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Abstract

Soft robots controlled by an external magnetic field are capable of performing movement
and manipulation tasks effectively thanks to their ability to undergo programmed deformations,
which in turn opens up access to hard-to-reach areas of the human body and expands the
possibilities for minimally invasive medical interventions. Despite the potential of such systems,
most existing solutions are based on the use of elastomeric materials, whose mechanical
properties limit the degree of their deformation, reducing their effectiveness in confined spaces and
fixing their functionality at the design stage without the possibility of adaptation during operation.

This project has developed a control system for ferrofluid droplets that function as
programmable magnetic soft robots. Using programmable electromagnets, the system allows
temporary adjustment of external magnetic fields. This enables the movement of droplets through
narrow channels, their separation and merging for targeted delivery of liquid cargo, as well as
dynamic reconfiguration for precise manipulation of delicate objects. The behavior of ferrofluid
droplets was also studied under magnetic attraction, which allowed their behavior in response to
changes in magnetic fields to be recorded. This approach demonstrates significant potential for
application in confined spaces, including biomedical devices and spacecraft, where autonomy is
critical to the success of long-duration space missions.

1. Introduction

Soft robotics is a rapidly developing field focused on creating flexible mechanisms based on
soft, pliable materials, and in recent years it has attracted particular attention from the scientific
community [1-3]. Unlike traditional rigid structures, soft robots have the ability to bend, stretch, and
deform, which opens up fundamentally new approaches to performing standard robotics tasks,
such as precise manipulation of objects and adaptive locomotion. The use of soft robots is
particularly relevant in biomedicine, where high safety, minimal risk of damage, and wireless
control are required [11,12].

This study considers a new class of soft systems—ferrofluid droplets controlled by external
magnetic fields. The liquid nature of ferrofluid provides maximum flexibility and biocompatibility,
allowing the droplets to penetrate narrow channels and bypass complex obstacles [18-20].
However, many existing control methods do not provide the necessary force and accuracy for
complex manipulation and targeted delivery tasks [24,25]. Our goal is to create a control system for
our own ferrofluid and find out how its droplets behave under different magnetic fields. To do this,
we are improving the stability of the nanoparticles so that the droplets do not oxidize and retain
their shape, and then use electromagnets to program their movement and deformation.

2. Literature Review

Among the various areas of soft robotics, the development of soft magnetically controlled
systems with a high degree of controllability and functional flexibility occupies a special place. [4] It
is important to note that, compared to other activation methods, such as light [5,6], heat [7],
electricity [8,9], and chemicals [10], soft robots with magnetic control have a number of obvious



advantages. They provide wireless control, are highly safe, and can respond quickly to control
inputs, making them particularly suitable for use in hard-to-reach and sensitive environments, as
well as attractive for biomedical applications [11,12]. Modern developments in soft robotics actively
use composites that include magnetic elements, such as micro- and nanoparticles, embedded in
malleable materials: elastomers [13,14] and hydrogels [15]. These flexible designs allow the
creation of micro-robots capable of performing a variety of tasks under the influence of an external
magnetic field. Their distinctive feature is not only their ability to deform, but also their ability to
change their mode of movement, for example, to switch from translational to rotational depending
on the environment [16].

However, the potential advantages of such systems are limited by engineering solutions
that are laid down at the design stage. In particular, the predetermined shape and trajectory of the
robot's deformation reduce its ability to adapt to rapidly changing conditions or pass through
particularly narrow and complex areas. This can not only affect the effectiveness of control, but
also lead to mechanical damage to both the device itself and the surrounding tissues or structures
[17].

Unlike soft robots based on elastomers, magnetic field-controlled droplets, such as
ferrofluids, which are stable colloidal solutions of magnetic nanoparticles and combine excellent
magnetic and fluid properties [18], are much softer and gentler [19].

Due to their liquid nature, they are able to move in narrow and confined spaces more
effectively than soft robots made of elastomers, while maintaining biocompatibility and minimizing
the risk of damage to surrounding biological tissues during biomedical procedures [20]. Many
research groups around the world are actively studying the potential of miniature robots based on
ferrofluids. Their experiments have not only demonstrated impressive results, but also helped to
reveal the key mechanisms that control the behavior of such systems [20-23]. For example, in one
of their significant works, Natsov and colleagues proposed an innovative method of controlling
magnetic fluids for the precise delivery of therapeutic particles. Using synchronous control of
multiple electromagnets, they were able to direct a ferrofluid spot from the periphery to a
deep-seated target with minimal loss of shape and volume, opening up new possibilities for
high-precision navigation in biological tissues [22].

Recent impressive research in the field of ferrofluid robotics has demonstrated the potential
for creating liquid-based robots. By precisely tuning external magnetic influences in time and
space, it has been possible to implement a number of complex functions: shape transformation,
separation followed by regeneration, movement through difficult environments, and the capture
and manipulation of objects [26,27]. However, all these breakthroughs were achieved using
commercial ferrofluids, which have a number of serious limitations—Ilow stability and a tendency to
oxidize quickly. These properties make it difficult to control robots. In addition, current control
strategies are limited to single-stage manipulation of small droplets of ferrofluid using either electric
and permanent magnets or three-dimensional Helmholtz coils, which significantly limits their
potential capabilities [24,25]. Joint motion control remains a serious scientific and technical
challenge.

3. Methodology
3.1 Manufacturing ferrofluids

The main problem in creating durable ferrofluids is that their nanoparticles constantly tend
to stick together. This occurs for two main reasons: Van der Waals forces and magnetic attraction.
Over time, these forces overcome Brownian motion (the chaotic vibration of particles), and the
process of clumping begins. First, chains and lumps form, then larger clusters, which eventually
settle to the bottom [28]. To avoid agglomeration, magnetic particles must be coated with a suitable
material. The classification of ferrofluids by type of stabilizing coating includes two key categories
[29]:



1. lonic ferrofluids (IFF).
2. Surface-active ferrofluids (SAF).

In ionic ferrofluids [30], colloidal stability is achieved by forming an electric charge on the
surface of magnetic nanoparticles, such as maghemite and transition metal ferrites, synthesized by
chemical co-precipitation. The key stabilization mechanism is acid-base interaction at the
particle-solution interface, in which dynamic proton exchange between the surface and the bulk of
the liquid generates a double electric layer [31]. However, some IFMs, especially those with
hydrophobic anions, can accumulate in the body and cause cytotoxicity. For example, lidocaine
docusate requires careful dosage selection [32]. The main methods for producing ferrofluids
include the following approaches [33,34]:

+ Chemical precipitation (co-precipitation): formation of iron oxides from Fe*/Fe* salt
solutions upon addition of a base.

* Mechanical grinding: ball or planetary grinding of large magnetite particles in the presence
of surfactants to prevent agglomeration.

* Thermal decomposition: decomposition of organic precursors (e.g., iron
acetylacetonates) in high-boiling solvents followed by stabilization of the particles with
surface-active molecules.

However, traditional approaches to ferrofluid synthesis are often characterized by low efficiency
and product yield. In this regard, an improved strategy for obtaining ferrofluid has been developed.

In the first stage, acetic acid is added to deionized water heated to 70 °C, which prevents
premature oxidation of iron ions at high temperatures [33]. Next, a mixture of iron sulfate
(FeS0.+-7H.0) and iron (lll) chloride hexahydrate (FeCls-6H.0) is added to the solution in turn to
create the required ratio of Fe* and Fe®* ions necessary for the formation of magnetite
nanoparticles.

In the next stage of synthesis, an ammonia solution is rapidly added to the reaction mixture,
which leads to an increase in pH and triggers the process of iron oxide precipitation. As a result,
Fe:O. nanoparticles begin to form, the structure and properties of which depend on the exact
parameters of the reaction, such as the rate of ammonia addition and the temperature regime [34].
Oleic acid was pre-dissolved in excess ammonia, after which the previously precipitated Fe:O.
nanoparticles were gradually added to the resulting alkaline solution. This allowed the oleic acid
molecules to adsorb onto the surface of the particles, forming an organic shell that effectively
prevents their aggregation and ensures a stable dispersed state of the ferrofluid [35].

To convert ammonium oleate into oleic acid, acetic acid is added to the solution. Under the
action of the acidic environment, the ammonium ion is displaced and free oleic acid is formed. In
this form, the molecules bind better to the surface of the nanoparticles, forming a stable shell that
prevents their aggregation and improves the stability of the ferrofluid. This step is important for
obtaining a high-quality and long-lasting dispersion [36].

Then, isopropyl alcohol was added to the system to remove residual water and facilitate the
precipitation of nanoparticles. Isopropanol effectively displaces water from the colloidal solution,
reduces the polarity of the medium, and promotes the aggregation of particles into a precipitate. In
addition, its high volatility simplifies subsequent drying, accelerating moisture removal and
stabilizing the resulting nanoparticles [37].

Finally, the purified nanoparticles were redispersed in kerosene, which was chosen as the
carrier liquid due to its low volatility, high chemical stability, and non-toxicity. Kerosene also
minimizes contamination and provides good ferrofluid stability by preventing nanoparticle
aggregation. This allows for stable and effective ferrofluids that can be used in various
applications, including magnetic technologies [38].



3.2. Control

A programmable platform was created that allows controlling the movement of ferrofluid, as shown
schematically in Figure 3.
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Figure 3. Controlling ferrofluid motion using a programmable platform. (a) Platform control
logic architecture. (b) Control platform model.

The platform's operation was based on the use of a microcontroller that received
commands from the user interface and converted them into control pulses. These pulses were sent
to relays that controlled the supply of electric current to the electromagnets [39]. A schematic
representation of this system is shown in Figure 3(a). The ferromagnetic nanoparticles we
prepared were used in a demonstration experiment on ferrofluid control. They were placed in a
glass container and served as a working medium for simulating behavior under the influence of an
external magnetic field. The electromagnets, located behind the display module, were connected to
a relay-based control system and an external power source, forming a drive module. They were
arranged in a 3 by 3 configuration, which allowed the creation of specified magnetic fields to
display the movement of the ferrofluid. Control was performed by a microcomputer connected to
the relay unit [40]. A schematic representation of this system is shown in Figure 3(b). Glass bottles
containing ferrofluid were additionally filled with water due to the immiscibility of the
liquids.4.0OcHoBHas YacTb

4 1. Production of ferrofluids

FeClI3-6H20 — iron chloride hexahydrate or iron chloride 6-hydrate
Molecular weight = 270.3 g/mol

FeS0O4-7H20 - iron sulfate heptahydrate or iron vitriol
Molecular weight = 278.06 g/mol

NH40OH — ammonia or ammonia spirit



Molecular weight = 35.04 g/mol

2FeCI3:6H20 + FeS04:7H20 + 8NH40H — Fe304 + 6NH4CI + (NH4)2S04 + 23H20 (Figure
4(p))

Figure 4. Ferromagnetic liquid production. (a) Adding iron salts to an aqueous solution, (b)
Precipitation of FesO. nanoparticles under the action of ammonia, (c) NH:OH in a separate flask
before adding oleate, (d) Formation of an oleate coating on the magnetite, (e) Acid hydrolysis of
ammonium oleate, (f) Purification of nanoparticles with isopropanol, (h) Dispersion of magnetite in
kerosene

Let's calculate how much iron sulfate (FeSO.-7H.O) will be needed for the reaction if 10 g of
iron chloride (FeCls-6H:0) is added to 300 ml of water (temperature 70°C).

From 10 g of FeCl:-6H.O, we can calculate the number of moles: 10/270.3 = 0.0370 mol.

For 2 moles of FeCls-6H.0O, 1 mole of FeSO.-7H:0 is required. Now let's calculate the mass
of FeS0.-7H-0 that will be required for the reaction:
0.0185%278.06 g/mol = 5.1 g of iron vitriol

Now, taking into account the volume of water, add 5.1 g of iron sulfate (FeSO.-7H.0) and
10 g of iron chloride (FeCls-6H.0) to the solution. (Figure 4(a))

Now, after adding iron sulfate (FeSO.-7H.O) and iron chloride (FeCl:-6H-0) to the solution,
add 100 ml of ammonia (NH+OH). At this stage, magnetite nanocrystals form and grow. We place
the jar on a magnet and wait for it to solidify (Figure 4(b)). Next, we wash off the water and begin
cleaning to remove excess impurities and undissolved substances remaining after synthesis. Only
magnetite nanoparticles remain.

Add 20 ml of ammonia to another flask (Figure 4(c)). Now, stirring gently, add oleic acid (1.3
ml). This will help coat the magnetite nanoparticles and improve their stability in solution. If oleic
acid is added too quickly, it may not dissolve properly, leading to agglomerates or uneven coating
of the nanoparticles. Therefore, it is important to add oleic acid slowly and carefully so that it is
evenly distributed over the surface of the nanoparticles and a stable dispersion is formed.

Next, leaving a small amount of water in the magnetite sediment, add a mixture of oleic acid
and ammonia to the solution and stir gently again. Leave for 5 minutes so that the molecular
chains of ammonium oleate are attracted to the magnetite particles by their polar head and stick to
them (Figure 4(d)). Now, to convert ammonium oleate back into oleic acid, acid hydrolysis must be
performed. To do this, add acid (for example, 20 ml of acetic acid) to the solution. The acid will
displace the ammonium ion, converting ammonium oleate into oleic acid.

We can observe how magnetite particles become hydrophobic thanks to their surface being
coated with oleic acid. We begin rinsing with water again to remove residual reaction products and



excess impurities, leaving only stable hydrophobic magnetite nanoparticles (Figure 4(e)). Next, we
clean with isopropyl alcohol to remove any remaining water and ensure that the magnetite
nanoparticles are dry (Figure 4(f)). After cleaning with isopropyl alcohol, we dry the nanoparticles
with a cold hair dryer (Figure 4(g)) to carefully remove residual moisture without overheating them
or changing their structure. All that remains is to add 5 ml of kerosene, and the stable ferrofluid is
ready (Figure 4(h)).

4.2. The behavior of ferrofluid under magnetic attraction

With precise control of external magnetic fields (using electromagnets or permanent
magnets), the system demonstrates unique transformational capabilities: dynamic separation and
merging of modular elements, adaptive modification for access to confined spaces, formation of
complex configurations, and synchronized group movement. Here, we create external magnetic
fields using an array of electromagnets or permanent magnets in various shapes. (a)

(b) © (@
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Figure 5.

Control mechanism and characteristics of extreme and complex deformations of ferrofluid
(a) Ring magnet, parallelepiped magnet, standard cylindrical magnet. (b) Change in the shape of
ferrofluid on a standard cylindrical magnet, (c) Change in the shape of ferrofluid on a parallelepiped
magnet, (d) Change in the shape of ferrofluid on a ring magnet.

Figure 5 shows that ferrofluids have a morphology similar to the shape of a magnetic
energy potential well. Magnetic fields inside nanoparticles tend to move toward areas of minimum
energy due to a fundamental physical principle: any system in nature tends to move toward a state
of minimum potential energy in order to achieve maximum stability. This is similar to how a ball rolls
into a depression (potential well) to occupy the position with the minimum energy.

A comparison of the effects of three different magnets on ferrofluids is shown below.

Distance at which Reaction speed
Magnet Magnetic field the reaction begins
(cm)
round neodymium 0.45Tn 5.3 The liquid moves
magnet quickly toward the
magnet.
ring magnet 0.5Tn 6.4 The liquid moves
quickly toward the
magnet.
parallelepiped 0,12 Tn 2.6 The liquid moves
magnet relatively slowly toward
the magnet.




4.3. Control of ferrofluid by a programmable platform.

(A) (B)

——

Figure 6. Programmable circuit. (a) Connection of the microcontroller to the relay modules,
(b) connection of the electromagnets to the relay modules.

In the first stage of implementing the ferrofluid control system, an Arduino Uno platform was
used in combination with nine single-channel relay modules (Figure 6(a)). This configuration made
it possible to alternately turn on and off nine electromagnets located under the working surface with
ferrofluid.

Each relay was connected to a separate digital output of the Arduino Uno and was used to
control the current supply to the corresponding electromagnet. This solution provided simple and
reliable switching, but had limitations in terms of switching speed and scalability due to current
consumption.

Connecting electromagnets

In the next stage, the electromagnets were connected to relay modules and an external power
supply (12V 2A) (Figure 6(b)). Each electromagnet was powered through a corresponding relay,
which allowed it to be turned on and off by a command from the Arduino. Control signals from the
Arduino activated the relay, closing the power circuit and turning on the corresponding
electromagnet. As a result, we obtained a controllable ferrofluid (Figure 7).



Figure 7. Step-by-step process of ferrofluid movement

5. Results and discussion.

5.1. Stability of ferrofluid



The synthesized ferrofluid based on magnetite nanoparticles demonstrated high stability for
more than 7 days without aggregation or sedimentation. The use of oleic acid as a surface
stabilizer ensured uniform coating of the particles, as evidenced by the absence of visible clusters
and stable dispersion color. Visual inspection and observation under a magnetic field showed that
the ferrofluid retained its fluidity and was deformable even after repeated activation of magnetic
fields.

5.2. Controllability using a programmable platform

The platform developed based on Arduino Uno, relays, and an external power supply allowed
for precise control of nine electromagnets. This made it possible to move a ferrofluid drop step by
step across the surface. The software allowed specific magnetic cells to be activated, thereby
“attracting” the drop to the desired area.

Observed effects:
* Movement of the drop in eight directions across the matrix;
» Formation of elongated shapes when two or more adjacent electromagnets are activated;
» Return of the drop to its original shape when the field is turned off;
* Ability to hold the drop in a fixed position.

Figure 7 shows step-by-step photographs of the drop's movement, demonstrating the
precision of the control.5.3. BnuaHne dopmbl MarHMTa Ha noBegeHue Kannum

Three types of permanent magnets were used to evaluate the response of ferrofluid to a
magnetic field: cylindrical, ring, and parallelepiped. The field strength, the distance at which
interaction began, and the speed of fluid movement were measured. The ferrofluid took on a shape
corresponding to the profile of the potential well created by the magnetic field, striving for a state of
minimum energy. This confirms the possibility of precisely controlling the geometry of the drop
through the configuration of the field.5.4. O6cyxaeHune

The study showed that ferrofluids can serve as effective components in a new generation of
soft robotics systems capable of adaptive behavior and high compliance in confined spaces. The
successful synthesis of stable ferrofluid and the demonstration of its controllability using a
programmable platform based on electromagnets confirm the possibility of creating elementary
liquid microrobots capable of targeted delivery.

The results of the work prove that programmable magnetic fields controlled by accessible
microelectronics (e.g., Arduino) are capable of forming various scenarios for the behavior of
ferrofluid droplets. Such a system can be easily adapted to various tasks, including in biomedicine,
for example, for the targeted delivery of drugs in minimally invasive procedures. Its compactness
and autonomy also make the technology promising for use in space missions, where space and
energy consumption are limited.

However, in its current implementation, the system had a number of limitations. The use of a
relay control circuit reduced the response speed of the electromagnets and limited the scalability of
the platform. In addition, the accuracy of controlling the shape and position of the ferrofluid drop
could be improved with the introduction of a feedback system and more precise magnetic field
gradation. Furthermore, no quantitative analysis of the force of attraction and deformation was
performed, which is necessary for accurate modeling of behavior in biological
environments.byayuime nccnegoBaHust MOryT GbITb HanNpaBneHbl Ha:

« transition to transistor control to increase speed and reliability;



* integration of sensors and computer vision to implement adaptive control;

* expansion of the number of active magnetic elements to work with several drops
simultaneously;

* investigation of the biocompatibility of synthesized ferrofluid under in vitro and in vivo
conditions.

Thus, the technologies presented have significant potential for creating personalized,
autonomous medical solutions of a new generation that can improve the safety and survivability of
crews during long-duration space flights.
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	The synthesized ferrofluid based on magnetite nanoparticles demonstrated high stability for more than 7 days without aggregation or sedimentation. The use of oleic acid as a surface stabilizer ensured uniform coating of the particles, as evidenced by the absence of visible clusters and stable dispersion color. Visual inspection and observation under a magnetic field showed that the ferrofluid retained its fluidity and was deformable even after repeated activation of magnetic fields. 
	5.2. Controllability using a programmable platform 
	Figure 7 shows step-by-step photographs of the drop's movement, demonstrating the precision of the control.5.3. Влияние формы магнита на поведение капли 
	Three types of permanent magnets were used to evaluate the response of ferrofluid to a magnetic field: cylindrical, ring, and parallelepiped. The field strength, the distance at which interaction began, and the speed of fluid movement were measured. The ferrofluid took on a shape corresponding to the profile of the potential well created by the magnetic field, striving for a state of minimum energy. This confirms the possibility of precisely controlling the geometry of the drop through the configuration of the field.5.4. Обсуждение 

