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1 Introduction

The field of microrobotics has experienced significant progress
in recent years, with an increasing focus on the development
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Combined three dimensional locomotion and
deformation of functional ferrofluidic robots+
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Tao Chen*®® and Zhan Yang () ¥

Magnetic microrobots possess remarkable potential for targeted applications in the medical field, primarily
due to their non-invasive, controllable properties. These unique qualities have garnered increased atten-
tion and fascination among researchers. However, these robotic systems do face challenges such as
limited deformation capabilities and difficulties navigating confined spaces. Recently, researchers have
turned their attention towards magnetic droplet robots, which are notable for their superior deformability,
controllability, and potential for a range of applications such as automated virus detection and targeted
drug delivery. Despite these advantages, the majority of current research is constrained to two-dimen-
sional deformation and motion, thereby limiting their broader functionality. In response to these limit-
ations, this study proposes innovative strategies for controlling deformation and achieving a three-dimen-
sional (3D) trajectory in ferrofluidic robots. These strategies leverage a custom-designed eight-axis elec-
tromagnetic coil and a sliding mode controller. The implementation of these methods exhibits the poten-
tial of ferrofluidic robots in diverse applications, including microfluidic pump systems, 3D micromanipula-
tion, and selective vascular occlusion. In essence, this study aims to broaden the capabilities of ferrofluidic
robots, thereby enhancing their applicability across a multitude of fields such as medicine, micromanipu-
lation, bioengineering, and more by maximizing the potential of these intricate robotic systems.

of magnetically controlled microrobots.'™ These minuscule
robotic systems possess distinctive capabilities that enable
them to access confined spaces and execute intricate
tasks with minimal disruption to their surrounding
environments.”” Compared with light field drive and electric
field drive,>® magnetically controlled microrobots stand out
due to their inherent advantages, such as wireless actuation,
non-invasive control, reduced size and complexity, and
improved adaptability."*™*

Despite the promising capabilities of magnetically con-
trolled microrobots, they currently face challenges, including
limited deformation and difficulty in achieving motion in

TElectronic supplementary information (ESI) available: Section S1.
Supplementary figures. Section S2. Supplementary texts. Section S3.
Supplementary movies. Fig. S1. Dipole model optimization flow chart. Fig. S2.
Genetic algorithm flow chart. Fig. S3. Square experimental locus. Fig. S4. Square
track error. Fig. S5. Trajectories of involutes. Fig. S6. Involute track error. Fig. S7.
Saddle line track. Fig. S8. Saddle line track error. Fig. S9. Helix trajectory.
Fig. S10. Helix trajectory error. Fig. S11. Complex path obstacle avoidance path.
Fig. S12. Droplet intercept trajectory. Text S1. Design of a sliding mode control-
ler. Video S1. Simulation and experimental results of the 2D motion control of
the ferrofluidic robot. Video S2. Simulation and experimental results of the 3D
motion control of the ferrofluidic robot. Video S3. Experimental results show
that deformed ferrofluidic robots can be used as microfluidic inducers. Video
S4. 3D locomotion of ferrofluidic robots for navigation and hitting missions.
Video S5. Applications of ferrofluidic robots based on combined 3D locomotion
and deformation. See DOI: https://doi.org/10.1039/d3nr02535g
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restricted environments.'> This is particularly relevant for
magnetically controlled soft robots, which are based on elastic
materials and designed to navigate complex and delicate
environments, such as biological tissues or fluidic
systems.'®*® However, their deformation ability is relatively
weak, and it remains challenging to generate efficient motion
in environments with a cross-sectional area smaller than their
own size.”®?! To address this issue, researchers have proposed
magnetic droplet robots with more powerful deformation capa-
bilities, such as liquid metal robots and ferrofluidic
robots.**> The droplet robot has greater deformability and
can even achieve extreme deformations such as splitting and
fusion, thus acquiring higher flexibility and expanding the
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functional list of magnetic robots, showcasing superior func-
tionality and flexibility.”® Among them, ferrofluidic robots
have drawn widespread attention from researchers due to their
superior biocompatibility and controllability. For example, Lin
et al. achieved automated virus detection based on the auto-
mated control of ferrofluidic robots;>” Fan et al. utilized an
electromagnetic array to achieve targeted drug delivery and
fragile object micromanipulation of a ferrofluidic robot in a
two-dimensional(2D) plane.”® Sun et al utilized the wetting
characteristics of ferrofluidic robots on different materials to
achieve efficient artificial cilia and inchworm motion robots.>®

However, the current research primarily concentrates on
their deformation and motion within two-dimensional
spaces,*** or rely on a magnetic cilia array, magnetic gripper
and so on to achieve the three-dimensional movement of the
droplet, which will greatly limit the application of the droplet
robot.*>*® This focus results in relatively limited functionality,
which in turn restricts their value in a range of potential
applications.>” ° Achieving 3D motion and deformation
control in droplet robots and equipping them with a diverse
set of task execution capabilities remain a critical challenge in
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the field. Advancements in these areas would enable droplet
robots to perform complex tasks, such as navigating through
intricate vascular networks or manipulating microscopic
objects with high precision.*® Furthermore, improvements in
motion control and deformation would facilitate better adapta-
bility to their surroundings, allowing them to overcome
obstacles and traverse unstructured environments more effec-
tively. Developing these capabilities can substantially enhance
the functionality and versatility of magnetic microrobots.*" For
instance, in medicine, improved 3D control could facilitate tar-
geted drug delivery to specific tissues, minimizing side effects
and improving the treatment efficacy. In micromanipulation,
the ability to perform delicate tasks in 3D spaces could revolu-
tionize fields like microfabrication, enabling the assembly of
intricate structures with unparalleled precision.

To surmount the aforesaid limitations, we present defor-
mation control and 3D trajectory control strategies for a ferro-
fluidic robot. Fig. 1A illustrates the overall structure of the
magnetic control system devised in this paper. Fig. 1B depicts
the internal components of the ferrofluidic robot, which is
composed of Fe;O, nanoparticles, carriers, and surfactants.
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Fig. 1 Exploring magnetic drive systems and their varied experimental applications. (A) An illustration of an eight-axis magnetic control system,
depicting the comprehensive design that enables the intricate control of magnetic fields. (B) A conceptual diagram that provides insight into the
complex composition of ferrofluids, detailing their unique properties. (C) A visual demonstration illustrating how force influences the trajectory of
the robot and how torque controls its directional orientation. (D) A conceptual representation of a ferrofluidic robot for interception, detailing how
robots interact with surrounding invaders. (E) A schematic outlining the concept of complex path obstacle avoidance, illustrating how the robot
negotiates around obstacles. (F) A conceptual diagram of a fluid pumping experiment, demonstrating the utility of the ferrofluidic robot in micro-
pump applications. (G) A diagram visualizing a 3D transport experiment, exemplifying the robot’s capability to move in all three spatial dimensions.
(H) A conceptual illustration of selective vascular occlusion, demonstrating the potential use of the robot in targeted medical interventions. (I) A
diagram showcasing a droplet mixing experiment, exemplifying the robot’s ability in micro-scale mixing applications.
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Fig. 1C shows the locomotion and deformation control strategy
of the ferrofluidic robot by employing the designed magnetic
actuation system. By adjusting the external magnetic field
direction, we can control the deformation direction of the fer-
rofluidic robot and accomplish position control based on the
magnetic field gradient. Concurrently, considering the hetero-
geneous distribution of the driving magnetic field intensity
and gradient, we propose a sliding mode controller to
augment the robustness and anti-interference capabilities of
the control process during the 3D motion control of the ferro-
fluidic robot. This controller exhibits less reliance on control
parameters and superior performance in handling nonlinear
systems compared to a PID controller.*” Leveraging these capa-
bilities, we exhibit the versatile motion abilities of ferrofluidic
robots in complex environments, including accurate tracking
of various 2D and 3D trajectories, such as discontinuous lines
and curved paths, as well as obstacle avoidance tracking experi-
ments in intricate 3D maps. As illustrated in Fig. 1D-1, build-
ing on these capabilities, we further demonstrate the practical
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applications of ferrofluidic robots in areas such as foreign
matter interception, complex path avoidance, microfluidic
pump systems, object manipulation, selective vascular occlu-
sion and controllable droplet fusion. In summary, this
research article aims to investigate the state-of-the-art in mag-
netically controlled microrobots, address their current chal-
lenges and limitations, and propose innovative solutions for
extending their capabilities, particularly in the realm of defor-
mation and 3D motion control. By doing so, we strive to
enhance their applicability across a wide range of fields,
unlocking new possibilities in fields such as medicine, micro-
manipulation, bioengineering, and beyond.

2 Results and discussion
2.1 Design and concept of the ferrofluidic robot system

Fig. 2A illustrates the use of an electromagnetic field gene-
ration system to produce and manipulate the actuating mag-
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Fig. 2 Design and modeling of the system’s hardware and control methods. (A) provides a detailed depiction of the coil assembly’s layout within
the electromagnetic drive control system, along with an overview of the forces impacting the ferrofluidic robot. (B) displays the intricate characteriz-
ation of the particles, derived from the transmission electron microscope (TEM), which are encased within the ferrofluidic robot. (C) unveils the prin-
ciples underlying the magnetic field modeling along with a schematic representation elucidating the design of the electromagnetic coil. d is the dis-
tance between the dipole model and the top of the ferrite, and d, is the distance between the top of the ferrite and the plane on which the robot is
located, r, is the vector that the dipole model points to the robot. (D) shows the comprehensive closed-loop control diagram, enabling a 3D naviga-
tion of the ferrofluidic robot, facilitated by orthogonal vision and sophisticated sliding mode control. To guarantee the precise detection of the
robot’s position, advanced state observer methodologies, including the adaptable mean-shift method and the Kalman filter, were effectively utilized.
In the case of external interference b, the system can still maintain good working performance. The camera provides feedbacks of the coordinates
of the robot to the system in real time, like x.(t), y.(t), z.(t). Then, the system obtains the error: x., Y. Ze between the target point: x,(t), y,(t), z.(t) and
the real-time position and feeds back to the controller to generate control signals.
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netic field. The magnetic field generates a driving force that
actuates the robot, while rotating the magnetic field evenly
changes the magnetization direction of the robot. While other
forces, such as viscous resistance, gravity, and buoyancy, con-
tribute to the movement of the robot, the primary means of
achieving motion control in this system is adjusting the con-
trollable force Fy,. Therefore, to generate a controllable mag-
netic field, we designed and prepared a dedicated electromag-
netic coil system. The setup uses eight stationary electromag-
netic coils with controllable currents, which are evenly placed
at the eight top corners of the cube, with each coil facing
downward at a 35.3° angle toward the workspace. Each coil is
composed of two groups in parallel, the total number of turns
in the inner ring is 800, the total number of turns in the outer
ring is 600, the diameter of the selected enamels is 0.4 mm,
the total resistance is 4.4 Q, and the rated voltage is 25 V. Soft
magnetism is used in each coil to enhance the magnetic field
generated. The workspace cube size is 40 x 40 x 40 mm?, and
the coils adopt a mode in which the inner and outer rings are
in parallel, reducing the resistance and increasing current. The
system includes chutes on the bottom and top plates, as well
as supports on the upper and lower bases to adjust the size
of the working space. Two power supplies (eTM-6030,
TOMMENS) were used, and eight power amplifiers (OPA541,
Texas Instruments) were connected to a DAQ card (PCI-6733,
National Instruments) with eight channels to receive control-
ling inputs. To prevent fluctuating temperatures from nega-
tively affecting the magnetic field generation capabilities of
the electromagnetic coils, water pipes were wrapped inside
and outside the coils, and water pumps were used to dissipate
heat for the system. This ensured that the system temperature
was maintained at a constant temperature of 24 °C.

The workspace consists of a custom-made glass cuboid
with dimensions of 24 mm x 24 mm x 50 mm. A mixture of
Nacl, glycerol, and water was combined and thoroughly stirred
to simulate the fluid environment inside the human body.
Besides, two fixed-position cameras were strategically posi-
tioned to provide comprehensive visual feedback of the work-
space from both overhead and frontal perspectives. The
cameras were capable of capturing high-resolution images of
1280 x 768 pixels. The tracking algorithm used was the mean-
shift algorithm. The mean-shift algorithm is essentially a cen-
troid shift algorithm. It involves using the mouse to select a
box around the robot that you want to track. The program will
then calculate the centroid of all the points within the box
selection area and move it to the center of that area, creating a
new box selection area center. This iterative process helps the
program track the movement of the robot step by step, con-
tinuously updating the box’s position as the robot moves. The
ferrofluidic robot, an integral part of the system, exhibits a
range of motion that extends across half region within the cap-
tured frames. The entire system, designed with optimal pre-
cision and efficiency in mind, was managed via the LabvVIEW
interface on a dedicated desktop computer. A droplet of 0.2 pL
of ferrofluid was added to the mixture using a micropipette.
For this study, only an oil-based ferrofluid was used, as it has
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excellent deformability and low hysteresis with changes in the
magnetic field, and is immiscible with the body fluids. Fig. 2B
presents the Transmission Electron Microscopy (TEM) image
of the ferrofluidic robot, revealing its primary composition of
iron oxide nanoparticles. Furthermore, to ensure a more
uniform and stable dispersion of these nanoparticles in the
carrier liquid, namely hydrocarbons, the ferrofluidic robot was
also supplemented with surfactants like silicone oil. These sur-
factants function as stabilizers, enhancing the robot’s stability
and preventing it from precipitating even under the influence
of strong magnetic fields, thereby maintaining its integrity
over extended periods.

2.2 Magnetic control theory of ferrofluidic robots

It is assumed that the magnetically controlled ferrofluidic
robot in question is a magnetized entity, characterized by its
unique magnetic moment. It is worth noting that the magnetic
moment of soft magnetic materials differs from that of perma-
nent magnets, which have a constant size and an unchanging
direction. The magnitude and orientation of soft magnetic
materials will vary contingent on the applied magnetic field.
The magnetization property of the ferrofluid is similar to that
of soft magnetism, therefore, the relationship between its mag-
netization and the external magnetic field must be taken into
consideration. Therefore, the force needed to move the robot
towards a specific position, along with the torque required to
rotate the robot, can be expressed as follows:*?

T = SK(M)B (1)

(2)

L[ o on]”
T |lox Oy Oz

here, B symbolizes the magnetic flux density, T represents the
magnetic torque, M denotes the magnetic moment of the
robot, and SK(M) corresponds to the cross-product matrix of
the magnetic moment vectors. The cross-product matrix can
be further presented in detail as:

0o -M, M,
SKM)=| M, 0 -M, (3)
-M, M, 0

In this matrix, the M,, M,, and M, stand for the three com-
ponents of the M axis, respectively. It is important to note that
the magnetic torque always points the magnetization direction
of the robot towards the external magnetic field. Therefore, we
indirectly controlled the magnetization direction of the robot
by adjusting the direction of the external magnetic field, rather
than directly adjusting its torque. Considering a fixed arrange-
ment of electromagnets, each individual electromagnet can
generate a magnetic field throughout the workspace, which
can be precomputed. At any particular point P in the work-
space, the magnetic field due to the actuation of a specific
electromagnet can be depicted by the vector B(P), as displayed
in Fig. 2C, whose magnitude is proportional to the current
passing through the electromagnet. For hollow electromag-
nets, each field’s contribution is uncoupled, and the total con-

This journal is © The Royal Society of Chemistry 2023
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tribution can be computed by linear superposition after calcu-
lating the magnetic field generated by energizing a single coil.
While an electromagnet with a soft core can produce a more
potent field, the total contribution does not superimpose line-
arly. However, if it is assumed that the soft magnetic core
employed is an ideal, hysteresis-free material, and it operates
within its linear operating range, the principle of linear super-
position remains applicable. Here, the subscript j signifies the
contribution due to actuating the ji, electromagnet.

BP) =Y B(P) = Y B (a)
Jj=1 Jj=1

The total flux density at the spatial point P can be com-
puted using a linear superposition of the flux densities pro-
duced by all the coils as per eqn (4). The flux density from a
single coil can be obtained by multiplying the direction vector
B, (P) with the current amplitude, as shown in eqn (5):

i

In
The formula to calculate the magnetic gradient in the x-axis
direction, which_is obtained by multiplying the flux density

gradient vector ﬁBgch ) with the current amplitude, is shown in
eqn (6):

— | 9BL(P) OB, (P)

83(‘ ox e ox

OB(P) [~ ~ }

By substituting eqn (1) and (3) into eqn (4), we derived eqn
(7), which can be used to acquire the desired matrix and its
pseudo-inverse matrix. Initially, the flux density and gradient
force vector were input, which then yields the magnitude of
the current value for each electromagnet as follows:

ITS(P) i
[ﬂ = xTﬁ’y‘g ‘ =Apr(M, P)I éI:AB,F(M,P)T[];]
M'B,(P) | L'

(7)

where 7 represents the inverse operation on the contribution
matrix Ag (M, P).

Based on the above analysis and theoretical derivation, we
can achieve precise motion control of the ferrofluidic robot by
designing a closed-loop controller. As shown in Fig. 2D, the
position of the robot photographed by the camera is tracked
by the shape-adapted mean-shift algorithm,** and then fed
back to the system by the Kalman filtering. Then the system
uses the synovial controller for calculations and outputs the
final required voltage signal to the coil system through the
power amplifier to control the movement of the robot. The
system model is imbued with considerable uncertainties. To
compensate for these uncertainties and the perturbations they
introduce, as well as to minimize the tracking error, we

This journal is © The Royal Society of Chemistry 2023
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adopted a robust sliding mode controller for the system’s
control, as depicted in ESI note 27.

2.3 Modeling of the induced electromagnetic field

The depiction in Fig. 2C demonstrates how the magnetic field
around a coil with an iron core is modelled using a magnetic
dipole. The resultant magnetic field distribution, propagated
by the dipole, is as follows:*’

3M;-r M
(i) = (P00 -3 (®)

where r represents the space distance vector, u, represents the
vacuum magnetic permeability, and r stands for the modulus
length of r. Here, we modelled the magnetic field generated by
the iron-cored electromagnet by approximating it as a mag-
netic dipole aligned along its longitudinal axis. The equivalent
magnetic dipole is then spatially positioned following the geo-
metric configuration of the electromagnet. Consequently, it is
crucial to determine both the magnetization M of the mag-
netic dipole and the offset d between the centers of the mag-
netic dipole and the electromagnet. Here, we apply a genetic
algorithm to iteratively refine these two parameters utilizing
the magnetic dipole model. Initially, the magnetic field inten-
sity B is measured at a series of points situated directly above
the coil, represented as By,[1...n]. Next, we formulate the objec-

n
tive function as: J= min(z {IIBm*[i] — B*[{]|| + ||Bw?[i]—
i=0

BJ[d]|| + ||Bm?[i] — Be?[d]]].)}. We then employ the genetic algor-
ithm to iteratively fine-tune and optimize M and d until the
objective function falls within an acceptable range, or until the
maximum iteration count is reached. For a detailed execution
process of the optimization algorithm, please refer to Fig. S1
and S2.1

2.4 Theoretical verification of control mechanisms and
methods

Subsequently, a theoretical analysis of the control efficacy of
the controller with respect to the ferrofluidic robot’s motion is
embarked upon. The kinematic equation relating to the robot
is derived, utilizing the quasi-static force analysis method as a
foundation. This derivation serves to construct a compu-
tational model, facilitating the evaluation of the robot’s
motion dynamics under the influence of the predetermined
control system. The encompassing force acting on the robot is
expressed as follows:

F=ma=Fy+Fy+Fq+F, (9)

In this equation, F is the inertial force on the robot, F,, sig-
nifies the magnetic gradient force, F, = mg denotes gravity, m
stands for the robot’s mass, F, = pVg is the buoyancy of the
robot and Fq4 = 6mnav represents the viscous resistance. Herein,
a refers to the acceleration, p indicates the density, V specifies
the volume, g is the gravitational acceleration, # is the fluid vis-
cosity, a is the radius of the droplet, and v signifies the instan-
taneous velocity. Following the derivation, the application of
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the new Euler integral is implemented to simulate the motion
of ferrofluidic robots under our proposed control strategies. As
depicted in the conceptual graphs of Fig. 3A and E, the pro-
posed simulation algorithm is employed to evaluate the track-
ing performance of the robot on a 2D circle with a diameter of
6 mm and a 3D polyline with dimensions of 5 mm x 5 mm x
6 mm. Fig. 3B and F display the resulting trajectories, and
videos S1 and S21 provide further visual demonstration. The
simulated trajectory closely aligns with the preset trajectory,
indicating the commendable control effect of the employed
methods on the robot’s tracking of both 2D and 3D
trajectories.

2.5 Assessment of motion velocity and deformability in a
ferrofluidic robot

The realization of precise motion speed and deformation
control for ferrofluidic robots can facilitate more adaptive
management, an attribute of substantial significance for their
utilization in complex scenarios. Therefore, we propose to
carry out a quantitative analysis to evaluate the control feasi-
bility of velocity and deformation during the locomotion of a
ferrofluidic robot. This investigation will contribute to a more
comprehensive understanding of the dynamic control capabili-
ties of these robots, thereby expanding their applicability in
intricate settings. As shown in Fig. 44, the velocity of the robot
mainly depends on the viscosity of the liquid environment,
which is decided by the mass ratio #,, of the glycerin to water
(the higher the mass ratio, the more viscous the liquid
becomes), and the voltage. If the mass ratio remains the same,
then the velocity increases as the voltage increases due to a
greater magnetic force. But, if the voltage is constant the vel-
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ocity will decrease as the mass ratio increases, due to a larger
resistance. Additionally, as observed in Fig. 4B, it can be noted
that the velocity of the robot is influenced by its diameter.
When the diameter of the robot increases, the speed of the
robot also increases proportionally. The primary reason for
this phenomenon is the larger volume of the robot, which
results in a more pronounced magnetic gradient force that is
substantial enough to overcome the drag effect caused by the
increased volume. Therefore, by modulating parameters such
as magnetic field strength and liquid viscosity, we can adjust
the motion velocity of a ferrofluidic robot, laying the foun-
dation for realizing its controllable motion.

The deformation ability of ferrofluidic robots plays a crucial
role in facilitating their movement in confined spaces.
Empirical observations demonstrate that when exposed to a
magnetic field, ferrofluidic robots exhibit elongation aligned
with the magnetic field lines. This phenomenon can be attrib-
uted to the inherent tendency of the internal nanoparticles to
orient themselves in a head-to-tail fashion. Importantly, the
magnitude of this elongation exhibits a directly proportional
relationship to the strength of the external magnetic field,
highlighting the complex interdependence between the
droplet microrobots’ physical properties and the character-
istics of the environment in which they function.

Our experimental results provide further evidence for this
observation. Specifically, our experiments demonstrate that
the microrobot exhibits deformation in response to increasing
magnetic field strength, resulting in a corresponding alteration
in the ratio of its major axis to its minor axis. The deformabil-
ity of the microrobot was assessed through the ratio between
the major and minor axes of its shape. As illustrated in
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Fig. 3 Display of theoretical simulation and empirical results concerning the trajectory tracking of a ferrofluidic robot. (A) A schematic representa-
tion delineating the 2D circular trajectory of the ferrofluidic robot. (B) Theoretical simulation results obtained from circular trajectory tracking, these
outcomes are derived from the underlying model. (C) Experimental results acquired from tracking the 2D circular trajectory using the ferrofluidic
robot. (D) A detailed error investigation pertaining to the tracking outcomes highlighted in (C). (E) A schematic portrayal of the 3D saddle-shaped tra-
jectory characteristic of the ferrofluidic robot. (F) Theoretical simulation outcomes of the saddle-shaped trajectory tracking, these were underpinned
by the foundational model. (G) Experimental results emanating from the tracking of the 3D saddle-shaped trajectory by the ferrofluidic robot. (H) An
exhaustive error analysis corresponding to the tracking outcomes presented in (G).
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Fig. 4 Assessing the velocity and deformation capabilities of ferrofluidic robots. (A) Analysis of the correlation between motion speed, magnetic
field strength, and liquid viscosity in ferrofluidic robots. (B) Examination of the relationship between the motion speed, magnetic field strength, and
diameter of ferrofluidic robots. (C) Assessment of the interplay between a robot’s deformability, magnetic field strength, and robot’s diameter. In this
system, it is established that a voltage of 1 V corresponds to a magnetic field strength of 1.5 mT and a gradient of 10 mT m™ is generated by the coil

at the central position.

Fig. 4C, increasing the driving voltage from 1 to 4 V led to an
increased deformation of up to 300% from the robot’s initial
shape. However, further increase in field strength produced
diminishing changes in deformation. This gradual saturation
of deformation may arise from the gradually dominant role of
surface tension that restores the robot’s sphericity. Therefore,
by selecting a ferrofluidic robot of a suitable size and adminis-
tering a specific magnetic field, we can fine-tune its elongation
characteristics and direction. This approach provides a flexible
method to manipulate these robots for specialized tasks and
applications. These distinct deformation characteristics of the
microrobots can be leveraged for specialized operations such
as fluid pumping, controllable pipeline blockade, etc., as sub-
stantiated by our subsequent experimental investigations.

2.6 Experimental verification of control mechanisms and
methods

Fig. 3C illustrates the experimental results of tracking a circu-
lar trajectory by a ferrofluidic robot under the regulation of the
proposed control system and its concomitant strategies. To
further substantiate the performance of the ferrofluidic robots
in tracking varying trajectory types, the outcomes pertaining to
their performance on rectangular trajectories are presented. As
represented in Fig. S37 and Fig. 3C, the actual trajectories
display a noteworthy degree of congruity with the pre-estab-
lished trajectories, with deviations visible in Fig. S4f and
Fig. 3D. The comparative analysis suggests that the circular tra-
jectories exhibit a larger mean error of approximately
0.07 mm, which is approximately twice that of rectangular tra-
jectories. This suggests a suboptimal tracking precision for
curvilinear paths, which possess inherent curvature compared
to rectangular paths. This can predominantly be attributed to
the fact that the arc trajectory requires the robot to continu-
ously change its direction, potentially inciting velocity over-
shoot during the gradient force transition phase, leading to
inertial offset. Nonetheless, the ratios of the mean error to the
ferrofluidic robot’s diameter, calculated as the average error

This journal is © The Royal Society of Chemistry 2023

divided by the robot’s diameter, remain below 20%, which is
less than one-fifth of the robot’s diameter.

In addition, magnetic microrobots have surfaced as a
potential tool for diverse applications, particularly in targeted
therapy. The performance efficiency of these robots largely
depends on their accurate control within complex internal
environments, such as capillaries and cerebral blood vessels.
Therefore, it is pivotal to evaluate the system’s 3D trajectory
tracking performance to determine its precision in controlling
3D trajectories. Fig. 3E exhibits a ferrofluidic robot tracing a
3D saddle-like trajectory under system control. The dimen-
sions of the 3D trajectory, 7 mm x 7 mm % 5 mm, are specified
in Fig. 3G. However, visible discrepancies exist between the
robot’s actual and predetermined trajectories, with the
maximum error and average error being 0.3 and 0.1 mm
(Fig. 3H), respectively, which can potentially be ascribed to the
robot’s inertia during cornering or the additional gradient
force exerted on the robot when in proximity to the coil.
However, these deviations can be minimized by adjusting
certain parameters within the system’s sliding mode control-
ler, such as the proportional coefficient k, mgs and the
maximum and minimum voltage limit of the driving system. It
should be noted that the standardized 3D curve considered
here is not an exact replica of the blood vessel channels
encountered in real biological experiments, which typically are
3D curves of varying curvatures. To validate the accuracy of the
3D trajectory control, tests involving 3D curves with distinct
curvatures, such as involute, saddle shape, and helix were con-
ducted. Fig. S5, S7, and S9t showcase that the actual trajectory
closely adheres to the preset trajectory, such as involute,
saddle shape, and helix trajectories. The robot’s diameter in
all instances was 0.8 mm. Additionally, Fig. S6, S8, and S107
validate that regardless of variations in the shape of the target
trajectory, the motion control performance of the robot
remains consistently high, with the tracking error consistently
less than one-third of its own diameter. This reaffirms the
effectiveness of the control strategy employed in this work.
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2.7 Deformed ferrofluidic robots as a microfluidic inducer

The diagrams in Fig. 5A and B show in detail the fluid
pumping process by a deformed ferrofluidic robot, schemati-
cally and experimentally. The rotation of the magnetic fluid in
the x-z plane, induced by a controlled rotating magnetic field,
enables the translocation of fluid from the inlet point to the
outlet point. The pumped fluid was dyed with food-grade col-
oring for clear visualisation. It was observed that the robot
could rapidly and efficiently relocate the fluid, as demon-
strated in the figure and further detailed in supplementary
Video S3.f Remarkably, the pumping speed was recorded to
reach up to 3 mm s™', outperforming cilia-based methods for
microfluidic pumping.*®

Fig. 5C and D present the conceptual and experimental rep-
resentations of fluid mixing, respectively. Each channel houses
a robot, which is maneuvered by a rotating magnetic field to
transport the targeted fluid into a central channel for sub-
sequent mixing. The experimentally recorded footage indi-
cated that the rotation of the ferrofluidic robot induces
effective fluid mixing in a Y-shape channel. Moreover, by syn-
chronously adjusting the rotation direction of the ferrofluidic
robots, it was possible to freely control the relative flow velocity
of the fluid in these two channels. This capability allows for
the adjustment of component proportions in the mixed fluid.
Considering its microscale size and high-speed pumping oper-
ation, the ferrofluidic robot exhibits considerable promise in
the realm of microfluid-inducing applications.

2.8 3D locomotion of ferrofluidic robots for hitting missions

Fig. 6A and B respectively illustrate the conceptual schematic
for complex path obstacle avoidance and the process for gener-
ating an obstacle-avoidance pathway. Both top and main per-
spectives of the complex path obstacle avoidance are demon-
strated in Fig. 6C and D respectively. A 3D maze, designed
using resin-based 3D printing, served as the operational plat-

Rotation

Liquid Ainlet
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form. The predetermined trajectory was planned using the
LabVIEW software, utilizing the Rapidly-exploring Random
Tree (RRT) algorithm for optimal path planning, as expanded
in supplementary Video S4.f Subsequently, this planned
pathway was integrated into the control system. During the
navigational sequence, the robot adeptly maneuvers around
the cuboid obstacle, continues along a circular path with a
radius slightly exceeding the spherical obstacle, and eventually
reaches the central location within the hollow ring. Further
detailed observations of this process can be extracted from
supplementary Video S4.f Fig. S117 provides a comparison
between the actual and generated trajectories, demonstrating
the high congruity between the two, with only minor deviations.
This emphasizes the precision of the control system and the
efficacy of the trajectory planning, underscoring the ferrofluidic
robot’s precise strike capability against static targets.

Fig. 6E and F delineate the conceptual schematic for
droplet interception and the interception trajectory generation
respectively. Both the interception test and complex path
obstacle avoidance maneuvers are regulated by the system,
with a camera providing real-time imaging for feedback adjust-
ments. The top and main perspectives of the interception test
are depicted in Fig. 6G and H respectively. The initial configur-
ation of the robot and the liquid droplet is presented in the
first image, with the concluding interception frame showcased
in the third image, providing a visualization of the robot’s tra-
jectory. Upon the droplet’s initiation of descent from its start-
ing position, the initial coordinates of both the robot and the
target droplet are fed into the algorithm to compute the inter-
ception trajectory, further detailed in supplementary Video
S4.f Subsequently, the controller orchestrates the robot’s
motion to intercept the falling droplet according to the pre-cal-
culated trajectory. Fig. S121 shows the comparison between
the generated interception trajectory and the actual trajectory
followed by the robot. Although minor discrepancies are
evident at the transitional junction where the x and y plane

Fig. 5 Deformed ferrofluidic robots as a microfluidic inducer. (A) Conceptual diagram depicting a deformed ferrofluidic robot functioning as a
micropump. (B) Experimental evaluation of a deformed ferrofluidic robot pumping dye in network channels. (C) Schematic representation of
deformed ferrofluidic robots employed as mixers. (D) Experimental exploration of two deformed ferrofluidic robots collaborating to mix dyes in a

Y-shaped channel.
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Fig. 6 3D locomotion of ferrofluidic robots for static and dynamic target-hitting missions. (A) Conceptual diagram of a ferrofluidic robot navigating

through a 3D maze for static target hitting. (B) 3D maze trajectory planning

results employing the RRT (rapidly-exploring random tree) algorithm. (C)

Top view and (D) primary view of the experimental process showcasing the ferrofluidic robot hitting a static target by traversing a 3D maze. (E)
Schematic representation of a ferrofluidic robot intercepting moving objects. (F) Trajectory planning results for the ferrofluidic robot intercepting
dynamic objects. The top view (G) and the primary view (H) of the experimental process involving a ferrofluidic robot intercepting dynamic objects;

the blue curve denotes the trajectory, the green circle represents the robot,

motion converts into z-axis movement, these do not impinge
upon the successful interception of the droplet. The efficacy of
this function may prove instrumental in medical applications,
for instance, preventing the ingress of impurities into human
body fluids, thereby enhancing the safety and precision of
therapeutic or diagnostic procedures.

2.9 Applications of ferrofluidic robots based on combined 3D
locomotion and deformation

The integration of deformation and locomotion capacities
within ferrofluidic robots empowers these entities to carry out
more intricate experimental procedures, as demonstrated in

This journal is © The Royal Society of Chemistry 2023

and the red circle signifies the mobile object targeted for interception.

Video S51 and Fig. 7A and B. During the procedure, the robot
approaches the first oil-based droplet, triggering adsorption
and consequent fusion with a secondary droplet of disparate
composition. Following thorough mixing, the robot retains its
ability to govern the movement of the resultant droplet flexibly.
It is noteworthy that the process necessitates the application of
an external magnetic field to direct the deformation of the fer-
rofluidic robot towards the radial direction of the controlled
droplet. This precautionary step is undertaken to obviate the
possibility of the ferrofluidic robot becoming immobilized due
to simultaneous adsorption on opposing sides of the con-
trolled droplet. Adopting this methodology enables the fusion
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Fig. 7 Experimental validation of multifunctionality in ferrofluidic robots. (A) Conceptual illustration of a ferrofluidic robot employed for controlled
chemical micro-reactions via droplet mixing. (B) The process and fluorescence imaging results of a fusion reaction, orchestrated by a ferrofluidic
robot, between droplets containing disparate solvents. (C) Schematic representation of a ferrofluidic robot purposed for micro-operation. (D) Top
view and (E) primary view of a ferrofluidic robot controlling and conveying goods to a designated area, demarcated by the black dashed contour
line. (F) Conceptual depiction of a ferrofluidic robot for selective blood vessel occlusion. (G) Top view and (H) primary view of the experimental pro-
cedure illustrating controllable blood vessel blockage facilitated by a ferrofluidic robot.

of diverse microscopic droplets in a non-contact, contami- cing the practicability of ferrofluidic robots within the domain
nation-free manner. The ensuing fluorescence imaging (subfi- of liquid droplet mixing. This distinctive capacity of ferroflui-
gure in Fig. 7B) substantiates the occurrence of an intense dic robots promises substantial potential applications in disci-
reaction following the mixing of the two droplets, thus eviden- plines such as virus detection and control of microscale
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chemical reactions.*” By enabling precise manipulation and
combination of microdroplets, these robots could significantly
advance fields requiring high-precision fluid handling, such
as lab-on-a-chip technologies or point-of-care diagnostics.

The achievement of 3D manipulation of objects within con-
fined and sealed environments bears significant implications
for micro-assembly and targeted biomedical applications.
Given the inherent wettability of oleophilic materials, ferro-
fluids can adhere securely to the object being manipulated.
This feature, in conjunction with their 3D locomotion ability,
facilitates effective oleophilic material transportation. Fig. 7D
and E depict the top and front views, respectively, of a ferro-
fluidic robot during a 3D assembly experiment involving
specific cargo. As can be inferred from the image, the robot
initially approaches the object and impacts it, achieving
adhesion through the process of wetting. Subsequently, under
the influence of a specific directional magnetic gradient force,
the object is directed to the sidewall of the target area. The
force’s direction is modulated to synchronize with the cargo,
allowing the ferrofluidic robot to navigate the wall and trans-
port the cargo to the intended position within the target area.
To effect a controllable separation between the magnetic ferro-
fluidic robot and the manipulated object, we propose a strat-
egy predicated on the application of a pulsatile high-intensity
magnetic field. As demonstrated in Fig. 7C and the accompa-
nying Video S5,1 once the ferrofluidic robot reaches the desig-
nated area, it undergoes deformation in the direction of separ-
ation, thereby reducing its contact area with the cargo. The
application of an instantaneous high-intensity magnetic field
imparts a significant magnetic force to the robot, resulting in
rapid acceleration. Given the involvement of viscous resistance,
the cargo is unable to match this acceleration, leading to a
relative velocity differential. This, in turn, enables the ferroflui-
dic robot to overcome the wetting force and disengage from
the cargo.

The selective blocking of blood vessels to restrict nutrient
delivery has substantial therapeutic potential, particularly in
starving diseased tissues.*® Ferrofluid droplets exhibit robust
active and passive deformation capabilities, allowing them to
conform adaptively to their surrounding environment and
efficiently seal specified constrained areas, making them
ideally suited for vascular occlusion tasks. Fig. 7G and H
(intercepted from Video S51) show top and front view images,
respectively, captured during the vascular occlusion experi-
ment. The associated video and images demonstrate the use of
the ferrofluidic robot’s 3D mobility to maneuver within a 3D-
printed model of the aortic arch and selectively navigate to a
predetermined vascular position. Subsequent application of a
magnetic field induces the robot to radially expand and
deform along the vessel, enabling it to occupy the maximum
possible cross-sectional area of the blood vessel and thereby
effectuate vascular occlusion, even the cross-section of blood
vessels is irregular in shape.

Next, to assess the efficacy of the occlusion, we introduced
simulated blood (dyed solution) into the vascular model at a
flow rate of 2.5 mm s™'. As can be observed from the accompa-
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nying videos and images, the simulated blood is diverted to
other branches, with the occluded vessel remaining impassa-
ble. Notably, upon withdrawal of the controlling droplet robot
from the occluded position, the simulated blood pooled at the
base of the vessel is drawn upwards, rising along the occluded
vessel. This dynamics effectively corroborates the occlusion
effect and robust sealing performance, further validating the
feasibility of this approach for vascular occlusion. The poten-
tial of robots for use in selective blockage of blood vessels is
particularly promising, as they can achieve this task even if the
cross-section of the blood vessels is irregular in shape. This
highlights the potential of robots for use in medical pro-
cedures where precise targeting and control of blood flow is
essential, such as in the treatment of tumors and aneurysms.
Fig. 8A showcases a set of Asho tubes, which are a portion
of the equipment used in pig lung experiments. We have inter-
cepted this setup, which primarily consists of complex bron-
chial structures in the shape of a T-frame, featuring an aper-
ture of approximately 3-4 mm. Fig. 8B and C (intercepted from
Video S6) provide the main and top views of a biological
experiment designed to remove bronchial impurities. Before
commencing the experiment, some of the outermost tissue of
fresh pig lungs was removed, and the bronchial tissue in the
middle area was cut using scissors. The main bronchus has a
T-shaped configuration, with an upper oval hole serving as the
entrance for the robot and a lower round hole for the robot’s
exit. Impurities are carefully placed into the pig’s lungs
through the entrance using tweezers, and then the pig’s lungs
are tilted at an angle to allow the impurities to penetrate
deeper. After this, the pig’s lungs are placed into specific
glasses for further experimentation. A solution, consisting of a
3:1 mass ratio of water and glycerin, was poured into a glass
to create the experimental environment. The robot, prepared
for the task, was then placed into this environment. The entire
experimental process is as follows: 1. initially, the robot was
controlled by a handle to climb from the bottom of the glass
to a position 4 mm above the entrance of the pig lung. 2. The
robot was then stretched along the z-axis using a voltage of 5.6
V, enabling it to slowly enter the bronchus with a narrower
width. 3. After reaching the inside of the pipe, the voltage was
reduced to 2.4 V. The robot tended to take on a spherical
shape, increasing the contact area on the plane. Its left and
right movements were controlled within the pipeline to facili-
tate the quicker capture of impurities. 4. Finally, the voltage
was increased back to 5.6 V, and the impurities were dragged
out from the internal area of the bronchus, successfully achiev-
ing the function of removing impurities from small spaces.
This study demonstrates the ability of robots to selectively
occlude blood vessels and remove impurities within a complex
organic structure. The intelligent control of the robot’s move-
ments and the occlusion method may offer new pathways in
medical treatment, especially in precise targeting and control
of blood flow in applications like tumor treatment, aneurysms,
or any scenarios requiring selective vascular targeting or
impurity removal from organs. The experimental design can
lead to advancements in the field of medical robotics, poten-
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Fig. 8 Experimental application of pig lung bronchus biology. (A) A three-dimensional model of the lung structure. (B) The main view of the bron-
chial biological application experiment depicts the experimental setup designed to control the three-dimensional movement of a robot within the
pig lung. The robot enters the pig lung from above, guided by a sophisticated control mechanism. Its primary task is to drag impurities out of the
lung. The setup may include the robot, bronchial structures, a voltage control system, and a glass container to hold the pig lung. The main view pro-
vides insights into how the robot interacts with the lung tissues to perform the impurity removal process. (C) The top view of the bronchial biological
application experiment offers an aerial perspective of the setup used to control the three-dimensional movement of the robot within the pig lung.
The robot’s entry point from above into the pig lung is visible in this view. It illustrates how the robot navigates through the bronchial structures to
reach areas with impurities and subsequently drags them out of the lung. The top view provides an overview of the experiment, highlighting the

coordination and precision involved in removing impurities.

tially revolutionizing specific surgical and therapeutic
procedures.

3 Conclusions

In conclusion, this paper provides a comprehensive explora-
tion of the combined 3D locomotion and deformation capa-
bilities of functional ferrofluidic robots. The study demon-
strated that these uniquely versatile robots, maneuvered by
external magnetic fields, can efficiently navigate through
complex 3D paths, including mazes and obstacle courses, with
remarkable precision. The research also revealed the ability of
the ferrofluidic robots to perform tasks in a controlled and tar-
geted manner, such as fluid pumping and mixing, intercep-
tion of falling droplets, and carrying and relocating goods. In
particular, the ability of the robot to effectively mix distinct
micro-droplets presents substantial potential in applications
such as virus detection and micro-scale chemical reaction
control. Furthermore, the capacity of ferrofluidic robots for
selective vascular occlusion has been thoroughly examined.
The promising results show that these robots can block target
blood vessels in a controlled manner, suggesting potential for
impactful advancements in the realm of targeted therapeutic
interventions and drug delivery. This study marks a significant
stride towards the realization of a new generation of multifunc-
tional microrobots. However, future work is required to opti-
mize the performance of these robots in diverse operational
environments and across varied tasks. In addition, the realiz-
ation of 3D swarm control of ferrofluidic robots by the pro-
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posed system will be another potential research direction in
the future. It is anticipated that these advances will usher in
new opportunities in fields like biomedical engineering,
microfluidic technology, and targeted therapy.

4 Materials and methods
4.1 Preparation of ferrofluidic robots

The study employs an oil-based ferrofluid, predominantly con-
sisting of magnetic nanoparticles, surfactants, and carrier
fluids (Fig. 1B). The fabrication of the microrobots entails the
utilization of several instruments, such as pipette guns, perma-
nent magnets, and a glass dropper. To commence the process,
the liquid was carefully poured into a glass container, after
which the magnetic fluid was precisely extracted using a
pipette gun. Subsequently, a permanent magnet was meticu-
lously positioned at the base of the glass to attract the fluid
towards the substrate, thus generating ferrofluidic robots with
the desired dimensions.

4.2 Preparation of droplets in controlled chemical micro-
reactions

Droplet A contained a mixture of fluorescent dyes and phenyl
oxalate compounds. Droplet B was hydrogen peroxide at
roughly 35% concentration. The combination of phenyl
oxalate and hydrogen peroxide initiated a chemical reaction in
which the esters were oxidized to yield two phenol molecules
and one peroxide ester (dioxane butanedione). The peroxide
ester then spontaneously broke down into carbon dioxide,
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releasing energy to excite the dye. The excited dye released
energy by emitting photons when returning to the ground
state.

4.3 Fabrication of 3D structures in experiments

The labyrinthine structures, imitated blood vessels, and
enclosed fluidic channels employed in the experiment were all
fabricated using a photocurable 3D printer (Anycubic Photon
M3 Max). A washable ABS-like resin served as the printing
material. The goods transported by the ferrofluidic robot were
composed of nylon material that was printed using a 3D
printer (Anycubic Mega X).

4.4 Preparation of pig lung bronchus in experiment

First, the surface material of the pig lung was carefully
removed to reveal the underlying bronchial structures. Among
them, a T-shaped bronchial channel with a tube diameter of
approximately 3-4 mm was selected for the experiment. Next,
the prepared impurities were placed into the inlet of the bron-
chial channel using tweezers. To facilitate deeper penetration
of the impurities, the pig lung was tilted at an angle, allowing
them to enter the inner layers of the bronchus. Finally, the pig
lung, now containing the impurities, was placed into an
experimental glass container. A solution, previously configured
with the necessary components, was poured into the glass con-
tainer to create the desired experimental environment. The
setup was now ready for the impurity removal experiment.

4.5 Measurement of the magnetic field induced by coils

The magnetic field in the x, y and z directions was detected
using a Hall sensor (TLE493D-W2B6, Infineon Technologies
Inc.) that measures the strength of magnetic fields. The output
from the Hall sensor was obtained through the serial port. The
three magnetic field components (By, B, and B;) produced by
the coils were measured by attaching the module to motorized
translation stages that moved in the x, y and z directions.
LabVIEW software was developed for the upper computer to
control the sensor’s movement to any point within the work-
space and save the measured magnetic field data.
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