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1. Introduction

The opportunity to create magneto-responsive soft materials (MSMs) with

in-process tailorable and locally controllable magnetic properties is highly
desirable across many technological and biomedical applications. In this paper,
this capability is demonstrated for the first time using computer-controlled
dual-material aerosol jet printing (DMA]P) technology. This approach

allows controlled variation of composition between the aerosols of a magnetic
nanoparticles (MNPs) ink and a photocurable polymer during the printing
process. The mixing ratio of the two aerosols determines the MNPs loading
in the nanocomposite, which can be used to locally control the magnetic
properties of the printed structures. The printing process is structured

in a layer-by-layer fashion in combination with a sacrificial layer approach

for building fully freestanding MSM structures that combine magnetoactive
and non-magnetoactive elements in a single process multi-material

printing method with no further assembly requirements. Using this

method, the direct manufacturing of small-scale multi-material soft objects
with complex shapes and programmable functions whose movements can

be controlled by the application of an external magnetic field is demonstrated.
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Inspired by the amazing examples
of responsive actuation seen in bio-
logical systems, a new generation of
researchers across the world is inves-
tigating soft composite materials that
respond to changes in their environ-
ment and provide stimuli-triggered
deformation while being efficient and
sustainable.[!l These materials provide
unique advantages including mechan-
ical compliance, lightweight, low cost,
and flexible processing. The ability to
reversibly shape-change in response to
a given stimulus, such as heat, elec-
trical and/or magnetic fields, light, or
chemical changes, has high-value appli-
cations across many fields, including soft
robotics, drug delivery, and biomedical
devices.?!

Amongst stimuli-responsive materi-
als, magneto-responsive soft materials
(MSMs) consist of magnetic particles (e.g., ferrites, magnetite,
neodymium particles) embedded in a soft polymeric matrix (e.g.,
elastomers, hydrogels). In particular, the use of ferromagnetic
materials, which have a strong response to an externally applied
magnetic field, has led to the development of magnetically actu-
ated and controlled soft robots.3! These provide functions such
as; remote wireless control, miniaturization potential, fast re-
sponse speed, and harmless interaction with tissues.>*l As a re-
sult, MSMs are excellent candidates for the next generation of
untethered soft robots, biomimicking structures, and soft manip-
ulators, with a particular benefit for medical applications.”]

Control over the spatial distribution of the magnetic particles
embedded in the polymer matrix is critical and often challeng-
ing. MSMs that combine magneto-active and non-magnetic el-
ements exhibit a spatially anisotropic response to the applied
magnetic field and have demonstrated enhanced controllabil-
ity and manipulation efficiency compared with structures solely
made of magneto-active materials.l>“®! Within this framework, a
key challenge is the availability of effective and efficient man-
ufacturing processes to implement complex multiple-material
patterning and integration at an appropriate scale. MSMs with
locally controlled composition can be made by preparing the
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magnetic and non-magnetic segments separately using con-
ventional manufacturing processes, such as casting/molding,
and assembling the final structure by the use of manual or
template-assisted processes.>*“®¢”] This reduces the efficiency
and flexibility of the overall fabrication process and hence
limits both its reproducibility and scalability for high-volume
fabrication. Significantly, these approaches are also limited in
both the complexity and resolution of the devices that can be
created, with the consequential constraints on their function-
ality. Recently, emerging multi-material additive manufactur-
ing (MMAM) technologies have captured attention as an alter-
native to template-based processes to eliminate complex and
time-consuming assembly, whilst introducing rapid and flexible
design-manufacturing cycles, less material waste, and opportu-
nities for device personalization.!l MMAM technologies have
been successfully employed for the easy and rapid fabrication
of devices with a wide range of properties and functionalities
(e.g., mechanical, optical, chemical, and electrical).l”) However,
the development of MMAM technologies that enable the auto-
matic fabrication of small-sized multi-material MSM objects with
complex geometries is particularly challenging due to the un-
conventional materials used in this field (i.e., soft polymers and
magnetic particles). Within this framework, the use of Poly Jet
printing is severely limited by its restriction to low viscosity inks,
which significantly limits the range of soft polymers processable
by this technology, and by nozzle clogging issues due to aggre-
gation and sedimentation of magnetic nanoparticles (MNPs).!1]
As an alternative to polyjet printing, different MMAM methods
have been proposed, including direct ink writing (DIW),['!] digi-
tal light processing (DLP),I%) and magnetic field-assisted projec-
tion stereolithography (M-PSL).l®*!?] However, DIW has the lim-
itation of relatively low resolution, while stereolithography-based
processes generally have poor multi-material capabilities.['*] To
date, the availability of an effective, efficient, flexible, and sustain-
able manufacturing process that allows the creation of combined
non-magnetic and magnetic materials with a wide variety of ma-
terial options and high manufacturing resolution still remains a
major challenge.'*]

This research demonstrates the use of Aerosol Jet Printing
(AJP) as an enabling manufacturing process that could facili-
tate the next generation of MSMs. AJP is a contactless direct
write approach with distinct advantages in terms of fast proto-
typing, wide ink compatibility, and a maximum printing resolu-
tion of the order of 10 um.['>] AJP enables the use of inks with
much higher viscosity (up to 1000 cp) and larger particle sizes
and loadings compared to inkjet-based printing,['®! two particu-
larly appealing features for the fabrication of MSMs. Moreover,
although AJP has primarily been used for surface patterning and
the printing of 2D structures, researchers are beginning to ex-
plore its potential for producing truly 3D microstructures with
complex architectures.['”] Such capability further supports the
potential value of AJP in the MSM field. In a typical AJP process,
ink is first pneumatically or ultrasonically atomized into aerosol
droplets and then transported to the deposition head using a car-
rier gas flow. Here the aerosol is collimated and accelerated by
a further annular sheath gas and then focused through a noz-
zle. AJP can be modified and used in a dual-material configu-
ration (DMAJP) in which two different inks are simultaneously
used in the printing process from separate atomizers and the re-
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sulting aerosols are mixed in situ in the aerosol flow path prior
to deposition through a single nozzle (Figure 1a).'8! By tuning
the two ink flow rates, it is possible to adjust the mixing ratio
on-demand between the two ink aerosols during the AJP pro-
cess, which can be used to locally control the composition of the
printed nanocomposite while achieving high-resolution material
patterning. This in-process control of the composition is a sig-
nificant feature that cannot be achieved in conventional multi-
material printing using feedstocks in liquid/liquid or liquid/solid
phases.!'8? Moreover, since two different materials are held and
atomized in two separate ink containers and only the aerosols
generated from the atomization process are mixed, DMAJP can
overcome difficulties associated with mixing incompatible inks,
making possible the mixing of two different dispersions or sol-
vent media (e.g., mixing of water-based ink and oil-based ink).[*!
The use of DMA]P for nanocomposite manufacturing is still very
novel and few articles exist in the literature, mainly focusing on
the deposition of conductive nanocomposites with variable elec-
trical properties.['8219220] Tp the field of magnetic materials, Cra-
ton et al. recently reported the use of DMAJP for the deposition of
nickel-zinc ferrite nanoparticles/polyimide nanocomposites for
microwave packaging applications.?!]

In other published work, Taccola et al. demonstrated the use
of AJP to reliably produce micro-scale patterns of MNPs on ex-
isting structures of soft and flexible polymers commonly used
in soft robotics and biomedical engineering applications.l??] In
this present work, the use of DMAJP to combine and shape poly-
meric and magnetic materials into various multi-material objects
in a single manufacturing process is investigated. In-house de-
veloped magnetic ink and photopolymer ink were selected to in-
vestigate DMA]JP for the fabrication of free-standing and self-
supported MSMs with in-process tailorable and controllable com-
position. The process involves the stack-printing of layers of dif-
ferent materials with the desired magnetic functionality onto a
substrate coated with a water-soluble sacrificial film that is sub-
sequently dissolved to release the freestanding structure. As a
proof-of-concept, a set of magnetically responsive soft objects
with complex shapes and programmable functions whose move-
ments can be controlled by the application of an external mag-
netic field has been created. This versatile and controllable multi-
material fabrication method has the potential to greatly extend
the capability of 3D printing for applications featuring remote
magnetic control, such as for biological, medical, and robotic
fields.

2. Results and Discussion

2.1. Formulation of the Magnetic and Polymer Ink

An important stage in the proposed DMAJP process is the for-
mulation of two inks, namely magnetic and polymer ink, with
physical properties such as viscosity and particle dimensions
suitable for aerosolization. The Optomec Aerosol Jet print en-
gine used in this work has two separate atomization options:
the ultrasonic atomizer (UA), which produces aerosol from low-
viscosity inks (1-10 cp), and the pneumatic atomizer (PA), which
enables the atomization of materials with a viscosity up to
1000 cp.!*>] Starting from previous knowledge in aerosol jet print-
ing of magnetic materials, a customized magnetic ink specifically
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Figure 1. a) Schematic illustration of the DMAJP process. b) Polymer ink in the plastic jar for pneumatic atomization. c) Magnetic ink in the glass vial
for ultrasonic atomization. d) and e) The static mixing chamber used for the in situ mixing of the two aerosols. f) Overview of the fabrication process for
the creation of freestanding magnetic soft composite structures: (i) and (ii) deposition of a water-soluble sacrificial layer of polyvinyl alcohol (PVA) on
top of a glass substrate by spin-coating; (iii) and (iv) cyclic alternated DMAJP deposition and UV curing of the printed pattern in a multi-layered fashion;
(v) and (vi) dissolution of the sacrificial layer by immersion of the sample in a petri-dish filled with deionized water and the subsequent release.

formulated and optimized for ultrasonic AJP deposition was used
in the present work.[?2] For the formulation of this ink, Fe,O,
nanoparticles of 10 nm diameter were selected in light of their
size being compatible with ultrasonic atomization (<50 nm) (see
Experimental section for details). Regarding the polymer ink, the
key criteria used for the selection are: 1) a viscosity <1000 cp
for the PA atomization process, 2) a low Young’s modulus of
the cured material, which allows high mechanical compliance
and deformability to be suitable for soft robotic applications, and
3) biocompatibility desirable for biomedical applications. Our
choice was directed to in-house manufactured urethane-acrylate-
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based photo-curable inks recently developed for 3D printing ap-
plications and previously tested on a digital light processing
machine.’l While the majority of photo-curable inks are cy-
totoxic due to the unreacted monomers, photoinitiator residu-
als, and toxic impurities, the selected materials are synthesized
via a safe and environmentally friendly route in the absence of
toxic isocyanates and tin compounds, making them excellent
candidates for biomedical applications.?*! Moreover, their me-
chanical properties can be tailored to the specific application
depending on the formulation.?*¥] For this work, a photopoly-
mer ink formulation with a viscosity compatible with pneumatic
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atomization (48 cP) and an elastic modulus of the photo-cured
bulk material of 17 MPa has been selected (see Experimental sec-
tion for details).?3¥] Prior to multi-material printing experiments,
the capability of processing the selected photopolymer ink by AJP
was first demonstrated in a single material configuration using
the pneumatic atomization mode, and the results are reported in
Section S1 (Supporting Information).

2.2. Fabrication of magnetic soft materials by DMAJP

A schematic illustration of the developed DMAJP process is
reported in Figure la (see also Experimental Section). To fab-
ricate magneto-responsive nanocomposite polymers, the pho-
topolymer ink was placed in the plastic jar for pneumatic atom-
ization (Figure 1b) while the magnetic ink was placed in the glass
vial for ultrasonic atomization (Figure 1c). A static mixer allows
in situ mixing of the ink aerosols generated from the two differ-
ent atomization methods just prior to deposition (Figure 1d,e).
The static mixer was added to achieve a homogeneous mixing of
the two aerosols, as described in more detail in Section S2 (Sup-
porting Information).

The different steps of the developed fabrication procedure are
shown in Figure 1f (see also Experimental section). A mask-
and assembly-free, time- and material-saving approach based on
DMAJP and structured in a layer-by-layer fashion in combina-
tion with a sacrificial layer approach is proposed, which allows
to fabrication of fully printed self-supported freestanding MSMs-
based objects with different shapes and magnetic composition.
The properties of DMAJP printed composites are determined by
the configuration and the interplay of printing process parame-
ters, such as aerosol ink carrier flow rates, sheath gas flow rate,
printing speed, etc.['® In this study, a default configuration set-
ting was defined for the printing of the photopolymer (see Ex-
perimental Section and Section S1, Supporting Information for
details). Once these parameters were fixed, the carrier gas flow
rate of the MNPs aerosol was varied to control the MNPs loading
in the printed nanocomposite film. MNPs loading is controlled
Dby the ratio of MNPs aerosol to the polymer aerosol, denoted as
mixing ratio r (Equation 1).

Carrier gas flow rate MNPs )
r=

" Carrier gas flow rate polymer

Since MNPs compete with the photoinitiator in absorbing the
incident radiation, inhibiting radical formation, and affecting the
photopolymerization process, there is a limitation in the amount
of MNPs that can be added to any photocurable polymer.**] In
the present work, the carrier gas flow rate of the MNPs aerosol
was gradually increased until the photopolymerization was hin-
dered and a wet, sticky film was obtained, allowing to identifica-
tion of the maximum r to preserve a satisfactory degree of pho-
topolymerization (Section S3, Supporting Information). Notably,
the deposition of the composite in a multilayer fashion, by cyclic
alternating DMAJP deposition and UV curing of subsequent thin
layers of materials, has a beneficial role in maximizing the con-
tent of MNPs in the composite. Previous studies have indeed
demonstrated that high contents of magnetic particles can be
achieved only at the cost of drastically decreasing the composite
film thickness.[2]
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2.3. Morphological Characterization

For morphological characterization, the content and distribu-
tion of MNPs in the polymer matrix were tested on thin film
rectangular samples with 20 mm length and 5 mm width (see
Figure S1d, Supporting Information). The samples were referred
to as MNP-CF, denoting MSMs prepared using x carrier gas flow
rate of the MNPs aerosol (x = 0, 50, 60, 70, 80 SCCM) with r
0.1, 0.12, 0.14, and 0.16, respectively. The quality of the obtained
printed nanocomposite was initially checked by digital optical mi-
croscopy on 1-layer samples supported over the fabrication sub-
strate. Representative optical microscopy images are reported in
Figure 2a—-d. No samples showed holes, cracks, or other discon-
tinuities caused by inadequate printing process parameters, in-
efficient solvent evaporation, or a low wettability of the printing
substrate. All samples showed the presence of clusters of MNPs
in the transparent polymer matrix, with the number of clusters
and their aggregation increasing as the flow rates of the MNPs
aerosol increase. However, a quite constant dispersion is main-
tained even when higher MNPs loadings are reached (MNP-CFyg,
Figure 2d). The clustering phenomenon is influenced by several
factors. Cluster formation can be due to the low miscibility of the
toluene (i.e., the main solvent of the magnetic ink) with the pho-
topolymer ink. Even if the mixing in the aerosol form rather than
in liquid form makes it possible to mix two incompatible inks,!*°!
the use of solvent media with poor miscibility leads to a cer-
tain degree of particle aggregation. Moreover, the higher MNPs
loadings in higher MNPs flow rate samples reduce the mean in-
terparticle distance during the curing and evaporative phase of
the deposition process, causing aggregation by attractive van der
Waals forces between the particles.!?! The possibility of aggrega-
tion driven by magnetic interaction can be excluded: as will be
shown by superconducting quantum interference measurement
device (SQUID) analysis, the absence of remanence or coercivity
in the magnetization hysteresis loops of all samples confirmed
that the MNPs have no magnetic attraction for each other.[?’] The
clustering phenomenon could be improved by treating the parti-
cles with other solvents or surfactants with better miscibility with
the polymer. However, the presence of MNPs aggregates does not
affect the proposed application, as will be demonstrated in the
following paragraphs.

Surface analysis using a scanning electron microscope (SEM)
and energy dispersive X-ray (EDX) were performed to deeply
investigate the particle dispersion in the nanocomposite (see
Experimental section for details). SEM (Figure 2e-h) and EDX
(Figure 2i-1) observations confirmed an increasing amount of
Fe,O, nanoparticles in the films increasing the flow rate of the
MNPs aerosol. The EDX spectrum analysis curve of pristine
MNPs and the pure polymeric sample, used as a comparison, are
reported in Section S4 (Supporting information).

Because the nanocomposite films are printed layer by layer,
the printing of multiple layers allows for control of the thickness
of the printed patterns. The dependence of the thickness on the
number of layers has been investigated by optical profilometer
measurements, and the results are reported in Figure 2m. Mea-
sured were performed for MNP-CF, and MNP-CFy,. As expected,
for each flow rate of the MNPs, the thickness linearly grows by
increasing the number of layers, with a layer-by-layer growth rate
of 18 + 0.5 pm and 15 + 0.2, respectively for MNP-CF; and
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Figure 2. Optical microscope, scanning electron microscope micrographs at different magnification values and energy dispersive X-ray (EDX) analysis
of MNP-CF, samples illustrating the trend of the changes in MNPs content by increasing the MNPs carrier gas flow rates: a), e) and i) MNP-CFs, b),
f) and j) MNP-CFg, c), g) and k) MNP-CF, d), h) and I) MNP-CFg,. j) The dependence of the thickness on the number of layers for purely polymeric
MNP-CF, sample () and composite MNP-CFg, samples ().

Adv. Mater. Technol. 2024, 9, 2400463 2400463 (5 of 11) © 2024 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH

85U8017 SUOWWOD SAIEe.D 3(gedldde ay) Aq peusenob afe sejoie YO ‘8sn JO S9N J0j AIq1T BUIUQ A8]IA UO (SUOIPUCD-PUE-SWLB}W00 A8 |1 Afe.d1|BulUoy/:Sdny) SUONIPUOD pue swie 1 8y} 89S *[6202/20/LT] uo Akeiqiauliuo A&[1M ‘501 Aq £9700vZ0Z IWPe/Z00T OT/I0p/W0D A8 1M Aeiq U [UOpeoUeADe// Sy WOl j pepeo|umod ‘g ‘%20z *X60.S952


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOILOGIES

www.advancedsciencenews.com

-
(6]

[(e]
HED

]

o
N
o

Carrier gas flow rate MNPs (SCCM)

Magnetization (emu g') o
h b A a2 w oo N
o o o o o o o

4
o

-20 -10 0 10 20
Magnetic Field (kOe)

MNPs mass fraction (wt%) %
IN]
HDA

50 60 70 80

www.advmattechnol.de

° T
;\;;15
: .
=
12 §
o
r ;
@
£ 9
w
o
z
=
6
40 50 60 70 80
Carrier gas flow rate MNPs (SCCM)
d s

H

Magnetization (emu g')
o

-20 -10 0 10 20
Magnetic Field (kOe)

Figure 3. a) Mass fraction of MNPs estimated by TGA (Hll) and SQUID measurements (O) for different flow rates of the MNPs aerosol. b) Mass fraction
of MNPs including their polymer coating estimated by TGA (A) and relative mixing ratio r (CJ), expressed in percent. Magnetization hysteresis plots of
c) pristine MNPs and d) DMAJP composite samples ({)) MNP-CFsq, (ll) MNP-CFg, ((J) MNP-CF;o and (A) MNP-CFg.

MNP-CFy,. This demonstrated that the obtained film thickness
depends on the amount of magnetic particles added, being typi-
cally slightly lower for films with higher MNPs contents, due to
the lower degree of curing.!>*]

2.4. Thermogravimetric Analysis (TGA)

During the DMA]JP process, the mass fraction of MNPs in the
printed composite is not known as precisely as it would be if the
composite was mixed before fabrication.[1%] Since the mixing ra-
tio r is based on ink mist flows, the mass fraction of nanoparti-
cles in the MNP-CF,_ samples was measured after the printing by
thermogravimetric analysis (TGA). The TGA results of the ther-
mal degradation of the samples in the form of weight percent
versus temperature are shown in Section S5 (Supporting infor-
mation). The mass fraction of Fe;O, MNPs in the composites
(w) can be estimated from the remaining mass at the final tem-
perature (600 °C) being the metal core of the pristine MNPs non-
volatile in this temperature range and the results are reported in
Figure 3. As expected, a linear increase of MNPs content can be
observed in the dependence of the flow rate of the MNPs aerosol,
with a maximum of 11.5 wt% for MNP-CFy (Figure 3a). Itis im-
portant to note that the mass fraction measured by TGA refers
to the Fe; O, core of the pristine MNPs without considering their
polymer coating, which also volatilizes together with the polymer
matrix at 600 °C (see Section S5, Supporting information). From
the thermogravimetric curve of the pristine MNPs, it is possible
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to estimate the mass fraction of MNPs including their polymer
coating, resultingin 10.9, 12.4,13.3, and 15.1 wt% for respectively
MNP-CF;, MNP-CF;, MNP-CF,, and MNP-CFg,. It is notewor-
thy that these values are comparable to the mixing ratios r (i.e.,
0.1, 0.12, 0.14, 0.16), implying that the polymeric and magnetic
inks have similar atomization rates (Figure 3b).

2.5. Magnetic Properties of the Printed Samples

To characterize the magnetic response of the printed MNP-CF,
samples, their magnetization hysteresis was evaluated by a super-
conducting quantum interference measurement device (SQUID)
and compared to the magnetization hysteresis of pristine MNPs.
Hysteresis loops for pristine MNPs (Figure 3c) and composite
samples (Figure 3d) showed no remanence or coercivity, thus
indicating superparamagnetic behavior for all the samples, sug-
gesting that the inclusion of the MNPs in the polymeric matrix
by the DMAJP process did not significantly alter their magnetic
properties. The superparamagnetic nature of the samples was
confirmed through field-cooled and zero-field-cooled (FC-ZFC)
protocols (see Section S6, Supporting information). Assuming
that the magnetization of the composite films measured dur-
ing the hysteresis loops is exclusively due to the metal core of
the pristine MNPs present within them, their magnetic behavior
can be described by superparamagnetic modeling, with the satu-
ration magnetization depending only on the nanoparticle num-
ber density.[?”] The magnetization evaluation can be used as an
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Figure 4. a) A printed nanocomposite film with five different MNPs content regions. From the left to the right, MNP-CF;, MNP-CF5, MNP-CFgy, MNP-
CF;y, and MNP-CFgqy. b) The flow rates of the polymer and MNP aerosol during the printing of 1 layer. c) Elongated printed structures combining
magnetic and non-magnetic elements of different lengths and the corresponding flow rate profiles during the printing of 1 layer.

indirect measurement of the Fe;O, MNPs mass fraction in the
nanocomposite because they are the only magnetically active ele-
ments in the composite.l?”?8 The MNPs mass fraction can be in-
directly obtained from the ratio of the saturation magnetization
per unit mass of the MNP-CF, samples with that of the pristine
powder. As displayed in Figure 3a, the concentrations of MNPs
(without considering their polymer coating) previously obtained
from the TGA results, are in good agreement with the magnetic
measurements. The results confirmed that magnetization mea-
surements can be useful for a good estimation of the MNPs mass
fraction in the composite films, with the advantage that the mea-
surements take less time and are non-destructive as compared to
TGA investigations.[?®]

2.6. Demonstration of the Ability to Tailor Material Composition
During Printing

A unique characteristic of the proposed DMAJP method for the
fabrication of MSMs is the possibility to control the MNPs load-
ing at different regions of one nanocomposite film in situ dur-
ing the printing. Different showcase examples were designed to
demonstrate this capability and are reported in Figure 4. First,
a 5 mm wide and 20 mm long nanocomposite film with 5 dif-
ferent MNPs loading regions of 4 mm width was printed and is
shown in Figure 4a. The use of a soft and flexible polymeric ma-
trix allows us to obtain composite structures that can be easily
folded and deformed without breaking (see Figure 4a, bottom).
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The corresponding flow rates of the two aerosols during the print-
ing are plotted in Figure 4b. Both the motion of the automated
deposition stage and the DMA]P flow rates are controlled during
the printing through the same machine control code (see Experi-
mental section for details) allowing for easy control over the spa-
tial distribution of the magnetic particles in the MSMs. In order
to further demonstrate this, 1 mm wide, and 60 mm long strips
composed of alternating magnetic and non-magnetic segments
were printed, controlling and tuning the length of the segments
(i-e., 1.5, 1, and 0.5 cm, Figure 4c). The corresponding flow rates
of the two aerosols during the printing are plotted in Figure 4d.
The individual strips shown in Figure 4c were printed within a
period of ~10 min, confirming the rapid and automated fabri-
cation in a single printing process without the need for compli-
cated and time-consuming assembly. These examples were se-
lected to demonstrate that DMAJP can be easily used to combine
polymeric and magnetic materials into multi-material objects in
a single manufacturing process. In addition to this, the fabrica-
tion of more complex shapes and designs is illustrated in the next
paragraph.

2.7. Proof-of-Concept Demonstrations

The following proof-of-concept demonstrators were created to
show that the developed fabrication procedure can be used to
combine and shape polymeric and magnetic materials into vari-
ous small-scale multi-material soft objects whose movements can
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RELEASE

Figure 5. DMAJP printed MSMs-based multi-material soft objects with different design and motion capabilities: a) a 4-fingered soft object with increasing
MNPs content in the fingertips (from the left to the right MNP-CFO, MNP-CF50, MNP-CF60, MNP-CF70, and MNP-CF80); b) the variable bending of
the fingers when exposed to a magnetic field gradient; c) a flower-shaped object; d) bending motion of flower petals when exposed to a magnetic field
gradient; e) 3-fingered grippers with different body diameter (from the left 20, 15, and 10 mm); f) bidirectional bending of the gripper when exposed to a
magnetic field gradient from opposite side of its body (natural resting position in the inset); g) a gripper prototype used to demonstrate the ability to lift a
lightweight, compressible object (a piece of polyurethane foam); h) the untethered rolling grasper in a planar configuration and in a folded configuration
(i) after post-curing around a spherical magnet; j) untethered grasping and rolling movement of the grasper.

be controlled by applying an external magnetic field. In particu-
lar, different types of motion have been investigated, such as fold-
ing/unfolding, translation, and rolling.

First, a multi-material soft object composed of a purely poly-
meric main body (i.e., MNP-CF;) and 4 beam-shaped fingers
with a magnetic tip was fabricated (Figure 5a). The fingers are
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4 mm wide, 8 mm long and have a 4 mm long magnetic tip with
increasing MNPs content (from the left to the right MNP-CF,,
MNP-CF;, MNP-CFy,, MNP-CF,;, and MNP-CFy,, Figure 5a).
Thanks to the flexibility and softness of the photocurable poly-
mer, typical features of materials for soft robotics, the fingers
bend when exposed to the attractive force of a magnetic field
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gradient (Figure 5b). It is noteworthy that the magnetic response
of the fingers depends on the content of MNPs in the tip, with
the bending amplitude increasing by increasing the MNPs con-
tent (Figure 5b; see also Section S7 and Video S1, Supporting
Information). This demonstrated that the developed fabrication
procedure enables structures with locally controllable magnetic
responses to be produced in a single mask-free and assembly-
free fabrication process.

In order to demonstrate the ability to easily change the de-
sign, a flower-shaped object, with a purely polymeric central body
and six 7 mm-long petals with the highest content of MNPs in
the magnetic tip (i.e., MNP-CFy) to maximize the magnetic re-
sponse, was fabricated (Figure 5c). As expected, the flower petals
bend and close when exposed to the attractive force of a mag-
netic field gradient (Figure 5d). This folding/unfolding capability
was leveraged to create the first proof-of-concept manipulator in
the form of a 3-finger gripper. To demonstrate the dimensional
scalability of the process, three grippers of different length scales
were created (20-, 15- and 10-mm overall diameter, Figure 5e). As
illustrated in Figure 5f, the grippers showed bidirectional bend-
ing capability when an external magnetic field gradient was ap-
plied from the opposite side of their body, allowing the fingers to
bend in opposite directions. The ability of the grippers to grasp,
lift, and deposit soft, highly compressible objects via the appli-
cation of magnetic field gradient from below was demonstrated
(Figure 5g, see also Section S8 and Video S2, Supporting Infor-
mation).

Finally, an untethered rolling grasper was produced to
demonstrate translation/rolling and folding/unfolding motions
(Figure 5h). Compared to the earlier flower petals and grippers,
this demonstrator exhibits a 3D referential position, being in a
folded state at rest (Figure 5i, right). This was achieved by re-
leasing the sample from the fabrication substrate before the final
post-curing step (see Experimental Section), and then post-curing
in a folded configuration around a spherical magnet (Figure 5i,
left). This curved configuration allows the grasper to roll dur-
ing translation as well as unfold/fold under the application of
differing external magnetic field gradients (Figure 5j, see also
Section S9 and Video S3, Supporting Information). Thanks to
these behaviors the untethered grasping and locomotion of a
compressible polyurethane foam ball were demonstrated via the
manual application of a moving magnetic field gradient. The ca-
pability of the developed DMAJP printed objects to maintain a
desired 3D referential position is a design tool currently under
further investigation.

These preliminary proof-of-concept demonstrators confirmed
the potential value of the proposed technique for fabricating
small-scale magnetically controlled structures that can find ap-
plication in the field of soft robotics. Of course, further research,
design studies, and development will be required depending on
the specific application.

3. Conclusion

This investigation provided a new straightforward mask- and
assembly-free, versatile, time- and material-saving method based
on computer-controlled DMAJP for the fabrication of MSMs with
in-process tailorable composition. Two AJP printable inks were
formulated, consisting of a customized Fe, O, nanoparticle-based
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magnetic ink and an in-house developed soft and biocompatible
photo-curable polymer ink. In situ, mixing of the two inks in the
aerosol form prior to deposition allows the production of MSMs
with locally controlled magnetic composition by in-process con-
trolling the mixing ratio of the two aerosols. The adopted pro-
cessing strategy is particularly appealing because it enables rapid
and simple fabrication of small-scale multi-material objects com-
bining magnetoactive and non-magnetic materials and locally
controllable magnetic response with different designs in a sin-
gle printing process. As a proof-of-concept, several MSM-based
small-scale objects with different designs were printed to demon-
strate various magnetically controlled movements, including
translation, rolling, and folding/unfolding movements.

This study goes in the direction of extending the capability
of 3D printing for the fabrication of magneto-responsive small-
scale soft structures with a broad palette of advanced applications
in the biological, medical, and robotic fields. Some elements re-
quiring further research exist. First, the size limitation of MNPs
for compatibility with ultrasonic atomization (diameter <50 nm)
has oriented our initial choice toward the use of easily available
superparamagnetic Fe; O, nanoparticles. Despite Fe;O, nanopar-
ticles being highly relevant in many biological and biomedical
applications due to their high biocompatibility, low toxicity, high
magnetic susceptibility, and high saturation magnetization, their
application for producing actuation is limited by the absence of
magnetically hard behavior (i.e., zero remanence when any ex-
ternal magnetic field is removed).}! For this reason, further on-
going studies are currently dedicated to extending the proposed
technique to hard magnetic nanomaterials processable by AJP.
This would allow the DMAJP fabrication of MSMs with more
complex behavior under the action of external magnetic fields,
thanks to their remanent magnetization and thus the availabil-
ity of magnetic torque as well as force. Second, to further expand
the process capability, different strategies for using DMAJP to
fabricate truly 3D structures with more complex geometries and
higher resolution are currently under investigation. Finally, fur-
ther research, design studies, and development will be required
depending on the specific application.

4. Experimental Section

Magnetic Ink Preparation: EMG1300M nanoparticles having polymer-
coated surface modification were purchased from FerroTec Co. The parti-
cles are a 50/50 mixture of Fe;O,/y-Fe, O3 with an average particle size of
10 nm and a weight percent of iron oxide of 60.0-80.0%. The nanoparti-
cles were dispersed in a solution of 90% v/v toluene and 10% v/v terpineol
with a concentration of 200 mg mL~. To achieve a stable colloid, sonicat-
ing, and heating of the ferrofluid at 35 °C in an ultrasound bath for 30 min
was necessary.

Polymer  Ink  Preparation: S7,7,9-Trimethyl-4,13-dioxo-3,14-dioxa-
5,12-diazahexadecane-1,16-diyl ~ bismethacrylate (UrDMA) and 2-
[[(butylamino)carbonyl]oxylethyl acrylate (UrA) were used as monomers.
Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (Irgacure 819) was
used as photo-initiator. UrDMA/UrA mixtures (20/80 wt./wt.) containing
Irgacure 819 (1.0 wt% of total monomers’ mass) were prepared as
photo-inks.

Printing Substrate Preparation: ~Glass slides were cleaned with ethanol
and dried. A 5 wt% aqueous solution of poly(vinyl alcohol) (PVA, average
Mw = 15 000, MP Biomedicals Europe) was deposited by spin coating
(SPIN 150i, Polos) on a glass slide at 500 rpm for 120 s, forming the sac-
rificial layer of water-soluble polymer.
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Fabrication of Polymer/Magnetic NPs/Nanocomposites: An Optomec
Aerosol Jet print engine (Optomec Inc.) was engineered into a pro-
grammable 5-axis Cartesian stage controlled through a control code (G-
Code) input to Aerotech A3200 Automation Controller, which moves the
substrate below the aerosol to produce a pattern. The design is created in
standard graphics or Computer Aided Design (CAD) software before being
translated to machine control code (i.e., G-code) containing stage manip-
ulation and DMAJP gas flow rate settings. The linear translation stages
(Thorlabs DDS300/M) provide a minimum incremental movement of 100
and a 300 mm travel distance in the XY plane. The DMAJP setup is de-
picted as a schematic in Figure 1a. Fluoropolymer (PFA) tubes with an
outer diameter of 6 mm and a wall of T mm were used for the connections
(Swagelok). A total amount of 1.5 mL of prepared magnetic ink was placed
into the glass vial designed for ultrasonicating atomization. 30 mL of the
photopolymer ink was placed into a plastic jar designed for AJP for pneu-
matic atomization. Nitrogen was used as the inert sheath and atomizer
gas. A 750 um nozzle, a printing speed of 15 mm~"s, a working distance of
2.5 mm, an atomizer gas flow rate, and an exhaust flow rate of the polymer
aerosol respectively of 1000 SCCM and 500 SCCM were used throughout
(resulting in a 500 SCMM polymer carrier gas flow rate). The carrier gas
flow rate of the MNPs aerosol was varied as part of the investigation (0,
50, 60, 70, 80 SCCM). Gas flow rates are quoted in standard cubic cen-
timeters per minute (SCCM). For the curing of the photopolymer, a UV
lamp (BluWave QX4 Version 2.0 LED Spot-Curing System equipped with a
365 nm LED head and 8-mm diameter focusing lens) was integrated with
the DMAJP apparatus. DMAJP deposition and UV curing are alternated
in a layer-by-layer fashion until the desired number of layers is reached
(Figure 1f). The required curing time for each layer is 3 s with a final post-
curing of 60 s. After the curing, the immersion of the sample in a petri dish
filled with deionized water allows the dissolution of the sacrificial layer and
the subsequent release of the printed structure.

Morphological Characterization of the Printed Composite Structures:  For
a preliminary investigation of the DMAJP printed nanocomposite films,
optical images were taken by Olympus-BX53 microscope (Olympus), cov-
ering a magnification range from 2.5x to 50X. Scanning electron mi-
croscopy and Energy Dispersive X-ray (EDX) analysis of the samples were
performed with a GeminiSEM 300 scanning electron microscope (Zeiss).
The samples were glued onto the conductive base and sputtered with a
platinum layer (thickness 4 nm) to avoid electrical charges. The SEM im-
ages were taken at an accelerating voltage of 5 kV. The EDX investiga-
tions were carried out at a higher accelerating voltage (15 kV). Thickness
measurements were performed using a white confocal light microscope
(NPFLEX-1000, Bruker).

Thermogravimetric Analysis:  Thermogravimetric analysis (TGA) of the
DMAJP printed nanocomposite films was done using a Thermal Analysis
System TGA 2 (Mettler Toledo). TGA experiments were performed on sam-
ples of ~10 mg from 20 up to 600 °C at a heating rate of 10 °C min~" under
nitrogen atmospheres, with a gas purge rate of 50 mL min~".

Magnetic Characterization: The remanent magnetization and mem-
ory effect measurements under FC-ZFC protocols of the DMA|P printed
nanocomposite films were investigated using a superconducting quan-
tum interference measurement device — vibrating sample magnetome-
ter (SQUID-VSM from Quantum Design). The magnetization curves were
recorded for pristine EMG1300M nanoparticles and for MNP-CF, sam-
ples. The hysteresis loops were measured at 300 K by cyclically applying a
magnetic field up to +20 kOe.
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