
RESEARCH ARTICLE
www.advmattechnol.de

Magnetically Responsive Melt Electrowritten Structures

Paula G. Saiz,* Ander Reizabal, Simon Luposchainsky, Jose Luis Vilas-Vilela,
Senentxu Lanceros-Mendez, and Paul D. Dalton*

While melt electrowriting (MEW) can result in complex microstructures,
research demonstrating such fabrication with active materials is limited.
Herein, magnetoresponsive poly(𝝐-caprolactone) (PCL) inks containing up to
10 wt% of iron-oxide (Fe3O4) nanoparticles are used to produce fiber
with diameters of 9.2 ± 0.6 μm in ordered microstructures when processed by
MEW. Introducing the Fe3O4 nanoparticles has a minimal overall effect on
printing quality compared to pure PCL under similar conditions. The magnetic
response of Fe3O4 containing fibers allows magnetic actuation, which is one
of the first steps to control movement in such structures. Printed samples
show different magnetic responses that can be controlled by the micro- and
macro-structure design, the nanoparticle concentration, and multi-material
design. The potential of MEW to print active magnetic complex micro- and
macro-structures for 4D printing designs is demonstrated, in which active
properties can be further tailored with magnetoresponsive fillers with varying
characteristics and by changing MEW fiber diameters.
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1. Introduction

Additive manufacturing (AM), also re-
ferred as 3D printing, is used to solve
challenges across many applications and
fields.[1–3] It produces reproducible struc-
tures with flexible designs, including ge-
ometries that cannot be obtained in any
other way.[4] Adapting to specific appli-
cations and requirements, different AM
techniques have rapidly emerged in re-
cent years, each with its own strengths
and weaknesses, and covering different
printable materials.[5]

MEW is an electrohydrodynamic AM
technology that direct-writes polymeric
ultrafine microfibers.[6] MEW has, in par-
ticular, found use for cell invasive scaf-
folds in biomedical applications such as
tissue engineering,[7] cancer research,[8]

and biofabrication.[9] MEW employs an
electrohydrodynamic effect to deposit

continuous polymeric fibers (with diameters typically ranging be-
tween 2 and 50 μm) from the melt onto a collector using direct-
writing principles.[10] The fibers are one or two orders of magni-
tude smaller than those made from traditional extrusion-based
AM technologies including fused filament fabrication (FFF) or
3D bioprinting, with the minimum MEW fiber diameter cur-
rently reported being 350 nm.[11] With the majority of research
directed toward implantation or 3D cell culture, MEW has es-
tablished itself as a promising technique for fabricating scaffolds
with a variety of porosities and shapes.[12–14]

As a young technology, there remain many possible print-
able “inks” to investigate for MEW, with PCLas the current gold
standard.[15] One interesting class of inks are those that con-
tain functional fillers to provide active properties, which are sel-
dom used in MEW processing.[16–20] This perspective is impor-
tant since fillers can hold the key for 4D printing, where struc-
tures fabricated with smart materials can be stimulated to change
their properties (such shape, size, or color) with time under an
external stimulus (such as temperature or light).[21,22]

In particular, the achievement of motion or shape-changes by
means of an external stimulus is a very promising 4D printing
approach.[23] In this context, magnetically responsive samples,
able to respond to an external magnetic field by either changing
their shape or moving, have shown utility in soft robotics,
biomedicine, electronics, and/or actuators, while using safe
and simple actuation mechanisms.[24,25] From this perspective,
the shaping of these materials into desired 3D structures that
will be later stimulated is a key factor to achieve the desired
final actuation characteristics.[26,27] For that reason, several
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manufacturing technologies such FFF, stereolithography, inkjet
printing, or digital light processing, have been employed and
evaluated to design magnetic structures for 4D printing, each
with their own advantages and disadvantages, and adapted for
different materials.[28,29] In particular, some disadvantages of
those techniques include the need for a solvent, the lack of control
over the microstructure, and the difficulties faced when creating
multi-material structures, for which other techniques should be
explored to introduce new functionalities in this area.[30]

Herein, the potential of using MEW for printing magnetic re-
sponsive structures with controlled features and multi-material
designs is evaluated with the aim of introducing this tech-
nique within the current available palette of printing techniques.
Here, magnetoactive PCL inks containing up to 20 wt% Fe3O4
nanoparticles were developed and printed. Well-defined printed
samples with up to 5 wt% were able to respond to an ex-
ternal magnetic field depending on the printed structure and
the nanoparticle concentration. The potential to design complex
and multi-material MEW structures with magnetoactive proper-
ties is demonstrated, in a proof of principle approach to high-
light the possibilities for the future design of active structures.
Furthermore, processing PCL fibers and Fe3O4 together brings
other perspectives to MEW scaffolds such as magnetic resonance
imaging[31] or hyperthermia[32] applications.

2. Experimental Section

2.1. Materials

Medical grade PCL was sourced from Corbion (PURASORB
PC 12, 2007001461, USA) while magnetite (Fe3O4) iron-oxide
nanoparticles with an average size of 100 nm and a purity of 99%
were purchased from Nanostructured and Amorphous Materi-
als (2651WJ, USA). The Fe3O4 nanoparticles were characterized
in terms of magnetic and structural properties (Figure S1, Sup-
porting Information). Chloroform from Acros Organic was used
as solvent to facilitate mixing. All the materials were used as re-
ceived.

2.2. Sample Preparation

A total of five PCL blends with different Fe3O4 content (0, 1, 5, 10,
and 20 wt%) were prepared. For that, 90 min magnetically stirred
PCL/chloroform solution (400 mg mL−1) and 90 min sonicated
Fe3O4/chloroform dispersion, were combined and mixed by son-
ication (Branson 3800, USA) for a further 30 min and spread onto
a glass plate. Films were predried overnight at room temperature
and subsequently oven dried for 30 min at 60 °C (Fisherbrand
Isotemp, USA) to ensure complete solvent removal. Obtained
films were placed in a plastic syringe with a 25-G nozzle (Nord-
son EFD) and pre-heated at 90 °C for 2 days to fully remove air
bubbles. The experimental procedure is schematically shown in
Figure 1a and all the samples were referred according to the wt%
of Fe3O4.

2.3. Melt Electrowriting Printing Process

Fibers were printed using a custom MEW device previously
described.[33,34] Briefly, a print head with electric heating control

contained a syringe that was connected to an adjustable air pres-
sure controller (SMC, USA) and was mounted above a collector
with motion controlled by two linear stages (X/Y). A high volt-
age source was used to generate a voltage difference between
the positively charged nozzle and the grounded collector. The
MEW printer also had a mandrel collector that swaps with the
flat collector.[35]

A collector distance of 3 mm was set for all the samples and
the voltage, temperature, and pressure set to 4.8 kV, 90 °C, and
150 kPa, respectively. The jet speed ranged from 370 to 500
mm min−1 and was determined by measuring the critical trans-
lation speed (CTS), where direct-written fiber first deposited in a
straight line after increasing the collector speed.[36] All samples
were printed at 1.1× CTS to ensure straight fiber printing while
avoiding too much stretching. Different G-codes were generated
for the printing of the structures (Figure 1b–g). Printed structures
were collected on glass slides or on the metal tubular collectors.
Laser cutting into specific shapes was performed with a VLS 2.30
laser cutting machine (Universal Laser Systems, USA).

2.4. Direct Writing Toolpaths

Different toolpaths, in addition to standard 0°/90° square pat-
terns, were designed and printed as shown in Figure 1b–g.
Complex microstructures were designed by creating specific G-
codes while the overall shape was defined through different ap-
proaches: i) by direct toolpath programming for the desired shape
(Figure 1b), ii) by cutting post-printing into the desired shape by
laser (Figure 1e), or iii) by printing onto a cylindrical mandrel
(Figure 1f,g). Furthermore, multi-material structures were made
by successive direct writing with different inks (Figure 1c).

2.5. Sample Characterization

The printed samples were characterized by different techniques.
The microstructure and morphology were visualized with a digi-
tal microscope (VHX-7000, Keyence, USA) and by scanning elec-
tron microscopy (SEM) (Apreo 2, Thermo Fisher, USA) equipped
with an energy dispersive X-rays (EDX) detector for elemen-
tal mapping and chemical analysis. A gold sputtering (Technics
Hummer V, USA) coated the printed structures for SEM analy-
sis. Magnetic characterization of the samples was performed with
a vibrating sample magnetometer (MicroSense EZ7 VSM, USA)
while the magnetic response of the samples was investigated us-
ing different neodymium magnets. Finally, a well plate and a Petri
dish together with cell culture media were used to demonstrate
fixation of scaffolds during media addition. A 60 × 60 mm plate
containing nine neodymium magnets of 10 mm in diameter and
2.7 mm in height located in a 3 × 3 configuration was specifically
designed and printed by FFF for this experiment.

3. Results

3.1. Printing Ability, Fiber Diameter, and CTS

Initially, the capacity to direct write the PCL/Fe3O4 inks using
MEW was investigated. To determine the jet speed, successive
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Figure 1. a) Schematic of the sample preparation process. b–g) Schematic of the different printing approaches: b) cross macrostructure including
c) multi-material printing, d) mechanically isotropic microstructures, e) laser cut butterfly-shaped macrostructures, f) tubular shapes including g) a
gradient microstructure.

straight lines with increasing collector speeds were direct writ-
ten from 150 to 590 mm min−1 in 10 mm min−1 increments. All
inks could be direct written except the 20 wt% Fe3O4 one where
the jet broke frequently and/or agglomerated (Figure 2c,d), to the
level of not allowing continuous fiber deposition, independent
of the parameters used. Continuous fibers could be successfully
printed for the 10 wt% ink, however fiber diameter fluctuation
occurred (Figure S2a, Supporting Information). This response at
higher Fe3O4 concentrations could be due to local variations in
the viscosity and charge of the inks at these high concentrations
due to nanoparticle agglomeration, even visibly observed within
the jet during direct writing (Figure 2c). The functionalization of
the nanoparticles could be an interesting approach for future in-
vestigations to further improve the fillers dispersion, to be able
to print at even higher concentrations, and for improving sample
biocompatibility.[16,37]

For the remaining inks (0, 1, and 5 wt%), excellent direct writ-
ing was observed without jet breakage or noticeable nanoparti-
cle agglomeration (Figure 2a). All samples exhibited typical liq-
uid rope coiling behavior below CTS (Figure 2b) and jet speed
progressively decreased from 500 mm min−1 for the neat PCL
to ≈370 mm min−1 for the 10 wt% ink (Figure S1c, Supporting
Information).

Interestingly, the fiber diameter is almost unaffected by the
nanoparticle concentration, exhibiting fiber diameters in the

range of 9.2 ± 0.6 μm for all the inks at the selected printing
conditions (Figure 2e and Figure S2a, Supporting Information).
The only notable difference in that regard is the larger standard
deviation for the fiber diameter with the 10 wt% ink because of
the agglomerates observed in that sample. Surprisingly, a recent
study on the MEW processing of PVDF/magnetic microparticle
blends reported a larger deviation on the fiber diameter/shape
which is not observed herein for these concentrations, possibly
due to the lower size of the magnetic fillers used in this study.[38]

In line with previously reported PCL results, PCL/Fe3O4 fibers di-
ameter increased at higher processing temperature and pressure,
while showing a minor dependence with the voltage (Figure S1d,
Supporting Information).[6,12,39]

The increased nanoparticle content induced a visible darken-
ing in the fiber color to more black (Figure 2e). The progressive
drop in surface light reflection and wrinkles, visible by polarized
light and SEM, respectively, suggest that the nanoparticles hin-
der PCL chain nucleation, increasing the content of amorphous
domains (Figure 2f). EDX analysis confirmed the presence of the
Fe3O4 fillers in the samples and relates the increase of dots on
the fiber surface with the distribution of the nanoparticles along
the fiber and certain nanoparticles agglomerations (Figure S2c,
Supporting Information). An effect that is especially visible for
10 wt% samples. Finally, the VSM results confirm the magnetiza-
tion of the printed samples as a function of the applied magnetic
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Figure 2. a) Photographs of the MEW jet during the printing process with the 5% sample above CTS, b) optical microscope image of fibers obtained
when printing with the 5 wt% ink at different increasing collector speeds, c) image of the jet with visible agglomeration defect for the 10 wt% sample, d)
optical microscope images of the agglomeration and breaking observed in the 10 and 20 wt% printed fibers. e) Optical microscope images of the fibers
printed for the different inks, f) SEM images of the fiber morphologies with different Fe3O4 content (Scale bar = 5 μm). g) B–H curve of the 20 layers
printed samples with different nanoparticle concentration.

Figure 3. a) Optical microscope images of 20-layer samples with a fiber spacing of 250 μm and increasing Fe3O4 content (Scale bar = 200 μm). b)
False-colored SEM images detailing the primary differences observed between the 5 and 10 wt% samples.

field (B–H curve), and a direct correlation of samples magnetiza-
tion with the theoretical nanoparticles content (Figure 2g).[40]

3.2. Fiber Spacing and Stacking

After the initial characterization, a deeper analysis on the print-
ability of the different samples (0, 1, 5, and 10 wt%) was per-
formed in terms of minimum fiber spacing and fiber stacking.
For that, 20× 20 mm square shapes with 0°/90° laydown patterns

and different fiber spacing (150, 200, and 250 μm) were direct
written. These samples were also prepared with different layer
counts (2, 10, and 20 in total) to investigate possible instabilities
that can occur with increased sample heights.[41] All the samples
look similar macroscopically, except the 10 wt% ink where print-
ing defects can be seen for all fiber spacings.

Optical microscopy (shown here just for 250 μm/20 layers
[Figure 3a], 150 μm/20 layers [Figure S2b, Supporting Informa-
tion], and 250 μm/2 layers [Figure S2a, Supporting Information])
shows noticeable differences between the samples. First,
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well-defined structures, with constant and uniform square
pores, were observed above 250 μm of spacing, and up to 5 wt%
of Fe3O4 (Figure 3). Below 200 μm spacing, some defects and
fiber misplacements arise as result of jet interaction with the
previously deposited fibers. Instabilities are more pronounced
as the filler content increases and the interspacing decreases
(Figure S2b, Supporting Information).

When viewing the 20-layer samples at an angle of 30° (Fig-
ure 3a and Figure S2b, Supporting Information), it is observed
that the layering accuracy is primarily affected by two factors:
i) the fiber spacing and ii) the quantity of Fe3O4 nanoparticles.
When the fiber spacing is 150 μm, all the samples demonstrated
some fiber bridging. This effect decreases when increasing to
200 μm where almost no bridging is observed, and it completely
disappears for the 250 μm spacing in the samples with up to
5 wt%. Nevertheless, defects with the 10 wt% samples persist
(Figure 3b), likely due to agglomeration and the effect this has
on layering, for which these samples are omitted for the rest of
this study. Furthermore, the 250 μm fiber spacing is selected as
the standard fiber spacing to investigate more complex magnetic
structures.

3.3. Magnetic Responsive Structures

Having determined that the 1 and 5 wt% Fe3O4 inks provide
good fiber placement and enough magnetic signal, more com-
plex structures were designed, from the perspective of shape and
magnetic response possibilities (Figure 1b–g). Since the mechan-
ical response of MEW samples is affected by the fiber placement,
both shape control and heterogeneous Fe3O4 regions were used
to demonstrate their magnetic response. The increased flexibil-
ity of the smaller diameter fibers printed by MEW in compar-
ison with those printed by FFF highlights the main advantage
of MEW, as described in the next section, and warrants further
investigation of the potentials of these microstructures for mag-
netic actuation.

3.3.1. Relationship between the Second Moment of Area and
Volume of a Fiber

MEW readily surpasses the resolution limits of several AM tech-
nologies, which is why its potential in 4D printing should be
explored, exploiting the increased flexibility that smaller diame-
ter fibers inherently possess. Fibers obtained by techniques such
FFF (around 100 μm) are thicker than that obtained by MEW
(around 10 μm) and hence would be stiffer and suffer less dis-
placement under an external force (such as a magnetic field). This
increased fiber flexibility is a result of the second moment of area
(I), which strongly decreases with a reduction in fiber diameter.
For a pinned beam representing a fiber spanning two points, the
maximum displacement (𝛿) under a force (F) is approximated by
Equation (1):[42]

𝛿 = FL3

48EI
(1)

where E is the elastic modulus, L is the length of the beam, and
I is the second moment of area. The relation of I for cylindrical

fibers to their fiber diameter (d) can be expressed as:[43]

I = 𝜋d4

64
(2)

As a result, the smallest fiber struts obtained by techniques
such as FFF (100 μm fibers; I = 4 910 000 μm4) are stiffer and
hence displace less under an external force than the diameters
obtained here using MEW (10 μm fibers; I = 491 μm4).

Furthermore, the magnetic deflection would depend on the
mass of magnetic material and hence on the fiber volume. The
volume (V) of a cylinder is described by Equation (3):

V = L𝜋r2 (3)

The volume of FFF printed fibers is higher but reduces signif-
icantly less with the fiber diameter than the second moment of
area does, as can be seen in Figure S3, Supporting Information.
This highlights the importance of defined, well-placed small di-
ameter fibers for actuation as they become more flexible while
retaining a certain volume/mass that is required to drive their
deflection. The benefit of using smaller diameter fibers for some
4D printing strategies is clear because forces required for their
deflection and bending are significantly reduced, while a certain
volume is retained to drive actuation.

3.3.2. Multi-Material Cross-Shape Macrostructures for Grip
Response

To investigate magnetic response, different specific macrostruc-
ture shapes together with microstructures were defined during
printing, and multi-material printing (with different amounts of
Fe3O4) was also explored. Cross-shaped macrostructures were
first selected to show magnetic actuation response. Using a
0°/90° laydown pattern (250 μm interspace), samples with dif-
ferent sizes and number of layers were designed and printed.
Cross-shaped structures of 45 mm in length, 10 mm “arms,”
and a total of 40 layers (Figure S4, Supporting Information) were
first printed with the different inks (0, 1, and 5 wt%). The mag-
netic response (Video S1 and Figure S4, Supporting Information)
shows that the 5 wt% samples readily grip the magnet when it
approaches while the 1 wt% sample response is weaker and 0%
samples do not show any response, as expected.

Based on previous outcomes, and to show the multi-material
printing ability and its potential to adapt the magnetic response
of samples, pure PCL (unresponsive fibers) and 5 wt% Fe3O4 (re-
sponsive) inks were also mixed within smaller cross-shape mi-
crostructures (Figure 4a) and tested as magnetic grips with con-
trolled response (Video S2, Supporting Information). Details of
this multi-material structure can be seen in Figure 4b where the
responsive and unresponsive fibers intersect. The distinct sur-
face spots on the upper layers (false-colored yellow) are indica-
tive of the responsive fibers that contain nanoparticles. The direct
writing is performed sequentially, so fibers are not interlocked at
intersections. Programming actuation is a fundamental concept
that, as demonstrated here, could be achieved by MEW with only
selected arms made from responsive fibers in this mixed sample
being deflected as the magnet approached the sample (Figure 4c
and Video S2, Supporting Information).
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Figure 4. a) Images of small cross-shaped samples with a 0°/90° microstructure (20 mm in length and 5 mm width arms with a total of 12 layers) with
5% Fe3O4 and a mix of PCL + 5% Fe3O4 inks. b) False-colored SEM images of the fiber intersections in the multi-material sample. c) Photographs of
the cross-shaped samples deflected under an external magnetic field (Video S2, Supporting Information).

Figure 5. a–d) Photographs of laser cutting into a butterfly shapes. a) Mechanically isotropic MEW microstructure with 0°/30°/60°/90°/120°/150°

laydown pattern (1 wt%). b) Laser-cut butterfly-shaped samples for the 1 wt% ink (left), overlayed with images from a mixed 0 and 5 wt% multi-material
sample (right). c) Detail of the laser cut edge but also of fibers melting nearby ultimately allowing d) facile removal of the desired shape. e,f) Magnetic
response of the printed + cut samples: e) 5 wt% samples getting attracted to the magnet and f) wings moving up and down on the multi-material
sample when approaching the magnet (Video S3, Supporting Information).

3.3.3. Isotropic Microstructures on Butterfly-Shape Macrostructures

Laser-cut samples were used to further demonstrate how pro-
gramming actuation can be implemented by the overall shape.
In this instance, a mechanically isotropic microstructure with a
0°/30°/60°/90°/120°/150° laydown pattern (Figure 1d) and a to-
tal of 60 layers (Figure 5a) was used as a base microstructure.
Similar to previous observations, no appreciable geometric dif-
ferences between the magnetic and non-magnetic samples are
observed (Figure S5, Supporting Information). Using this mi-
crostructure, a butterfly-shaped macrostructure was defined by
a laser cut (Figures 1e and 5b). This method produced a clear-cut
shape with notable partial fiber melting around the edges (Fig-
ure 5c), which allowed facile post-cutting removal and effectively
fused the fibers around the edge (Video S3, Supporting Informa-

tion, and Figure 5d). Both the macroscopic shape and microstruc-
ture are expected to influence the flexible behavior that is in-
duced by magnetic actuation. To further demonstrate the poten-
tial of this technique, a multi-material butterfly-shape fully made
of PCL 0 wt% ink and only two small regions with 5 wt% ink de-
posited along the wings area was designed (Figure 5b [right]). The
fiber fusion of laser cutting ensured that the different fiber mate-
rials are well joined—another advantage of using this technique
that avoids having to alternate layers to ensure both materials do
not delaminate.

The actuation response of the samples toward a magnet (Video
S3, Supporting Information) was initially shown by varying its
proximity. The 5 wt% samples lifted off onto the magnet when
it is ≈1.5 cm away (Figure 5e) while the 1 wt% ink samples just
showed a small movement only when the magnet is millimeters

Adv. Mater. Technol. 2023, 8, 2202063 2202063 (6 of 9) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 6. a,b) Photographs of the tubes with gradient features and 0, 1, and 5 wt% of Fe3O4: a) viewing into the lumen (ID = 4 mm) and b) samples
on the mandrel (L = 14.3 mm). c,d) Movement response of designed tubes toward an external magnetic field (Video S5, Supporting Information): c)
different response with distance and wt% and d) constant rotation of the 5 wt% Fe3O4 toward a preferential orientation facing the magnet from the side
with higher mass accumulation.

away. These results demonstrate that a concentration of 5 wt%
and even of 1 wt% is enough to show a magnetic response and
that it is possible to control the strength of the magnetic re-
sponse varying the concentration of the magnetic fillers. More-
over, the magnetic response of the multi-material butterfly shape
was cyclically tested (Figure 5f) in the presence of a magnetic field
of varying intensity (moving magnet). Video S3, Supporting In-
formation, shows how the wings bend toward the magnet and
move in a controlled way depending on the magnet position. The
magnetic response, while sufficient here for movement, could be
further tuned by using magnetic fillers of higher magnetization
or by increasing filler concentrations, leading to high potential
4D printing designs where a response in just specific zones can
be designed.[44,45]

3.3.4. Non-Planar Collectors—Gradual Tubular Structures with
Preferential Orientation

While not as common as flat collectors, MEW can be also per-
formed onto mandrels, which extend the manufacturable range
of printed structures.[35,46] Thus, tubular structures with a gra-
dient on the microstructure, and hence on the magnetic mass
amount, were fabricated for the different nanoparticle concentra-
tions as another example of magnetic MEW potential. Tubes with
an internal diameter (ID) of 4 mm, 14.3 mm in length (L), and a
total of 40 layers were fabricated. Their design consists of high-
pitch fiber winding with decreasing radial fiber spacing from 850
to 250 μm in 50 μm steps with two repetitions for each spacing.
These samples are structurally reinforced with eight longitudi-
nally placed fiber walls. Figure 6a,b shows the lateral view (gra-

dient microstructure) and top view of the printed structures with
different amounts of nanoparticles. Further detailed imaging is
given in Figure S6a, Supporting Information, for 1 wt% sample
structure and mechanical properties. It was an effective way to
observe fiber bridging defects at this high stacking, which are
eliminated as the fiber spacing increases, leading to excellent 40
layers stacking at fiber spacings above 650 μm. The self-standing
tubular structures (Figure S6b, Supporting Information) demon-
strate recoverable bending properties (Video S4 and Figure S6c,d,
Supporting Information).

The different magnetic responses of the tubes are shown in
Video S5, Supporting Information. First, the response of the
three tubular structures was compared by approaching them with
a magnet and measuring the minimum distance before the sam-
ples move (Figure 6c). As expected, the tube with the 5 wt% ink
has the strongest responsiveness at ≈16 mm while the movement
of the 1 wt% occurs at ≈5.5 mm and the 0 wt% sample is unre-
sponsive to the magnet. Moreover, the direction of the gradient
also impacted these values. As shown for the 5 wt% inks, it is
observed that the distance at which the samples react to the mag-
netic force depends on their orientation, and also that they show
a preferential orientation, rotating when approaching the mag-
net from the lower density area or from the tubes side, as a result
of the gradient in the mass of magnetic material along the mi-
crostructure (Video S5, Supporting Information). This preferen-
tial orientation of the tubes was further confirmed by placing the
5% tube above a foam sponge floating in water and approaching
a magnet from different sides of the tube (Figure 6d). When fur-
ther placing samples in water, providing more resistance to tube
movement, the tubes are also able to rotate into the preferential
orientation as they approach the magnet (Video S5, Supporting

Adv. Mater. Technol. 2023, 8, 2202063 2202063 (7 of 9) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 7. Magnets to adhere scaffolds in cell culture: a) Schematic of the sample design, b) photograph of the different well plates with the magnets
configuration underneath and typical movement of the scaffolds after adding the cell media, and c) photograph of the scaffolds located on a Petri dish
before and after the shaking process.

Information). In all the cases, the rotation of the tube toward the
heavier mass orientation was observed. This magnetic response
gives the opportunity to control the position and orientation of
the printed structures in different media which could be further
combined with other functionalities to promote a multi-active re-
sponse by multi-material MEW printing.

3.4. Potential Applications of the Magnetic Microstructures:
Scaffolds Control in Cell Media

The inherent magnetic properties within the presented MEW
scaffolds were leveraged to hold samples within a media dish,
relevant for MEW since cell culture is regularly performed within
this environment. MEW scaffolds are lightweight and when ex-
posed to cell media in wells, they move and even bend, flip over,
or stick to the walls of the culture plates. This makes the exper-
iments variable and affected by each media exchange. The mag-
netic scaffolds can be anchored with an external magnet under-
neath a well plate avoiding these arising problems. Taking this
into account, three types of scaffolds with a 0°/90° laydown pat-
tern with pores of 250 μm and a total of 40 layers were designed
with: i) unresponsive fibers (PCL), ii) half unresponsive + half
responsive fibers (5 wt%), and iii) fully responsive fibers (Fig-
ure 7a). Circular samples 9.5 mm in diameter were laser cut for
the experiments and the results shown in Figure 7b,c and Video
S6, Supporting Information.

Since the scaffolds are near the magnets, only separated by 1
mm of the dish walls, the movement for even the bilayer scaffolds
were diminished (Figure 7b). This improvement is clear when
adding the cell media since the neat PCL scaffolds float and move,
even adhering to the walls. Contrary, when adding the media to
the magnetic scaffolds, and even to the multi-material ones, these
remain on the bottom part of the well, near to the place where the
magnets are located, without relevant displacement as could be
observed in Figure 7b. Moreover, since no ‘flipping’ of the sam-
ples is observed, this provides a temporary holding mechanism
when a certain scaffold orientation is required. This adhesion was
extended to manually shaking Petri dishes (Figure 7c and Video
S6, Supporting Information) and could be also extended to dif-
ferent magnet configurations. In a similar and more refined ap-
proach, this could be useful for dynamic cell culture of scaffolds
containing multi-material components since there are several bi-
ological tissues that would benefit from mechanical stimulation
during culture.[47,48]

4. Conclusions

Magnetically responsive structures have been developed by
MEW. PCL with up to 5 wt% of Fe3O4 magnetic nanoparticles
have shown good compatibility with MEW to print well-defined
structures, similar to that obtained for the pure PCL. At the
higher nanoparticle concentration of 10 wt%, agglomerations af-
fect fiber deposition accuracy and overall sample quality. Samples
with higher content of nanoparticles could potentially be printed
by functionalizing the nanoparticles to improve their dispersion
or by using another type of fillers, which will be the subject of
further research in this line.

Samples with 1 and 5 wt% nanoparticles exhibit magnetic re-
sponses (shape change or displacement) toward an external mag-
netic field. Different magnetic responses have been achieved,
such as grip response, “wings” flapping, or preferential orienta-
tion depending on the predefined macro- and micro-structures,
which could be further tuned by using other fillers with greater
magnetic response or printing of other structures. The possibility
of multi-material printing has been also demonstrated, taking a
step forward by improving the complexity of the fabricated struc-
tures, and providing new ideas for controlling the active prop-
erties of the designed samples by combining different materi-
als with different active responses directly while MEW printing.
Finally, the potential of these magnetic structures as supporting
scaffolds for controlling the position of MEW scaffolds within cell
culture media has been demonstrated, important for cell experi-
ments, potentially with a certain mode of mechanical actuation.

The fundamental demonstration of magnetically actuating
MEW scaffolds for fabricating customized stimuli-responsive
4D structures is underpinned in this study. This opens numer-
ous possibilities for complex structure MEW designs at the mi-
croscale level using different active fillers combined with the pos-
sibilities for multi-material printing. For that purpose, exploring
new active materials and fillers for MEW printing should be one
of the research focuses around this technology in the future.
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the author.
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