/j.addma.2021.102506.

Next, tubes (wheels) with three different patterns (Fig. 9.1) were
printed and their rolling motion was induced by applying a static
magnetic field (Fig. S3.3). For this purpose, a bar magnet was placed
underneath a smooth plastic surface on which the samples were actu-
ated. The magnetic field of the bar magnet is the weakest in its center
and increases towards either of its poles, where the force is equally
strong. All wheel-shaped hydrogel samples were placed at the position in
the middle of the length of the magnet. Therefore, they were subjected to
a spatially nonuniform magnetic field. A two-part wheel (nonsymmet-
rical C and D samples) exhibited turning motion with a direction
depending on the object’s initial position relative to the magnet
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Fig. 8. Magnetic hydrogel cubes can jump up under a magnetic field. (1) Jumping heights for different 3D-printed cubes; (2) P20 can jump almost a distance of its
own height (~ 8 mm); (3) PG laying on its site can rotate in the direction of the magnetic field and jump to a height of ~ 5 mm.
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Fig. 9. Magnetic responsiveness of 3D-printed tubes (wheels). (1) Various designs of multimaterial wheels; (2)) magnetic field forces the di-material hydrogel tube
(C, D) to roll along a circular path of radius ~ 10 cm. The tube could complete a full rotation from A through B and C to D; and (3) magnetic field drives the
multimaterial wheels to roll along paths that depend on the object pattern, with photo labels corresponding to plots A-D.

(Fig. 9.2C, D). Because of the initial position in the middle of the mag-
net’s length, the magnetic part of the wheel was subjected to a spatially
nonuniform magnetic field. MNPs anchored to the hydrogel network
interacted with the matrix so that the whole nanocomposite could move.
Driven by the mechanism mentioned above, macroscopic rolling motion
towards the highest field intensity was observed. Consequently, samples
C and D turned at angles of 22° and 15°, respectively, after traveling a
distance of ~ 15 cm. Because of its ability to turn, the two-part hydrogel
tube (C, D) could roll along a circular path of radius ~ 10 cm. The tube
completed a full rotation from A through B and C to D.

The symmetrical 3D pattern of tubes A and B caused magnetic parts
to be equally attracted by the magnet (Fig. 9.3A, B). As a result, the
three-part wheels could roll forward or backward on the smooth slab
driven by the magnetic field. Slight deviations from the straight trajec-
tory resulted from the irregular surface of the tube. The wheels could
travel ~ 50 cm with (Movie S3) and without (Movie S4) cargo (a hollow
plastic tube) or even upslope at an angle of 10° (Movie S5).

Supplementary material related to this article can be found online at
doi:10.1016/j.addma.2021.102506.

Images demonstrating the movement of the tubes were shown in
Fig. S3.1 and 3.2. These hydrogel actuators with programmable motion
can be used for cargo transportation and delivery. By hydrogel
patterning, we can not only control the trajectory of the wheels but also
transport cargo upward over long distances.

Following the definition of materials with a functional gradient, the
arrangement of layers from materials with different properties can
evoke a different structure behavior in a directional magnetic field [56].
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Our experiments have shown that by printing geometrically similar
structures their hidden subtleties, determining magnetic response lie in
the manner of the layer’s arrangement. Our results proved that magnetic
and nonmagnetic hydrogels can be freely integrated into patterned
structures without scaffold collapsing or delamination.

The incorporation of the functional gradient into our samples gave us
a great extent of scaffolds’ steering possibilities. We observed that cubic,
gradient-structure rotation while moving towards a magnet, could be
induced by the directional application of the magnetic field (Fig. 8).
Such a phenomenon has not been observed for a homogeneous cube that
only jumped when a magnetic field was applied. We can speculate that
this type of movement can be applied for studies on soft-material valves
of great potential in soft robotics or drug delivery. Another experiment
proved that the graded cantilever responds by different deflection angles
depending on the side on which it is magnetically stimulated (Fig. 7).
This indicates that such a structure could be used as a flow controller.
The clearance of a vessel (pipe)-like structure translating into the
throughput capacity could be steered by the direction of anisotropic
structure deflection upon magnetic field application. The last geometry
investigated in our study revealed its potential in both movement con-
trol and cargo transport (Fig. 9). Patterned wheels, depending on the
magnetic and non-magnetic material arrangement, rolled and turned
when a magnetic field was applied underneath. The direction in which
the trajectory turned was determined by the side of the wheel containing
a higher amount of MNPs. In this vision, our wheels could be used to
transport light cargo, for example in sterile areas or in places where
operations should not be performed manually.
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Summing up, the introduction and modification of gradients elicit
find different and interesting responses to the magnetic field, which
might lead to different possible applications.

4. Conclusions

In conclusion, a simple method of assembling nonmagnetic and
magnetic hydrogels into single constructs via additive manufacturing
was demonstrated. Using multimaterial direct printing, we fabricated
different magnetic actuators with various patterns. Graded and
patterned 4D-printed magnetic actuators demonstrated a spatially
anisotropic response to the magnetic field, allowing for steerable motion
in the air. The good adhesion between the magnetic and nonmagnetic
hydrogel layers allowed the creation of a wide range of patterns,
including a gradient. Stabilization of MNPs by PAA ensured their good
dispersion within the polymeric matrix. Because of the Ca%*-based in-
teractions between the alginate and polyacrylic acid backbones, PAA-
MNPs participated in hydrogel crosslinking. Upon gelation, their
entrapment within the matrix and tendency to align along the field di-
rection (net magnetization) were responsible for the hydrogels’ macro-
scopic response during magnetic actuation [86].

Our magnetic cantilevers showed instantaneous bending upon
application of a magnetic field. The deflection angles depended strongly
on the MNP content, 3D patterns, and exposure side. Magnetically
graded tubes placed sideways to the magnet surface could rotate by a
right angle while being actuated. The wheel-shaped hydrogels rolled in a
direction dependent on the multimaterial patterns and could transport
cargo over a distance of ~ 50 cm. In addition, the hydrogels that con-
sisted of the actuators were not cytotoxic towards fibroblasts. However
further biological tests are required, the results of performed cytotox-
icity tests indicate the potential applicability of our soft robots in med-
icine and biomedical engineering, especially.

Patterning of magnetic hydrogels via additive manufacturing opens a
new window for remotely controlled and navigated hydrogel actuators
in the air environment. It was demonstrated that nonmagnetic and
magnetic materials could be easily combined and shaped into various
multimaterial objects in a single manufacturing process. This approach
may inspire other scientists to design new magnetic nanocomposites and
use them to obtain a wide range of actuation responses. A broad range of
biomedical applications could be developed and implemented by
combining biocompatible hydrogels and magneto-reactive materials.
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