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ABSTRACT
Interest in untethered mini and micro-robots has shown a significant increase lately, especially magneto-responsive swimmers. In this study,
a soft sub-millimeter sized swimmer and a magnetic actuation system was developed. An extrusion-based 3D printer was used to form
swimmers with three different types of magnetic content, Fe micro flakes and nanoparticles, and Nd-Fe-B micro flakes, were incorporated into
polymeric bounder material. Using milli- and micro-swimmers in biological environments demands the use of cyto-compatible materials that
would disguise the magnetic materials from the immune system. In this study, particles were encapsulated in a gelatin-alginate-cellulose based
hydrogel. Next, these microswimmers were steered along a path via the magnetic gradient created by a custom-made electromagnetic system.
The base of the electromagnetic system was designed using a CAD computer program and three dimensionally (3D)-printed. Consisting of
four independent solenoids, each two controlling the movement on an axis, the system was designed to move the microswimmers in a certain
path. The solenoids were controlled by Arduino microcontroller board. The electrical current applied to the electromagnetic device in all the
trials was 2 amperes, which generates a magnetic field in between 100 to 376 Gauss throughout the experiment area. Thus, a magnetic gradient
from the center to the pole of the solenoid was established. The magnetic and chemical behavior of these materials were compared based on
their magnetic responsiveness and 3d printability. Developed magneto-responsive microswimmers could be used in biomedical robotics and
drug delivery applications.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000103., s

I. INTRODUCTION

Microswimmers have been widely explored over the last decade
as a miniaturized device for minimal medical interventions because
of their immense ability for smooth operation in hard to reach areas
of the human body.1 Through recent advances, the functionality,
strength, and flexibility of micro-swimmers have been improved as
well as the versatility of energy sources.2 Energy sources include
acoustic-,3,4 photo-,5–7 and magnetic-actuation8–12 are used to move
and control these swimmers. Microswimmers with such features
can be integrated into- and improve various areas in the biomedi-
cal sector such as tissue generation,13 precise drug delivery,14 cargo
transportation,15 and micro-mixing.16

To achieve these tasks and adapt with the environment, dif-
ferent shapes and sizes were experimented such as helical-,16

dolphin-,17 sheet-,9 screw-,18 sperm-,19 jellyfish-,12 and octopus-
shaped20 magnetic milli-9,21,22 and micro-swimmers.12,16,18,23 Mag-
netic fields are the most favorable means of actuating and
controlling micro-swimmers due to their harmless interaction with
biological entities, their adjustable range of operation, and the ability
to manipulate the magnetic domains of the materials.24,25

However, magnetic material based small scale swimmers would
cause undesirable host responses,15 which demands the neces-
sity for a biocompatible shield to disguise the swimmer from
the immune system.26 The micro-swimmers introduced in this
study possess a combination of the magnetic and biocompat-
ible features. In a study performed by this group, the toxi-
city of Fe/Fe3O4 core-shell nanoparticles was higher on A549
lung cancer-cells than on NIH3T3 mouse embryonic fibroblasts
cell lines,27 which gives nanoparticle-based magneto-responsive
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micro-swimmers developed in this study an advantage in various
medical areas.

In addition, another study of the group showed that; CaCl2 is a
better candidate as a crosslinking agent for hydrogel which consists
of gelatin, plant-based cellulose, and alginate. In this study, a cell via-
bility test was done on murine fibroblast (NIH3T3) cells. Hydrogels
crosslinked by glutaraldehyde (chemical crosslinking) showed high
count of dead cells, while CaCl2 hydrogel (ionic crosslinked) showed
the opposite.28

With the guidance of the control system developed in this
study, these microswimmers can move in certain magnetic field
paths. Multiple composites of materials with different ratios have
been studied to find the best candidate to be used in the aforemen-
tioned applications.

II. MATERIALS AND EXPERIMENTAL SECTION
A. Materials

FeCl2 (98%,), NaBH4 (96%), PEG (polyethylene glycol, 10kDa),
hexane (96%), alginate (from brown algae), plant-based cellulose
(fibers), and CaCl2 (anhydrous calcium chloride) were obtained
from Sigma Aldrich (MO, USA). Gelatin type A (from porcine skin,
bioreagent grade, MP Biomedicals).

B. Experimental section
The 3d printer that was used in this study is a Hyrel Engine

SR, equipped with a heated bed and the possibility of a multiple
printing-head configuration. This 3d printer enables the user high

level of control over the printed shape and printing parameters
such as printing and printing-head travel speed. Synthesis of the
micro-swimmers starts with the production of magnetic additives.
Afterwards, hydrogel-based fluid is prepared, and magnetic addi-
tives were incorporated in it. 3d printer was used to eject magnetic
material loaded swimmers dropwise to CaCl2 bath for curing. Later
on, swimmers were dried and their movement performance in DI
water were tested with homemade electromagnetic setup. (Figure 1)

1. Synthesis of magnetic materials
Laterally micron-sized iron flakes with 100-200 nm thickness

were synthesized by surfactant assisted planetary ball milling of an
irregularly shaped 10-micron sized startup material. The ball milling
process was carried out at a speed of 700 rpm and for a period of
4-24 hours in a 4-vial MTI Corporation SFM-1 planetary ball mill
system using stainless steel balls and vanadium steel vial. To ensure
a flake shape, hexane and oleic acid were used as a dispersant and a
surfactant, respectively. A three-time ethanol washing process was
carried out and the flakes were stored in hexane. The same ball
milling technique was used for 2-8 hours to produce approximately
150 nm thick Nd-Fe-B flakes.29 Through the chemical reduction of
FeCl2, Fe/Fe3O4 core-shell nanoparticles with an approximate size of
20 nm were synthesized. The chemical reduction setup consisted of
two flasks, one which containing the iron salt (FeCl2) and the other
contains NaBH4 as a reduction agent; both reactants were dissolved
in deionized water. The reaction was carried out at 1.7 NaBH4:FeCl2
molar ratio in a Y-junction tube before it falls into a collection beaker
that contains the coating agent, PEG.30

FIG. 1. Schematic of the synthesis procedure for the micro-swimmers.
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FIG. 2. Magnetic field gradient maps for 1 ampere (left) and 2 amperes (right) of applied electrical current.

2. Synthesis of magneto-responsive microswimmers
The hydrogel solution is made up of gelatin, alginate, and cel-

lulose at a 5:2:2 weight ratio,28 respectively, in deionized water with
a 0.3% wt/vol. concentration and mixing them for 1 hour at 60○C
using a magnetic stirrer. The solution was then mixed with the mag-
netic material for 1 hour using a mechanical stirrer. The mixture
was deployed dropwise from an extrusion-based 3d printer, using
a 0.3mm printing nozzle and a 1.47 mm3/s extrusion speed, into a
CaCl2 bath for crosslinking for 24 hours, then the swimmers were
dried to achieve a micro scale.

3. Electromagnetic setup
Testing of the magneto-responsiveness of the microswimmers

was done by using a four-direction electromagnetic coil system,
controlled by an Arduino microcontroller and a four-channel relay
module; this system is controlled manually by a digital interface
coded by Processing software. The coils that make up the electro-
magnetic setup consist of 214 wraps of a 0.60 mm enamel coated
copper wire, wrapped around a 3D printed frame with Fe-Co
based steel core. (Detailed photo of the system could be find in
supplementary material Fig. 1) Magnetic field mapping was done
using a 1302 hallmark sensor; a map of the magnetic field gradient
with the maximum magnetic field strength of 376 Gauss, are shown
in Figure 2.

III. RESULTS AND DISCUSSION
Room temperature hysteresis loops of the studied magnetic

materials show a ferromagnetic behavior. While Fe flakes shows
soft ferromagnetic response, Fe/Fe3O4 core-shell nanoparticles and
NdFeB flakes shows hard ferromagnetic behavior with 350 Oe and
3.1 kOe coercivity, respectively (Figure 3).

Synthesis of the magneto-responsive microswimmers involves
mixing the magnetic material with the biocompatible material solu-
tion in various concentrations and deploying them dropwise from

an extrusion-based 3D printer into the crosslinking medium. Syn-
thesis trials showed that 0.5%, wt/vol. is the optimum concentra-
tion for the printability of the swimmers. Wet magneto-responsive
swimmers have a body length of 1.5-3 mm, however, after drying
them for 24 hours they shrink to a sub-millimeter size with diam-
eter down to 207μm (Figure 4). It has been found out that the
size of the swimmers is only dependent on the printing parameters
such as nozzle size and speed and not dependent on the magnetic
additive type. Average size of the magnetic swimmers is 662.8 μm
with a standard deviation (σ) of 112.7 μm. (supplementary material
Fig. 2) It is also important to mention here that each 10 ml of the
hydrogel/magnetic-additive solution produces approximately ∼100
micro-swimmers.

FIG. 3. Room temperature hysteresis loops of Fe flakes, Nd-Fe-B flakes, and
Fe/Fe3O4 core-shell nanoparticles.
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FIG. 4. (A) Light microscopy and (B) SEM image of Fe/Fe3O4 nanoparticles-based
microswimmer.

Speed comparison between swimmers based on the magnetic
material of choice with the same concentrations was done by observ-
ing the period that a swimmer takes to travel down the test area
(Figure 5). The speeds were calculated by producing trajectory data
of the videos taken from the movement of the swimmers. In order to
produce the trajectory data; the manual tracking plugin in ImageJ
software31 was used to export the position and direction dataset,
which was then imported into the chemotaxis and migration soft-
ware32 and plotted into the trajectory plot. (supplementary material
Fig. 3) The comparison shows the different magneto-responsiveness
of the microswimmers to the magnetic gradient created by the
electromagnetic test setup.

Speed test of the swimmers showed that iron flakes-based
microswimmers are faster than the other two types, which can be
attributed to the difference in magnetic responsiveness of these mag-
netic materials with iron flakes being the most responsive. The
combination of the magnetic responsiveness of Fe flakes and the
high magnetic field values demonstrated higher swimming speeds
than previous studies.33–37 To prove this hypothesis, theoretical
expected values were calculated. Magnetic force on a particle inside
a magnetic gradient is defined as:

Fm = ∇(m ⋅ B) (1)

FIG. 5. (A) Speed comparison of magneto-responsive microswimmers based on
the magnetic material (each measurement was repeated N=10 times); expected
theoretical data is also included, (B) Snapshots from supplementary material,
Supp.3 video of worm-shaped micro-swimmer (t=time in seconds).

where m and B represents the magnetic moment and the applied
field, respectively. In the biological applications, nanoparticles will
be deployed in certain fluids in which there will be a force that acts
against these particles; the drag force or Stoke’s Law:38

Fd = 6πηRv (2)

Where η, R and v represents the fluid viscosity, the hydrodynamic
radius of the particle, and the velocity of the particle, respectively.39

Hydrodynamic radius and fluid viscosity values were taken as
331.4 μm and 8.9 x 10-4 Pa.s (viscosity of DI water), respectively.
Results of the calculations were included in Figure 5A. Theoretical
and experimental data is comparable thus validating the results.

Demonstration videos in supplementary material, Supp.1 and
Supp.2 show the movement and responses of Fe/Fe3O4 core-shell
nanoparticle- and Fe flakes-based magneto-responsive microswim-
mers, respectively, in the test area with only the first being of the
dry type. The video in Supp.3 shows a worm shaped microswim-
mer made up of three Fe/Fe3O4 NPs-based magneto-responsive
microswimmers, responding to the magnetic field orders given by
the digital interface.

IV. CONCLUSIONS
In this study, milli and micro-swimmers and electromag-

netic setup were successfully developed to manually control the
movement and direction of magneto-responsive swimmers using
a custom-made computer software, which will expand the area of
application of these swimmers. Substantial upgrades will be added
to the setup in future studies to simulate different environments and
obstacles. The biocompatibility of magneto-responsive microswim-
mers was improved by highly cytocompatible materials, which was
previously proven through cell viability tests.28 The results acquired
from this study of highly responsive magnetic materials such as
iron flakes, cytocompatible materials such as hydrogel, and a mag-
netic field control system with such magnetic field values, prove
the potential of this combination to make a change in the medical
industry.

SUPPLEMENTARY MATERIAL

See supplementary material for demonstration videos of the
swimmers in the test setup. Supp.1 and Supp.2 show the movement
of Fe/Fe3O4 core-shell nanoparticle- and Fe flakes-based swim-
mers, respectively. Supp.3 show the movement of a worm-shaped
swimmer, made up of three Fe/Fe3O4 core-shell nanoparticle-based
swimmers.
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