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Abstract

Materials enabling fabrication of multifunctional devices are a cornerstone of present-day
materials science and engineering. Multifunctionality enables use for novel applications in fields
like energy, health, sensing, etc. We conducted an extensive literature review into the
development of one material capable of multifunctional device fabrication, elastic magnetic films
and devices, which have two notable properties: magnetizability, and physical softness and
compliance. We highlighted materials, fabrication, characterization, and resulting interactions
harnessed to develop inks used to fabricate these films, as well as broadscale applications. We
also experimented with an Fe;O,-PDMS compliant magnetic film to characterize magnetic
properties under modes of deformation. Through bending and twisting, the magnetic saturation,
coercivity, and retentivity were measured. Results revealed that bent configurations preserved
magnetic characteristics better than twisting configurations; out of tested twisting angles, a 180°
rotation displayed properties closest to the undeformed state. We concluded by describing the
potential of future research endeavors.
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II1. List of Tables

The following table provides a list of figures in this paper and a brief description of their

relevance to the paper.

Table Brief Description
1 A list of tables used in this paper
2 A list of figures used in this paper
3 A list of acronyms (and their meanings) used in this paper
4 Calculated Young’s Modulus values from the experiment

conducted by Wang et al. [1]

5 Saturation Magnetizations of different samples of magnetic
films with both low and high iron oxide concentration
orientations for different film orientations

6 Latent Magnetizations of different samples of magnetic films
with both low and high iron oxide concentration orientations
for different film orientations.

7 Coercivity of different samples of magnetic films with both low
and high iron oxide concentrations for different film
orientations.

Table 1. A list of tables used in this paper.
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IV. List of Figures

The following table provides a list of figures in this paper and a brief description of their

relevance to the paper.

Figure Brief Description

1 Schematic describing an overview of the two necessary parts of
physically soft magnetic films

2 Schematic describing an overview of the two classifications of
fabrication methods to develop magnetic films.

3 Examples of magnetically controlled robots fabricated using
additive manufacturing processes

4 Schematic describing an overview of the different
characterizations of the thin magnetic films and the properties
exhibited by them

5 [Reproduced] Plot showing the range of Young’s modulus

values of various ferromagnetic and weakly magnetic materials
embedded in different polymer matrices

6 M-H curves of sample 1 of the high iron concentration,
demonstrating hysteresis, both (a) and (b) show the same data,
where (b) is focused on the origin

7 Saturation Magnetization results for samples in varying
deformations

8 Latent Magnetization results for samples in varying
deformations

9 Coercivity results for samples in varying deformations

10 Schematic depicting motion-inducing structures in

microorganisms and the corresponding biomimetic
elasto-magnetic microdevices

11 Schematic of microbots that have been shown with the several
methods of microcilia-based propulsion

Table 2. A list of figures used in this paper.



V. List of Abbreviations

The following table provides a list of acronyms and their explanations to this paper.

Nomenclature or Acronyms Meaning
PEG Polyethylene glycol
PEGA Poly(ethylene glycol) acrylate
PEGDA Poly(ethylene glycol) diacrylate
EGDMA Ethylene glycol dimethacrylate
MAA Methacrylic acid
PLA Polylactic acid
PnBA Poly(n-butylacrylate)
OA Oleic acid
SEM Scanning Electron Microscopy
TEM Transmission Electron Microscopy
PDMS Polydimethylsiloxane
NP Nanoparticle
XRD X-ray Powder Diffraction
MEMS Microelectromechanical Systems

Table 3. A list of acronyms (and their meanings) used in this paper.




V1. Introduction

The purpose of this thesis is to describe the efforts of Team GECKO during the past two
years. During this time, Team GECKO has submitted a review paper titled Physically Soft
Magnetic Films and Devices: Fabrication, Properties, Printability, and Applications to the
Journal of Materials Chemistry C. Recently, this paper was accepted for publication. Team
GECKO has also studied the magnetic properties of soft magnetic films fabricated by Swarup

Subudhi, a PhD student in the laboratory of Dr. Siddhartha Das.

During the process of writing the review paper, Team GECKO read about the materials
and processes used to fabricate soft magnetic films, the processes used to characterize soft
magnetic films, and the applications of soft magnetic films. A summary of these facts compiled

during this process are included in this thesis.

In collaboration with Swarup Subudhi, Team GECKO recorded the M-H curves of soft
magnetic films subjected to different forms of deformation. The purpose of these measurements
was to demonstrate the robustness of these films and their suitability for a wide range of

applications including microrobotics. These results are included in this thesis.



VII. Literature Review

The contents of this section have been published in the Journal of Materials Chemistry C

in a paper written by the authors of this work, as described above.

VII. A. Materials
Magnetic films
Considerations Examples Considerations Examples
- Particle size - NdFeB microparticles - Fabrication methods - PDMS )
- Magnetic coercivity - Cobalt nanoparticles and WOI’l.(ﬂO.WS - SU-8 photoresist
(Hard vs. Soft magnet) - Iron oxide - Shear .thmmng - PLA
- Magnetic permeability nanoparticles behav1.0r (for o - EFf’ﬂeX
- Application specific - Magnetic graphene extrusion fabrication) - Silicone rubber
properties oxide - Application specific matrix
- Carbonyl iron particles properties - EGDMA/MAA
Magnetic Materials Polymeric materials

Figure 1. Schematic describing an overview of the two necessary parts of physically soft
magnetic films. The left side describes the considerations when selecting a magnetic particle to
give the film its magnetic property, as well as several examples of previously used particles. The
right side describes the considerations when selecting a polymer material to give the film its

physical softness, as well as several examples of previously used polymer materials.

In this section, we will discuss the common materials used in the fabrication of soft,
magnetic films, typically involving a polymer matrix and magnetic microparticles or magnetic
nanoparticles of various sizes. Materials selected must meet certain requirements to ensure the
desirable properties of the physically soft, magnetic films. For example, for the case of the

polymer matrix, a low elastic modulus (of the same order as that of the elastomers or even
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smaller) is desired for ensuring that the fabricated magnetic films are soft and pliable. Of course,
such softness and pliability of the fabricated magnetic films also depend on the aspect ratio of the
film [2]. Similarly, the fabricated films must experience a minimum deflection without fracture.
Polymers must also have a low glass transition temperature (T,): ideally this transition

temperature should be smaller than the room temperature to ensure the desired flexibility [3].

The polymer materials that are responsible for attributing the desired “softness” and
compliance to these films include polydimethylsiloxane (PDMS) [1], [4]-[18], SU-8 photoresist
[19], polylactic acid (PLA) [20], Ecoflex 00-10 polymer [21], silicone rubber matrix [22],
EGDMA/MAA [23]-[26], poly(n-butylacrylate) (PnBA) [27], [28], poly(ethylene glycol) (PEG)
[29], poly (ethylene glycol) acrylate (PEGA) [30], poly(ethylene glycol)diacrylate (PEGDA)

[30], etc.

The most common type of polymer material for mechanically soft magnetic inks, PDMS,
is often used in conjunction with other materials. It is often used due to its low cost and
compatibility with biological applications [31]. PDMS also has well established workflows for
several fabrication methods such as lithography and its shear thinning behavior opens possible
applications in additive manufacturing. Other materials have also been used in conjunction with

magnetic microparticles or nanoparticles to achieve other desired properties.

Just like the polymeric materials, there have been several different permutation-
combinations on the microparticles or nanoparticles used to fabricate physically soft and
magnetically responsive films and inks. For example, the typical microparticles or nanoparticles
that are responsible for inducing magnetic actuation capabilities include ferrite nanoparticles

[4]-[8], [10], [19], [23], [24], [27], [29], [30], [32]-[36], neodymium-iron-boron (NdFeB)
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nanoparticles [1], [9], [11]-[15], [21], [22], magnetic graphene oxide [25], [37], cobalt [38],
carbonyl iron particles [39], etc. In order to meet the magnetizability requirement, films must
have a high enough volume fraction of magnetic nanoparticles to have a relatively high magnetic
moment and experience torque when an external magnetic field is applied. However, having too
large of a volume fraction of magnetic nanoparticles can increase the elastic modulus of the film
and reduce its flexibility [40]. The magnetic nanoparticles used in the fabrication of such films
have been both soft and hard magnets, such as ferrite and NdFeB magnets respectively,
depending on their uses. Hard magnets will retain their magnetized direction, but soft magnets
can easily be magnetized and demagnetized. Other particles are also used for application specific
properties, such as magnetic graphene oxide being selected as the magnetic particle due to its
large surface area [25] or ability to be optically stimulated for drug delivery applications [37].
Generally, iron oxide nanoparticles are most commonly used due to their low cost, small size,

and their superparamagnetic property [15].

The typical diameter of the iron oxide NPs, which are the most common type of NPs used
to fabricate such soft, magnetic films, range from 6nm to 10pum [1], [4]-[8], [19], [23], [24],
[27], [29], [30], [34], [36]. Pirmoradi et al. [5] used both uncoated iron oxide particles as well as
particles coated by a proprietary fatty acid (EMG 1200) and a proprietary hydrophobic surfactant
(EMG 1400). Such coatings serve as stabilizers that prevent the NPs from aggregating by
overcoming the large NP-NP attractive van der Waals forces. For example, several groups have
used iron-oxide particles stabilized with a coating of oleic acid [26], [29], [34], [41]. Others have
also used gold NPs for a similar purpose [42]. In addition to such iron-oxide NPs, microscale
NdFeB particles have also been used. These particles ranged from Spm to 70um in diameter [1],
[9], [11]-[15], [21], [22]. For example, the experiments done by Wang et al. [1] used NdFeB
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particles whose dimensions were between 20um and 70um, while lacovacci et al. [15]

considered NdFeB particles of dimensions ranging from Spum to 10pm.

There is a large space of materials commonly used, but the specific fabrication process
used often determines the choice of materials (and hence the desirable properties of these
materials). For example, for cases where additive manufacturing (such as direct ink writing)
methods are used to fabricate the soft, magnetic films, one must ensure that polymer and NPs are
chosen so that the magnetic nanocomposite ink demonstrates shear thinning behavior. For such
nanocomposite inks, the shear thinning behavior implies that the viscosity must be low enough to
ensure that the ink can be extruded out of the nozzle, while at the same time in absence of any
pressure (i.e., immediately after printing), the deposited ink volume must retain its shape. The
ink must also contain a large volume fraction of a colloid to minimize drying induced shrinkage,

which can impart compressive stress on the resulting structures [43].
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VII. B. Fabrication

Fabrication Methods

— .

_ Non-Additive Manufacturing
Light Based: - Template-free assembly
- Stereolithography - Squeegee-coating processing
- Digital light processing - Molding processing
- Direct laser printing o  With Reaction Chambers
Physical: o  With Cylindrical Cavities
- Fused deposition modeling - Micro-drilling
- Direct ink writing - Two-color lithography

Figure 2. Schematic describing an overview of the two classifications of fabrication methods to
develop magnetic films. The left side describes the additively manufactured techniques that will
be discussed further in the section. The right side highlights examples of traditional,

non-additively manufactured fabrication techniques.

In fabricating magnetizable films, there are two broad categories of methods:
non-additive fabrication methods and additive fabrication methods. We will discuss the

advantages and disadvantages that each of these methods have.

The first group consists of traditional processes that do not use additive manufacturing.
This group of methods is extremely diverse, however the most widely used method by a wide
margin is molding. Other methods include template-free assembly and roll-pulling. These
methods generally do not require special properties such as photosensitive curing or rheological

requirements, unlike additive manufacturing methods.
14



In the second group, additive manufacturing processes construct 3D structures
incrementally, usually layer by layer. These can be divided into light-based methods like
stereolithography (SLA), digital light processing (DLP), and direct laser writing (DLW) as well
as physical-based methods like fused deposition modeling (FDM), direct ink writing (DIW), and

binder jetting.

VII. B. i. Non-Additively Fabricated Soft. Magnetic Films

Traditionally, non-additive strategies have been employed for fabricating soft, magnetic
thin films, while additive manufacturing has arisen in popularity in recent years. An evaluation
of some of those traditional methods and their effects on various film properties is discussed
below.

The first step in the fabrication of soft, magnetic films is to ensure that the dispersed
magnetic NPs do not aggregate. To prevent aggregation, for cases where external coating (as
described above) is absent or is unable to serve as strong-enough stabilizer, the magnetic
nanoparticles are often mixed with a dispersion agent such as toluene [5] or Pluronic F-127 [44],
and then sonicated. For example, in the study by Pirmoradi et al. [5], to prevent the irreversible
aggregation of the iron oxide NPs, dry coated NPs were successively dissolved in toluene at
35°C, stirred, and sonicated in an ultrasound bath for 30 minutes before being mixed with the
PDMS prepolymer. However, when using uncoated iron oxide NPs, the procedure requires
approximately 4-6 hours of sonication to prevent irreversible aggregation of the NPs, much
longer than the time required for dry coated NPs. Thus, during the initial fabrication steps, this
confirms that coating the NPs prior to mixing improves both efficiency of the process, as well as

prevents significant aggregation.
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Template-free assembly is a very common approach in the development of material
systems like magnetic films. Timonen et al. [38] applied the facile bottom-up approach, based on
template-free assembly, for fabrication of magnetically responsive cilia. In this technique,
magnetic cilia formed spontaneously from a suspension of micrometer-sized ferromagnetic
particles and an elastomeric polymer, all cured in the presence of an external magnetic field. The
magnetic suspension was prepared by mixing about 20 mg of the ferromagnetic nanoparticles
into 8mL of a liquid solvent containing 30 mg of dissolved elastomeric polymer as the
nanoparticles. The suspension was vigorously ultrasonicated for a few minutes and poured into a
polytetrafluoroethylene (PTFE) dish with a flat substrate at the bottom. This method does
produce a significant amount of aggregation seconds after ultrasonication, however, placing the
dish in the magnetic field seems to prevent further aggregation. Utilizing the same approach, Sun
and Zheng [45] demonstrated that within this magnetic field, the particles instantaneously
formed conical high-aspect-ratio structures, while the polymer remained in its dissolved form.
The formation of conical shapes during phase separation can be attributed to the fact that the
particle phase is made of cone-like shapes whose aspect ratios resemble cilia. Furthermore, after
evaporation, the cones indicated high flexibility, and could be bent by a mechanical force to be
set into their final structures. Overall, this method, while it produces aggregates rather quickly,
has its advantages in its ability to fabricate mechanically strong strong and flexible films even
after magnetic curing is complete. As a result of the robustness of the films produced,
template-free assembly is favorable for several combinations of solvents, polymers, and
ferromagnetic particles, but particularly constituents in the micrometer and submicrometer size

range.
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Wang et al. [1] used a fabrication method termed “squeegee-coating processing,” which
is similar to molding processing. Initially, the photoresist was used to form a die, and then a
mixture of PDMS and magnetic powder was poured onto the die on a silicon wafer. A
transparent film was lowered onto the mixture to eliminate surface bubbles, and then the entire
die/mixture/transparency film stack was clamped together. Next, the stack was placed in a
vacuum oven to cure the PDMS. The issue with the molding process was that it produced too
many bubbles at the surface. Instead of clamping the stack to reduce these bubbles, the squeegee
processing method scraped a piece of glass with a flat smooth edge across the die. This method
demonstrated success in (and thus is valid for) producing uniform magnetic films ranging in
thickness from 40um to over 200um, and improved on the molding process in that it
significantly reduced air bubbling. Furthermore, this fabrication method produced films with
Young’s Modulus values between 2.26 MPa to 28.90 MPa, a residual magnetic moment
approximating 8.081:10° A'm? and a maximum deflection in a 0.21 T magnetic field of 125
um. Based on these results, the research suggests that this method is best suited for fabricating a
film for micropumps and other microdevice applications that focus on bi-directional motion,

large driving forces, and large deflection.

Molding processes are quite popular in the fabrication of magnetic composite films and
solve many of the problems stemming from aggregation and bubbling. Rahbar et al. [16] and
Chen et al. [11], in particular, both discussed the direct fabrication of magnetic nanoparticles into
passive microfluidic structures using a molding technique that employed a reaction chamber. In
this procedure, fluid microchannels and chamber structures were fabricated inside the PDMS
using standard soft-lithography. The magnetic nanocomposite polymer was prepared by
dispersing the magnetic powder into the PDMS polymer matrix with a weight percentage of 80
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wt%. To fabricate directly into the chamber, the chamber was first filled with PEG. It was
immediately covered and cooled, to solidify for ten minutes. Afterward, microneedles were
inserted, and the composite polymer was then poured over the microneedles, while the needles
were slowly pulled out. The vacuum created then drew the composite into the needle holes. Note
that creating a vacuum is simply one type of degassing procedure, and other strategies can be
utilized to fill the microchannels with the PDMS-magnetic mixture [7]. Continuing with the
method outlined by Rahbar ef al. [16], one reason this method is so widely used is because of its
ability to produce microstructures with such high aspect ratios, up to 8:0.13. Additionally, while
this method has a relatively easy procedure and is low cost, another benefit lies in that it creates
very responsive films that can be actuated using small and localized magnetic fields,
approximately 7 mT, whereas several other methods require a stronger electromagnet for curing.
Thus, the combination of the factors listed above makes this fabrication method preferable for

high volume and large scale productions of soft, magnetic films.

This molding process, which solved the issue of air bubbling through degassing
techniques, has been reproduced by the likes of Khaderi et al. [27], Chen et al. [13], and Huang
et al. [14]. However, this process does not always need to use a reaction chamber with a polymer
mold that is not PDMS. Tsumori ef al. [8] also illustrated a fabrication process similar to that of
Rahbar et al. [16] and Chen et al. [11], but in this case, in a PDMS mold with cylindrical
cavities, rather than a chamber with manually created needle holes. In addition, to automate the
process outlined by Rahbar et al. [16], an alternative to filling the chamber cavities to create
microchannels is by using a micro-drilling technique, highlighted by Chen et al. [9] [12] [46],
which achieves more efficient micromixing. An advantage of this mixing, and by extension, the
process as a whole, is that less beating area is required; this provides a larger degree of control
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over the flow. As a result, this method is most useful for applications requiring a high density of

compact design where flow must be tightly manipulated.

Another common fabrication technique, used by Belardi et al. [47], Fahrni ef al. [48], and
Hanasoge et al. [49] [50], is a subtype of stereolithography, known as two-color lithography
process, where a mixed solution of a copolymer and the magnetic nanoparticles was processed
by photolithography and sacrificial layer etching. In this process, Belardi et al. [47] described
how the surface of a silicon wafer was first modified with an organosilane, before depositing a
hydrophilic polymer. When exposed to ultraviolet radiation, the hydrophilic polymer underwent
crosslinking to form a hydrogel, turning the surface hydrophilic. A second polymer layer,
deposited by spin-coating and containing a different cross linker sensitive to radiation below
wavelengths of 300 nm, anchored the structures together and acted as a sacrificial layer in the
release process [48]. Then, irradiation through a structured mask anchored the polymer into
strips, while the unexposed parts remained soluble. Following that, a layer of the magnetic
composite was deposited and structured using ultraviolet light of wavelength 365 nm. A layer of
hydrophilic polymer without photoreactive groups was then deposited on top of the developed
structures by spray coating. The exposure of 365 nm radiation activated residual
methacryloyloxy benzophenone (MABP) groups in the structures, thereby immobilizing a thin
layer of the hydrophilic polymer. Finally, the hydrophilic polymer in the sample dissolved, along
with the soluble composite behind the mask, thereby selectively etching the said sacrificial layer,
as noted by Hanasoge ef al. in two separate experiments [49] [50]. This method produces
freestanding ferromagnetic composite films which can then be actuated by an external magnetic

field in a number of ways.
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Magnetic cilia and films can also be fabricated using many other methods. One such
method is the roll-pulling process. Wang et al. [51] illustrated it as a process in which a cylinder
decorated with micropillars was rolled over a liquid precursor film containing magnetic particles,
while a magnetic field was applied simultaneously above and below the moving parts. In this
method, a PDMS sheet with micropillars was attached to the surface of an aluminum roll after
plasma treatment, and a layer of the magnetic precursor liquid was applied on a glass substrate.
As the substrate traveled under the rotating roll, the micropillars touched the precursor liquid
film, pulling out thin filaments until they reached a critical length and were removed for curing
into desired structures. One of the advantages of this method is its speed; fabrication can occur
up to 1 m/s, however, this can vary as it is constrained by the speed limit of the substrate.
Coupled with a large production area, this high fabrication speed would be especially
cost-effective for larger scale industry applications, should the substrate be replaced with one
that has higher speed capabilities. Additionally, it was found that the structures produced using
this method can be deformed in both 3D rotational motion as well as 2D planar motion, making
it an ideal method when focusing on the flexibility of films. Furthermore, it was determined that
increasing the PDMS content resulted in a higher yield stress and also retention of more of the
filament lengths during the extraction portion of the process. Thus, for the fabrication of soft,
magnetic films as discussed in this paper, this method becomes more favorable as the PDMS
content increases; it would increase the maximum stress that the film could experience without

causing plastic deformation.

VII. B. ii. Additively Fabricated Soft, Magnetic Thin Films

Additive manufacturing methods have been extensively used for fabricating soft,

magnetic films, structures, and devices. Additive manufacturing has evolved as an emerging and
20


https://www.zotero.org/google-docs/?6GFkgW

popular method for fabricating magnetizable microstructures by adding material layer by layer to
create a complete structure. The first light-based subset of additive manufacturing methods
include stereolithography (SLA), digital light processing (DLP), and direct laser writing (DLW),
all requiring photosensitive resins in order to cure liquids into a solid to produce a 3D printed
component or trace. For all of these cases, liquid ink baths are irradiated with different
wavelengths of light (e.g.., lasers in SLA and DLW and projectors in DLP) [52]. Due to the
extent of control achievable by varying the magnitude of the incident radiation, these methods
are able to produce 3D-printed components and devices with very high resolutions. On the other
hand, photosensitive resins are generally brittle and require complex formulations to achieve
photocurability. Photosensitive chemicals used in resins are also typically cytotoxic leading to
low biocompatibility for biomedical applications. Developing biocompatible photosensitive
resins is an active field of research. Additionally, there is a lack of published research on soft

photosensitive resins, which are commercially available.

Another subset of common methods involves binding solids together, such as fused
deposition modeling (FDM), direct ink writing (DIW), and binder jetting. FDM is the most
commercially popular method of 3D printing due to its speed, scalability, and safety. However,
the details/resolutions of the features of the printed components that the FDM process is capable
of achieving is often very low [52]. DIW and binder jetting, on the other hand, are more complex
and less common than FDM. DIW requires shear-thinning inks for printing, severely limiting the
available printing options, but allowing for increased resolution. Binder jetting deposits layers of
polymer powder onto the print stage and uses a laser or a liquid binder to build layers of polymer

together, in a way that is very similar in concept to direct metal laser sintering.
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FDM has emerged as an important method to 3D print soft magnetic materials and films.
For example, Qi1 et al. [20] fabricated a soft magnetic material by employing FDM that
considered a rigid magnetic filament fabricated using a mixture of NdFeB nanoparticles and
PLA. The resulting magnetic filament was magnetized during the extrusion process in order to
align the magnetic particles to achieve anisotropic magnetic properties. This approach was
limited by the minimum print precision of their FDM printer at 0.1 mm, restricting their
structures to large-scale sizes [20]. Ji et al. 3D-printed a semi-flexible soft magnetic actuator by
employing DLP [35]. The materials used consisted of a polyethylene glycol based resin
embedded with Fe;O, NPs with a mean NP diameter of about 200 nm, and showed the effect of

weight percent on mechanical properties.

Alternative manufacturing processes include using 3D printing to create molds for soft
magnetic materials. In research done by lacovacci et al. [53], molds were created using
3D-printing, which were then used to cast soft magnetically actuated components used for
robotic applications. To align and magnetize the NdFeB particles, a 3T MRI scanner was aligned

with the static magnetic field directed in the same direction as the robot axis.

Other fabrication methods have also been used to create rigid magnetic structures. Li et
al. [54] used photo-lithography to build complex robotic shapes designed to carry cells to
application sites. SU-8 was used as the base resin for laser lithography to achieve a complex
geometric shape. The resin was subsequently coated with Ni and Ti to achieve magnetic
properties and biocompatibility respectively. Similarly, Huang ez al. [55] used a combination of
3D direct laser writing and selective physical vapor deposition to manufacture a biocompatible

magnetically controlled robot that can deliver material such as drugs to specific application sites.
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Uniquely, this fabrication method allows the use of a complex mechanical delivery mechanism
based on an Archimedes’ screw (see Fig. 2 (a)). The structural base was manufactured using 3D
laser lithography on SU-8 resin over a silicon dioxide substrate. This component was then
covered in Ni and Ti using vapor deposition. Another study [44] also used 3D laser lithography
to create a structure out of SU-8 resin on top of a glass substrate, before applying a
biocompatible Ni and Ti coating to impart magnetic properties. The resulting magnetically

controlled robot can be used to culture cells and maneuvered towards application sites (see Fig. 4

(b))

3D ceall culture

Magnetic manipulation -‘

:1;]

Figure 3. Examples of magnetically controlled robots fabricated using additive manufacturing
processes. (a) Example of a magnetically controlled robot that uses an Archimedes’ screw to
deliver drugs to applications sites, reproduced from [55]. (b) An example of a magnetically

controlled robot carrying cell cultures to application sites, reproduced from [44].
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VII. C. Characterization

In this section, we will discuss the mechanical and magnetic properties of physically soft,

magnetic films and how to evaluate or quantify those properties.

Characterization & Properties

Mechanical Properties

Magnetic Properties

*  Young’'s Modulus
* % Elongation

Relative permeability
Saturation Magnetization
Curie Temperature
Hysteresis Loops
Intrinsic Coercivity

*  Magnetic Susceptibility

Dimensional
tification of NP i chnique
Charcterizations Quantification o s Imaging Techniques

Figure 4. Schematic describing an overview of the different characterizations of the thin

magnetic films and the properties exhibited by them. In this section, the mechanical and
magnetic properties are discussed, followed by the dimensional characterizations in terms of film
thickness, the quantification of nanoparticle sizes and the imaging techniques employed for

quantifying each of them.

VIL. C. i. Mechanical Characteristics and Properties

Owing to the flexible and compliant-nature of the physically soft, magnetic films, the
mechanical properties can be characterized by their elastic modulus (i.e. Young’s modulus),
concentration of microparticles or nanoparticles, shear modulus, and fracture strain.

24



The elastic modulus is a key property of these films. Table 4 shows the calculated
Young’s modulus values of different magnetic films from the experiments outlined by Wang et
al. [1]. These values indicate that films consisting of PDMS with larger elongation have smaller
Young’s modulus (and hence are less stiff) as compared to the films consisting of PDMS with
smaller elongation. These values also indicate that the film thickness has no bearing on Young’s
modulus values and that the films with small ferrite powders have smaller Young’s modulus
values. Due to the low tensile strength of these films, permanent deformation due to yielding can

be a concern, especially in biomedical applications where precision is of the utmost importance

[56].
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Figure 5. Plot showing the range of Young’s modulus values of various ferromagnetic and
weakly magnetic materials embedded in different polymer matrices [18]. The figure has been
reproduced with permission from C. Zhang et al., “3D Printing of Functional Magnetic
Materials: From Design to Applications,” Advanced Functional Materials, vol. 31, no. 34, pp.
2102777, 2021, doi: 10.1002/adfm.202102777. Copyright (2021) WILEY -VCH Verlag GmbH

& Co. KGaA,
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PDMS Magnetic PDMS:powder PDMS Thickness Young’s

powders ratio elongation (pm) Modulus
(by weight) (%) (MPa)

186 none Pure PDMS 420 62 1.576
3-1753 none Pure PDMS 120 35 1.970
186 NdFeB 1:1 420 82 2.260
3-1753 Hard ferrite  1:1 120 40 9.906
3-1753 Hard ferrite 1:1 120 69 9.996
3-1753 NdFeB 1:1 120 61 13.40

(grinded)
3-1753 NdFeB 1:1 120 126 16.60
3-1753 NdFeB 1:1 120 216 17.10
3-1753 NdFeB 1:4 120 128 28.90

Table 4. Calculated Young’s Modulus values from the experiment conducted by Wang et al. [1].

The table has been reproduced from [1] with permission.

The elastic modulus can be evaluated through the use of a tensile testing machine (e.g.
MTS Nano Biomix, Agilent Systems) [21], or through thermo-mechanical methods (e.g. TMA
2940-Q series, TA Instruments) [5]. In both the cases, uniformly sized samples of the film are cut
and then clamped at two ends. Forces are slowly applied to the sample and the resulting strains
are measured either by directly measuring deformation (for the case tensile testing method) or by

employing a thermocouple (for the case of thermo-mechanical method). For samples whose
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dimensions are in the range of 10um - 1000um, the latter method is found to be easier to
perform.

If the MNPs are sufficiently small as compared to the film dimension and are uniformly
dispersed throughout the film, the magnetic film can be considered to be homogeneous and
isotropic. For this case, the following simple relationship can be used to determine the film’s

twistability:

E =261+ v) (1)

If the magnetic domains of the film are organized, the film could exhibit
anisotropy, especially so when magnetized. The above relationship will not hold in such a case.
In [22], higher shear moduli were observed in a film that was fabricated in presence of a strong
external magnet used to orient the MNPs.

The concentration and particle size of MNPs is a key factor in determining the
macro-characteristics of the soft, magnetic film. These parameters are almost always known and
intentionally varied to produce a film with the desired properties. For example, for the case of a
PDMS polymeric matrix, when one varies the concentrations of the ferrite particles, a positive
correlation between the weight percentage of the ferrite particles and the modulus of elasticity is
obtained [1], [4]. SEM or TEM is often used to observe the distribution and size of the MNPs

(such as the ferrite particles) throughout the film [4], [5], [21], [22].

VII. C. ii. Magnetic Characteristics and Properties

The magnetic properties of these films include their relative permeability ,, saturation
magnetization H, (or saturation induction B,), intrinsic coercivity H,, curie temperature T,
hysteresis loops (M-H). These properties will vary depending on the type of the MNPs used and
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the concentration (and size distribution) of the MNPs in the polymeric matrix. Saturation
magnetization refers to the state of a material when its magnetization has reached a maximum
value, whereas intrinsic coercivity refers to the magnetic field required to demagnetize the
material. Since soft magnets (i.e., magnets with soft magnetization properties) can be easily
magnetized and demagnetized, they exhibit high relative permeability, high saturation
magnetization and low coercivity, whereas hard magnets (i.e., magnets with hard magnetization
properties) show the opposite behavior. Curie temperature refers to the temperature beyond
which a magnet loses its magnetic properties. Hysteresis loops are crucial in determining a
magnet’s properties and subsequent applications. Soft magnets (magnets with soft magnetization
properties) exhibit low hysteresis losses whereas hard magnets (magnets with hard magnetization
properties) exhibit larger hysteresis losses. Other important magnetic properties are coercive
force withstandability and magnetic susceptibility. Coercive field withstandability refers to the
ability of a material to withstand an external magnetic field without demagnetizing [56].
Susceptibility dictates how much the film will magnetize for some applied magnetic field. Larger
values of susceptibility for a magnetic nanocomposite ink will imply that the ink will be more
reactive to the presence of a magnetic field, which allows a greater range of motion for the film

or cilia given the same magnet and material elasticity [7], [16].

These properties can be measured using a vibration sampling magnetometer [17], [23] or
microscopic imaging [57]. First, methods of quantifying magnetic saturation must be discussed.
Novakova et al. [58] performed experiments with three different magnetic field directions when
measuring magnetic saturation: along the film plane and perpendicular to the film plane. The

data clearly showed that while the magnetization lay in the film plane, it also had a preferable
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direction, indicating a lamellar arrangement of particles within the film [58]. The lamellar

structure is found out by analyzing the magnetic anisotropy (SIRM and NRM) vectors.

Additionally, while conversion electron Mossbauer spectroscopy was also performed by
Bando et al. [59] to measure anisotropy in the film plane, it was in the study of Novakova ef al.
[58] that the spectra from the subsurface regions of the film demonstrated superparamagnetic
doublets, confirming high anisotropy as a result of non-homogenous distribution of nanoparticles
within the film interior. The study [58] concluded that the strongly interacting magnetic particles
that produce strong saturation magnetization are located in the middle of the film, forming a
lamellar structure. This, along with the data from the study of Bando et al. [59] that showed that
coercive force withstandability and the magnetic saturation increased with the substrate
temperature, helped to infer that larger grains within the bulk of thicker films led to an increase
in magnetic saturation and coercive force withstandability. With a higher value of magnetic
saturation, the film can act as a stronger magnet, which when coupled to a higher coercive force

withstandability made the film less likely to become demagnetized.

Finally, the magnetic properties of NdFeB inks (NdFeB particles are magnetic particles
with hard magnetic properties) were found to be linearly dependent on the percentage (with
respect to the background polymeric matrix) of magnetic particles included: a higher ratio of

NdFeB to PDMS led to higher values of all the magnetic properties mentioned above [15], [22].

VII. C. iii. Dimensional Characterizations

A large subgroup of the films under consideration are in the form of cilia or cilia-like
structures. Cilia are characterized by their high aspect ratio and smaller cross section. They can

vary in pillar diameter to as small as 200 nm [60], though typically their widths are in the range
29


https://www.zotero.org/google-docs/?E6fbWG
https://www.zotero.org/google-docs/?y8c8fv
https://www.zotero.org/google-docs/?UIVDSC
https://www.zotero.org/google-docs/?qGRH0B
https://www.zotero.org/google-docs/?072976
https://www.zotero.org/google-docs/?ywHEQ0
https://www.zotero.org/google-docs/?K1fsjZ

of 1-50 um [7], [16], [61]-[63]. Limits on aspect ratio are governed by the strength of the applied
magnetic field. Rahbar ef al. [16] found that for lengths greater than 1 mm, cilia in an array tend
to bend toward each other (or might actually collapse) if spaced less than 500 pm apart. A
common characteristic of cilia is that they tend to be anisotropic; different properties (e.g.
magnetic susceptibility, Young’s modulus) are different along different layers or axes of the

structure [27].

The thickness of magnetic films is crucial in determining the variation of magnetic
properties. In their experiments, Ariake et al. [64] experimented with FeCo-Al thin soft magnetic
films whose dimensions were in the range of 1lnm - 120nm. All M-H hysteresis curves
exhibited high squareness, and equal amounts of saturation magnetization. The coercivity was
smallest for the 11-nm thin film; the coercivity first increased (up to a film thickness value of 50
nm) and then decreased with the film thickness [65]. This behavior can be attributed to the
magnetoelastic effect, i.e., stress induced magnetic anisotropy [64]. Also, it was found that these

properties do not vary linearly with the film thickness.

VII. C. iv. Quantification of Nanoparticle sizes

When quantifying nanoparticle sizes, parameters such as crystallite size, particle size, and
particle shape are all to be considered. Crystallite size can be determined via X-ray diffraction
(XRD). By measuring the peak broadening and utilizing the Scherrer equation, crystallite size
(limited to around 100 nm) can be quantified. In addition to the crystallite size, the actual particle
size can be determined via other optical methods. Dynamic light scattering (DLS) can be used to
determine the nanoparticle size distributions. In combination, XRD and DLS can be used to

estimate the crystallinity of NPs which can affect their magnetic domains and properties. These
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methods largely assume spherical NPs. Small Angle X-ray Scattering can also be used to
determine the particle shape by comparing the measured intensity of the scattered x-rays to the

wavenumber of incident light.

VIL C. v. Imaging Techniques

Direct imaging can greatly assist the characterization of a film. Scanning electron
microscopy (SEM) is commonly used to determine nanoparticle agglomeration [4], and other
structural and morphological properties [20], [32], [37]. In addition to SEM, other common
microscopy techniques, such as transmission electron microscopy (TEM) and fluorescence
microscopy, are used to directly confirm or detect microstructures [9], [12], [15], [19], [35], [41],
[44]. X-ray diffraction is also occasionally used to detect crystalline portions in the polymer [35],

[44].

The dimensional quantification of the soft, magnetic film is highly relevant. Film
thickness, for example, is commonly measured through both scanning probe and optical
microscopy. Scanning probe methods for thin film thickness include Atomic Force Microscopy
(AFM). Optical methods include ellipsometry, where the polarization of incident and scattered
light is compared for determining the optical properties (of the film) like refractive index, in

addition to determining the film thickness.
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VIII. Methodology
VIII. A. Materials

The materials used in our composites can be largely divided into two categories. Like
many composites, new materials are synthesized with the intent of selecting ideal properties from
the individual materials to create new materials with unique properties. For example, carbon
fiber reinforced polymers (CFRP) consist of two materials: a polymer matrix and carbon fibers.
The polymer matrix provides rigidity while the carbon fiber provides high tensile strength

creating an extremely lightweight and strong material.

For our physically soft magnetic films, there are two components that give rise to the
mechanical and magnetic properties observed, a PDMS polymer matrix and Fe;O, NPs. The
PDMS acts as a physically soft and mechanically compliant film as described in the above
sections while the Fe;O, provides the film's magnetic properties. In addition to these materials,
xylene was used to prevent the aggregation of Fe;O, NPs, a phenomenon documented in NPs

[18]. The modification with xylene also prevents the oxidation of the Fe;O,NPs.

VIII. B. Experimental Methodology

To prepare the magnetic particles, the Fe;O, NPs between 20-30 nm were combined in
oleic acid and stirred at 60-80 “C. The oleic acid coating helps prevent oxidation of the Fe;0,
NPs and reduces surface tension between the NPs and polymer matrix by acting as a surfactant.
To prepare the polymer matrix, PDMS-A was mixed with an isomeric mixture of ortho, para, and

meta xylene and stirred at room temperature. The xylenes help reduce the density of the PDMS.
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The Fe;04-oleic acid and PDMS-xylene mixtures were combined and ultrasonicated for 12
hours. PDMS-B, the curing agent, was then added to the mixture. The mixture was subjected to a
vacuum treatment to remove trapped air and set to cure at room temperature for 24 hours or at
120 °C for 12 hours. No meaningful difference in magnetic properties was observed for the two
curing procedures. The cured films were then cut to uniform size. These films, in undeformed,
folded, and twisted configurations, were then magnetically characterized using a Lakeshore

Vibrating Sample Magnetometer.

33



IX. Results & Discussion
IX. A. Hysteresis Curves and Data Collection

A total of 6 sample films underwent magnetization testing. These samples represent two
different concentrations of Fe;O, particles. The first is a low iron oxide concentration, with the
ratio of PDMS to Xylene to Iron Oxide being 1:1:0.5. The second is a high iron oxide
concentration, with the ratio of PDMS to Xylene to Iron Oxide being 1:1:1. Both sets of samples
were tested in undeformed, folded, and twisted orientations. The films with high iron

concentrations were additionally tested in an out-of-plane orientation.

a) 2 curves or Hightrom Consertration Sammpie b) s r W o Coranrion o e

Figure 6. M-H curves of sample 1 of the high iron concentration film, demonstrating hysteresis,
both (a) and (b) show the same data, with (b) being focused on the origin. The asymptotic peak
of part (a) represents the magnetic moment or saturation magnetization. The y-intercept of (b)

represents latent magnetization. The x-intercept of (b) represents the coercivity.

The resulting M-H curve for sample 1 of the high iron concentration films can be seen in
Figure 6. This figure is representative of the M-H curves of all other samples. From this figure,

the coercivity, latent magnetization, and magnetic moment or saturation magnetization were
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recorded. These measurements can be seen in Tables 5-7. As a note, magnetization

measurements were recorded on a per weight (per gram) basis instead of a per volume (per cm®

basis (as preferred in the literature), due to irregularities in the samples making accurate volume

measurements difficult to obtain.

Table 5. Saturation Magnetizations of different samples of magnetic films with both low and

high iron oxide concentration orientations for different film orientations.

Saturation Magnetization (emu/g) | Undeformed | Folded Twisted Out of Plane
Low Iron Concentration
Sample 1 18.27 23.58 16.60 X
Sample 2 7.33 7.84 7.84 X
Sample 3 8.11 8.48 10.97 X
Average 11.24 13.56 10.97 X
High Iron Concentration
Sample 1 22.26 20.52 18.53 18.99
Sample 2 20.73 17.52 20.73 14.72
Sample 3 18.00 25.22 22.86 19.64
Average 20.33 21.09 20.71 17.78
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Table 6. Latent Magnetizations of different samples of magnetic films with both low and high

iron oxide concentration orientations for different film orientations.

Latent Magnetization (emu/g) Undeformed | Folded Twisted Out of Plane
Low Iron Concentration
Sample 1 4.04 5.03 3.32 X
Sample 2 1.64 1.70 1.36 X
Sample 3 1.76 1.78 1.61 X
Average 2.48 2.83 2.09 X
High Iron Concentration
Sample 1 3.72 4.10 4.42 2.74
Sample 2 3.41 3.32 3.60 1.87
Sample 3 2.96 491 4.16 2.79
Average 3.36 4.11 4.06 2.47
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Table 7. Coercivity of different samples of magnetic films with both low and high iron oxide

concentrations for different film orientations.

Coercivity Magnetization (G/g) Undeformed | Folded Twisted Out of Plane

Low Iron Concentration

Sample 1 4712.5 4577.2 4385.1 X
Sample 2 8025.3 6839.8 4809.9 X
Sample 3 3952.8 3712.9 3553.7 X
Average 5300.9 4842.0 4169.5 X

High Iron Concentration

Sample 1 2766.1 3309.56 3198.1 3188.6
Sample 2 4016.7 4636.5 4719.7 4326.7
Sample 3 3837.3 4797.5 4660.5 4626.3
Average 34324 4117.8 4054.6 3928.3
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IX. B. Saturation Magnetization Results

Figure 7 shows the comparative performance of magnetization for samples in different
orientations. From this information, we can see that there is no significant difference between the
saturation magnetizations of the films in different orientations, either during in versus out of
plane undeformed samples (paired T-test P-value of 0.8935), low iron concentration samples in
different orientations (one-way ANOVA P-value of 0.9286), or high iron concentrations

(one-way ANOVA P-value of 0.949).

However, there is a comparative difference between the saturation magnetization of the
low iron and high iron concentration samples. The high iron concentration samples are
statistically greater than those of the low iron concentration samples (T-test P-value of

0.003374).

Our saturation magnetization values are difficult to compare to those of other
magnetizable films produced in the literature. This is because of the unique nature of our films
where nano-scale soft magnetic particles are suspended within a PDMS matrix instead of being
contained with a separate layer. However, with this caveat understood, our saturation
magnetization values are within the same order of magnitude as other reports of soft

magnetizable films [66]-[69].
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Figure 7. Magnetization results of samples. (a) demonstrates the in-plane versus out of plane

performance of high concentration iron. (b) demonstrates the performance of high iron

concentration films in different orientations. (c) demonstrates the performance of low iron

concentration films in different orientations. (d) demonstrates the comparative average

performance of low and high iron concentration films across different orientations.

IX. C. Latent Magnetization Results

Figure 8 shows the comparative performance of samples of a single concentration in

different orientations. From this information, we can see that there is no significant difference

between the saturation magnetizations of the films in different orientations, either during in

versus out of plane undeformed samples (paired T-test P-value of 0.1528), low iron concentration
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samples in different orientations (one-way ANOVA P-value of 0.8338), or high iron

concentrations (one-way ANOVA P-value of 0.2695).

However, there is a comparative difference between the latent magnetization of the low
iron and high iron concentration samples. The high iron concentration samples are statistically

greater than those of the low iron concentration samples (T-test P-value of 0.01192).
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Figure 8. Latent magnetization results of samples. (a) demonstrates the in-plane versus out of
plane latent magnetization of high concentration iron. (b) demonstrates the latent magnetization
of high iron concentration films in different orientations. (c¢) demonstrates the latent
magnetization of low iron concentration films in different orientations. (d) demonstrates the
comparative average latent magnetization of low and high iron concentration films across

different orientations.
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IX. D. Coercivity Results

Figure 9 shows the comparative performance of coercivity for samples of a single
concentration in different orientations. From this information, we can see that there is no
significant difference between the saturation magnetizations of the films in different orientations,
either during in versus out of plane undeformed samples (paired T-test P-value of 0.7776), low
iron concentration samples in different orientations (one-way ANOVA P-value of 0.6236), or

high iron concentrations (one-way ANOVA P-value of 0.5131).

However, there is a comparative difference between the coercivity of the low iron and
high iron concentration samples. The high iron concentration samples are statistically greater

than those of the low iron concentration samples (T-test P-value of .001833).

a} In Plane vs. Out of Plane Coercivity Performance b} Jrientation Coercivity of Low Iron Concentration
of High Iron Concentration Samples
- | P FMane e Uy | Foldir - Twi
S000 5000
................ .
BAO ettt S0 + 2000 .
g IRTTILLPE - I 7000 "
= 300 r' =
= = 6000
_\T 000 E _— _-'_-. .
3 1o oo SHH e i
] W0
Sample Number Sample
Orientation Coercivity of High Iron Concentration Coercivity of Films
Samples ++ @ «+ Low Iron Concentration - « # - = High Iron Concentration
@ =+ ndetormead olding - E BLX
5000 . 550
= . & rrann E = L4 .
= 43 5000 T tmeaa
= = AT
=‘ # B P 'f 1500
S T TTTT T .
[ 0 eIl 4000 ol
S v
000 = .
-
il [ ng ing
Sample Detormation Type

Figure 9. Coercivity results of samples. (a) demonstrates the in-plane versus out of plane
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coercivity of high concentration iron. (b) demonstrates the coercivity of high iron concentration
films in different orientations. (c) demonstrates the coercivity of low iron concentration films in
different orientations. (d) demonstrates the comparative average coercivity of low and high iron

concentration films across different orientations.

IX. E. Discussion

Our results first reveal the soft magnetic properties of these films. The initial M-H curves
developed during testing demonstrate considerably narrow hysteresis curves, a sign of soft
magnetic properties of our materials. Our results also reveal that there is a correlation between a
higher concentration of Iron Oxide nanoparticles within our films and increased saturation
magnetization and latent magnetization as well as decreased coercivity. The presence of these
particles directly impacts the magnetic capability of these films. These films also demonstrated a
saturation magnetization in the range of 7-26 emu/g. While this method of suspending
nanoparticles within a matrix of PDMS is novel, these values are comparable with other methods
of soft magnetic film production, such as layering magnetic and non-magnetic particles and the
use of larger magnetic particles. These results therefore show that our relatively simple
manufacturing process for these demonstratively effective materials is a valid new avenue of

magnetic film production.

These results also demonstrate that this ink composition and manufacturing process are
able to produce magnetizable films that are able to maintain a flexible structure that allows for
bending and twisting. The saturation magnetization values for our films did not change

significantly when undergoing extreme deformation such as bending, twisting, or being turned
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out of plane. These films are therefore highly robust, allowing for an increased potential

capability of this material in future use and applications.

As our sample sizes for this initial exploration are considerably small, larger scale testing
of this same concept is recommended to confirm these results. Additionally, an interesting
further avenue of study would be to test whether the successive testing of these films is affected
by the film’s first test. In our testing procedure, each sample was tested first in the undeformed
state, then folded, then twisted, etc. Future work should vary the first test completed on a
particular film within a single batch of ink in order to determine if the original testing in any way

affects our later measurements.

Ultimately, from this initial exploratory testing it is clear that the use of soft magnetic
particles suspended within a larger matrix is an exciting new avenue for the development of soft
magnetic materials, particularly robust magnetic materials and films. There is clear evidence that
our relatively simple manufacturing process could be used as a part of the future of research into

these materials.
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X. Global Equity Analysis

Accessible information is understood to cover all information that is provided in such a
form that allows every user and individual to access content on an equal basis with others [70]. It
encompasses knowledge that individuals can easily orient themselves to, and that can be
understood by different cognitive styles, such as eyesight, hearing, and fingers/touch [71]. As
researchers, it is our job to utilize technology to create and share information with not only the
scientific community, but also the broader public as a whole, in order to promote a culture of

inclusivity and progress.

One of the greatest global equity issues is accessibility. Most notably, accessibility to
information, which over time, has created a largely unequal distribution of knowledge amongst a
few, compared to the masses. This particular issue is very prevalent in the research community.
Many research outputs and experimental findings are hidden behind paywalls or require
premium access to specific journals through institutional logins, thus making research more
difficult to be held accountable to the public [72]. Additionally, this limited dissemination of
information restricts the ability to compile knowledge together in a single platform [72]. With the
sheer amount of research that is produced day by day, it can be arduous and cumbersome for
individuals to sort through and find the information they need, whether that is for personal

reasons or professional responsibilities.

Our Gemstone team spent the past four years trying to bridge this gap in knowledge
availability, and level the unequal distribution in access. Our impact on global equity is focused
on writing and publishing a review article that consolidates major information on these soft, thin,

composite films and their applications. Since this area of research is very niche and specialized
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in a small subset of the larger materials science community, we focused our efforts on
summarizing as much information as possible on the properties, fabrication techniques,
characterization, and large-scale applications of said films. It was done this way so that other
researchers and individuals would not have to scrounge for information they need, and could find
a majority of it in a localized place. Furthermore, the team specifically chose to submit the article
to a well-known peer-reviewed journal, because of their wide, global audience online and so that

we may reach as many individuals as possible.

Another equity goal that the team achieved was to write the article in such a language that
is easier to digest and understand by masses. Many articles with promising information are often
left unread and uncited by students and younger, inexperienced researchers due to the difficult
language, high-level vocabulary, or presence of graphs/visuals that are hard to decipher. It is an
issue that the team has experienced not only personally, but that they have witnessed amongst
peers at the university and professional settings. As a result, the diction of the team’s review
article was carefully developed so that larger audiences could better comprehend the scientific
concepts behind these films, with the minimal requirement that said readers have some basis of
scientific knowledge in this area. Furthermore, the team designed their own graphics to
supplement the article, styled intentionally simplistic, to help guide the reader throughout the
summary of these films, and to further assist those who learn through more visual perception

channels.

Coupled with the ease of access to information, the team’s experimental design was
constructed to keep in mind accessibility to raw materials. Team GECKO’s research chose
PDMS as the base polymer in these soft, composite films, due to the nature of its good thermal

stability, gas permeability, easily modifiable properties, and how commercially available it is to
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acquire from global distributors like Dow Corning and Sigma-Aldrich [73]. Furthermore, what
makes PDMS a more commonly used and readily available material is that it is inexpensive
compared to other polymeric substances. PDMS costs approximately half the price of
polyurethane ($0.07/g vs. $0.15/g) and about 1/15 of the price to purchase a gram of SU-8
photoresist; and since it does not require a development step to remove excess, unexposed
photoresist, it is also associated with lower operating costs in the overall manufacturing process

[74].

Overall, the team emphasized accessibility to information and raw materials in their
research efforts to promote global equity. Be that as it may, the team hopes to continue these
equitable endeavors in the future, and expand upon them through more in-depth research

analysis.
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XI. Conclusion
XI. A. Applications

The contents of this section have been published in the Journal of Materials Chemistry C

in a paper written by the authors of this work.

Devices and objects, several of which are inspired by the structures in microorganisms
(see Figure 10), fabricated or printed with soft, magnetic inks have been employed for several

applications. In this section, we summarize some of these applications.
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Figure 10. Schematic depicting motion-inducing structures in microorganisms and the
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corresponding biomimetic elasto-magnetic microdevices. (a) Flexible planar flagella of
microorganisms like Spermatozoa. (b) Rotating helical flagella in E. coli. (c) Cilia-rich surface in
microorganisms like Paramecia. Microdevices mimicking (d, e) flexible planar flagella, (f)

rotating helical flagella, and (g, h) cilia [75].
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The magnetic actuation of a micro/nanoscale object relies on the impartation of a
magnetic torque or a magnetic force on the object by an external magnetic field. For example,

the magnetic torque Tm (in N-m) that a magnetized object (with magnetization M, in A/m)

experiences when placed in an external magnetic field B (in T) can be expressed as:

T =VM X B )
where V (m?) is the volume of the object. On the other hand, the magnetic force Fm (N)

experienced by the object can be expressed as:

F =V(MV)B 3)

The magnetization M depends on the magnetic nature of the object. For a permanent
magnet M is a constant, while for soft magnetic, paramagnetic, and superparamagnetic objects
which become magnetized only in presence of an external magnetic field M varies with the

magnetic field and the shape of the object.

According to egs. (2, 3), a magnetic object will not experience any force in a uniform
magnetic field and the magnetic torque persists as long as the magnetization M does not become
collinear with the magnetic field B. Under such circumstances, a continuous actuation (which is
required to ensure sustained propelling motions) requires the presence of a magnetic field that
either has a spatial gradient or undergoes a time-dependent change (i.e., undergoes rotation,

precession, oscillation, or on-off states).

The continuous actuation of the magnetic objects, often placed in a liquid medium,
perturbs the surrounding liquid. This induced liquid motion is captured through the combined

Navier-Stokes and continuity equations, where the effect of the motion of the magnetically
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actuated objects enters through the corresponding no-slip boundary condition at the surface of
the objects (i.e. the liquid velocity at the surface of the object will be identical to that of the
object). In other words, the presence of these magnetically actuated objects within the liquid
medium creates local velocity points within the static liquid, which lead to a net flow of liquid.
Depending on the structure and arrangement of these magnetic objects and the nature of the
magnetic actuation they are subjected to, the resulting hydrodynamic effects (i.e., the effects
associated with the perturbation of the liquid) are capable of inducing high-velocity liquid flows
in microfluidic systems [28], [63], enabling microfluidic mixing of particles and liquids [16],
propelling microbots grafted with such actuatable elasto-magnetic objects [76], among other

things.

XI. A. i. Actuation, Propulsion, Locomotion, and Mixing Applications

The compliance and magnetic actuatability of components and devices fabricated using
soft, magnetic inks has opened the door for significant applications in small-scale actuation,
propulsion, and locomotion. In most cases, such propulsion and locomotion is obtained by
fabricating elasto-magnetic biomimetic structures such as cilia and flagella of different shapes
that are actuated by magnetic fields to create different types of motion (see Figure 11). Recently,
there has been a lot of research concerning potential means of actuation, propulsion, and mixing
at the microscale. These functions are important for lab-on-a-chip systems. At the microscale,
where viscous forces dominate inertial forces, traditional means of actuation, propulsion, and
mixing are ineffective. Thus, efforts have been focused on developing means of actuation,

propulsion, and mixing that mimic those found in nature. Researchers are using different
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fabrication methods to create microrobots and artificial cilia with a wide range of dimensions for

a myriad of applications.

—oaP- 1
---

fluid flow direction

T, 0

Power stroke Recovery stroke

(c-i) (c-ii)

Figure 11. Microbots have been shown with the following methods of microcilia-based
propulsion: (a) flexible propeller, (b) helical propeller, and (c, d) power stroke. The actual
method of propulsion is displayed. (a) has been reproduced from reference [75]. (b) has been
reproduced from reference [77]. (c) has been reproduced from reference [76]. (d) has been

reproduced from [78].

Khaderi et al. fabricated magnetically-actuated cilia by embedding thin polymer films
with superparamagnetic nanoparticles; the team found that the performance of these cilia arrays
is similar to the performance of typical dynamic pumps indicating the potential means of mixing

and transporting fluids in lab-on-a-chip systems [28]. Hussong et al. fabricated magnetically
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actuated cilia by embedding superparamagnetic nanoparticles in a polymer matrix; with a
capacity to generate a fluid velocity of 130 um/s, this research highlights the rapid progress of
artificial cilia technology [63]. Rahbar et al. fabricated magnetically-actuated cilia using a
magnetic nano-composite polymer prepared by doping PDMS with rare-earth magnetic particles.
They found that a single artificial cilium was able to mix 90% of the total volume of a control

microchamber 122 times faster than passive diffusion.

XI. A. ii. Sensing and Detection Applications

Soft magnetic films are useful in biomedical applications where they can be integrated
with flexible electronics to detect magnetic particles. Magnetic nanoparticles have widespread
applications in targeted drug delivery, particle tagging, magnetic separation, and enhancing MRI
contrast [79]. There needs to be a method to detect and sense these magnetic nanoparticles.
Oftentimes, this needs to be done rapidly inside microfluidic channels, highlighting the need for

a flexible sensor with the ability to detect magnetic fields [80], [81]

The development and implementation of medical sensors and wearable electronics are
greatly enhanced with the help of soft and flexible sensors. These devices can provide real-time
information to help with medical diagnosis [82], [83]. Magnetizable films can be used to create
sensors for detecting changes in magnetic fields related to physiological signals. For example,
Milici et al. [84] successfully developed a wearable sensor to detect breathing rate, while Wang
et al. [85] fabricated a magnetic film sensor to detect magnetic fields of various strengths and

polarities.

Artificial cilia-like and hair-like elasto-magnetic structures, in addition to serving as flow,

mixing, and transport enhancers, have also been used extensively for a variety of sensing
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purposes. Alfadhel et al., for example, employed magnetic nanocomposite based artificial
cilia-like structures as tactile sensors for reading braille characters, as shown in [86].
Additionally, Han et al. [42] used magnetic molecularly imprinted polymers (MMIPs) based on

glutathione (GSH) modified gold-coated Fe;O, NPs to electrochemically detect estradiol.

XI. A. iii. Biomedical Applications

The use of magnetic nanoparticles to enable the actuation of microelectromechanical
systems has been repeatedly demonstrated [87]. Magnetic nanoparticles have many biomedical
applications. Microscale devices containing magnetic nanoparticles can be wirelessly
manipulated using external magnetic fields. Due to the need for biocompatibility, nanoparticles
with low toxicity such as iron oxide (Fe;0,) are needed. However, because they are so small,
these magnetic nanoparticles are superparamagnetic and impart paramagnetic properties instead
of ferromagnetic properties to the devices they are embedded in. This is suboptimal because the
magnetic susceptibility of paramagnetic materials is low and they do not exhibit spontaneous

magnetization [15].

Many ferromagnetic materials are not biocompatible, but soft magnetic films can be used
to enable the fabrication of micro-scale medical devices with ferromagnetic properties. This is
done by embedding ferromagnetic materials, such as NdFeB, within a biocompatible film
material, such as PDMS. The resulting film would be biocompatible while also being
ferromagnetic. lacovacci et al. [15] found that while a bare NdFeB film induced toxicity in
cultured cancer cells, a PDMS-coated NdFeB film was both biocompatible and cell-adhesive.
Being ferromagnetic allows devices to be permanently magnetic and to be controlled with

greater speed and precision. Additionally, these devices would also retain the properties of the
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soft film material, which includes the soft/compliant nature of the material and the ability to use
the fabrication methods of polymers. The use of soft magnetic films would allow the microbots
to be used inside the body in various biomedical applications including lab-on-a-chip systems
and microsurgery, as well as various minimally invasive procedures such as drug delivery and

other targeted therapies, functioning as stents or occlusions, and performing biopsies [88].

Some other biomedical applications for which magnetically actuatable soft films and
devices (including magnetic microrobots) have been employed include creating cell transporters
and mechanisms for lab-on-a-chip devices. Li et al. [54] developed a porous magnetic microbot
that can transport and support stem cells. Such stem cell transporters can be actuated to the
desired location while also promoting stem cell adhesion, proliferation and differentiation, which
indicates the potential for future tissue regeneration capabilities at damaged locations within the

body.

XI. A. ix. Miscellaneous Applications

One potential application of hybrid organic-inorganic nanocomposite materials is
electromagnetic interference (EMI) shielding. The large variation in alternating current (AC)
conductivity exhibited by numerous conducting polymers such as polyaniline (PANI) and
polypyrrole (PPy) allows materials composed of these polymers to both transmit and reflect
radio-frequency (RF) radiation [89]. The lossy nature of such polymers also contributes to their
ability to suppress electromagnetic interference, as opposed to low-loss magnetic and dielectric
materials. Soft magnetic films composed of these polymers can be tuned to transmit or reflect RF

radiation by applying a voltage bias [89]. There are also potential uses of soft magnetic films in
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creating flexible circuit components, from having applications in devices ranging from hard

drives to semiconductors.

Research into the utilization of these microstructures and films continue to propel the
development and advancement of many locomotion, mixing, electronic, and biomedical
technologies and has a plethora of applications including but not exclusive to lab-on-a-chip,

sensing and detection technologies, and much more.

XI. B. Future Directions

The large number of intricate thermo-fluidic, colloidal science, and polymer science
issues that dictate the fabrication of soft, magnetic inks and films and their application for
fabricating multifunctional devices make the topic rich in potential for several future research
endeavors in multiple directions. These research questions hover around designing the
appropriate combination of the soft (polymeric) materials and the NPs (and issues attributed to
these NPs, such as the NP dimensions, functionalizations, concentrations, as well as their
interactions with the background polymeric matrix, etc.) that lead to the fabrication of soft,
magnetic inks and films with desired processability and capabilities to fabricate devices with
desired functionalities.

The manner in which NPs interact in a polymeric matrix has attracted tremendous
attention owing to the importance of the topic in fabricating nanocomposites with desired
functionalities [90]-[92], [57], [93]. As NP material and their potential applications differ in
regards to the varying types of ligands/polymers that functionalize these NPs, exploration is

needed to understand such NP-polymer-matrix interactions should be conducted through a
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number of approaches such as molecular dynamics (MD) simulations [94]-[98] as well as
experimental approaches providing the mechanical properties [99], [100], glass transition
temperature [101], [102], thermal conductivity [103], [104] , dielectric constant [104], [105],
viscosity and viscoelasticity [106]-[108], and shear thinning properties [109], [110] of these
NP-polymer-matrix-based composites (capable of producing the soft, magnetic inks and films of

desired properties).

The next important issue is the issue of processability of these materials. The
processability includes issues of temperature response of these inks to produce a soft, magnetic
film with desired stiffness and magnetizability. Current approaches have invariably relied upon
“trial-and-error” approaches in devising such new soft, magnetic inks. A complete paradigm shift
will be to approach these problems from a design-driven ink fabrication perspective. In such an
approach, a multiscale simulation methodology will be extended to study (1) the interactions
between NPs and polymeric materials using atomistic scale simulations, (2) obtain the critical
properties of such NP-polymeric systems from these simulations and verify them through
experiments, (3) conduct combined thermo-fluidic-mechanical simulations to study the response
of these designed inks (aided by the atomistic simulation driven calculation and subsequent
experimental verification of the properties of these inks) to the temperature change and confirm
if the desired stiffness and magnetizability of such ink has been achieved, and (4) conduct
experiments with these designed inks to validate the simulation-predicted findings of the
capabilities of these inks in fabricating soft and magnetic films with desired compliance and
magnetizability. By conducting “virtual experiments” with a wide range of materials and
processing conditions, one could generate a large set of data that could be subjected to
machine-learning based evaluation.
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The research discussed in this review paper demonstrated that magnetizable films can be
manufactured via 3D printing utilizing specific ink compositions. Through this process the films
are not only flexible but capable of exhibiting magnetic properties while bent or twisted. To
complement this research, future research should focus on confirming these results and test
whether successive testing on specimens affect their properties and to what extent. This would

demonstrate the films’ durability and ability to retain its mechanical and magnetic properties.

Finally, the discovery of new material combinations that enable developing 3D printable,
soft, magnetic inks will open up new application potentials of the devices and components
fabricated with such inks. These applications include a more precise and sensitive detection of
chemicals and generation of flows and vortices (for mixing) at nanoscale (with micron-scale long
magnetically responsive soft devices, fabricated through 3D printing tools like nanoscribe),
development of more precise therapeutic and detection capabilities, fabricating microbots of very
small dimensions that are capable of wide ranging locomotory activities in hitherto unexplored
physical spaces (e.g., rubble of a collapsed building or an under-water clogged oil pipeline), and

many more.
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