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Abstract: Electromagnetic actuation represents a novel wireless control approach utilized for the
manipulation of magnetic microrobots, particularly in the context of diverse minimally invasive
therapeutic applications. This study presented contributions relating to the integration of a human
operator into the control system of an electromagnetic actuation framework through haptic assistance.
The intervention of a human operator serves multiple purposes, encompassing the safe piloting of
the microrobot during the procedure and the utilization of the doctor’s expertise. Consequently, this
human-in-the-loop approach not only ensures heightened safety but also enhances public acceptabil-
ity, particularly in the realm of drug delivery within the human body. To facilitate these objectives,
a haptic device was proposed to propel and orient the microrobots within blood vessels, thereby
enabling their targeted delivery. Additionally, a novel magnetic guidance strategy was introduced,
relying on the utilization of two magnetic forces to simplify and optimize the guidance process.
The electromagnetic actuation system, developed in our research laboratory, offers a comprehensive
workspace that has been obtained through analytical and quantitative modeling of the magnetic field
generated by the system. With an accessible workspace encompassing a cubic volume of 70 mm
in length, the system facilitates easy access from all four lateral sides. Such an architectural design
allows for efficient manipulation of microparticles within a significantly larger 3D workspace, sur-
passing the limitations imposed by traditional systems primarily confined to a small central area, as
observed in existing literature. Experimental evaluations encompassing both 2D and 3D scenarios
were conducted to validate the efficacy of the magnetic navigation platform.

Keywords: haptic device; tele-operated system; electromagnet; actuation; microrobot

1. Introduction

In recent years, as microrobots have begun to represent hope for the treatment of a
significant number of diseases, the manipulation of medical microrobots has been the focus
of attention of many scientists and researchers, especially after experiencing a massive
development which shows progress in obtaining high efficacy of the remedies. Basically,
the process is to guide and drive these microrobots (drug carriers) inside the body using a
magnetic field. This technique is so precise that it not only allows the targeting of infectious
regions, tumors, or any malignant tissue [1,2] that requires complex surgery, without
affecting healthy organs as is the case with the traditional therapies. Therefore, the use of
microrobots is minimally invasive [3–5] and more efficient [6,7]. However, to successfully
implement this procedure, it is necessary to have a powerful electromagnetic actuation
system with sufficient working space. In addition, a precise manipulation method would
be required to effectively control the microrobot.

During the past years, several configurations of electromagnetic coils have been pro-
posed for wireless actuation of microrobots [8–13]. The use of two coils makes it possible to
produce a modular magnetic field by varying the electric current to manipulate and control
the microrobots in the workspace located between the two coils. This consists of Helmholtz
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coils to generate a uniform magnetic field or Maxwell coils to produce a uniform magnetic
gradient. Three pairs of Maxwell or Helmholtz coils arranged perpendicularly generate,
respectively, a uniform magnetic field or gradient in 3D space [8]. Various electromag-
netic systems have been proposed in the literature [10–14] with different characteristics in
terms of electromagnet configuration, working space, and magnetic field distribution. The
OctoMag [12] combines eight coils to generate a magnetic field and gradient capable of
driving an intraocular microrobot in 5-DOF. It was designed for ophthalmic procedures
like retinal-vein cannulation, with a semispherical accessible space of 130 mm diameter.
An EMA system composed of five electromagnetic coils called the Mag-µBot was pro-
posed in [15], offering an accessible space with a 3D volume of 100× 100× 100 mm. An
electromagnetic system that contained eight air-cor electromagnets was designed in [16],
providing an accessible space of 120× 120× 120 mm.

The use of these electromagnetic systems in automatic mode imposes some constraints.
The first consists in obtaining a model of the dynamics of the microrobot in its environment
and the latter is physiological, therefore very changing and variable; its modeling became
very complex. Indeed, it is very difficult to obtain a precise model or exact physiological
parameters, such as the blood velocity or the position of the blood vessel, for example. In
automatic mode, it is also necessary to know in advance the trajectory that the microrobot
must follow for the execution of automatic mode in a closed loop. The planning of this
trajectory is very complex, especially in the context of navigation in the human vascular
network. The other constraint in the execution of the automatic mode is access to the
position of the microrobot in real time to ensure controller convergence. Indeed, obtaining
the 3D position of the microrobot from clinical images would require robust image process-
ing algorithms which generally require a very large calculation time. For these different
constraints, automating the navigation of the microrobot in any drug targeting application
may not be the best solution from an application point of view.

That is why we need a human operator in the control loop to eliminate all doubts
that could cause the loss of the microrobot inside the human body. This intervention of a
human operator is not only helpful to ensure secured steering of the microrobot during
the process but it can also be beneficial to have all the expertise of a doctor, which would
be a lot more responsible, safe, and even acceptable to the public as a system for drug
delivery applications to a human body [17]. In such a case, integrating a haptic device in a
teleoperated system can make the interaction with the distant environment more sensible
and natural during manipulation. So, different from contact-based micro-manipulations,
studies carried out to develop haptic feedback in non-contact micro-manipulations are rare.
From this standpoint, a recent scientific investigation [18] aimed to elucidate a navigation
approach by employing a haptic system for deflecting a microrobot at bifurcations and
exploiting hydrodynamic force as the propulsive mechanism to guide the microrobot
towards the branching point. A two-dimensional vascular network was employed as
the experimental model, wherein a uniaxial actuation system encompassing two coils in
the z-axis generated the magnetic force, and a haptic joystick facilitated the directional
manipulation of the magnetic force, either upward or downward. Consequently, the
authors’ proposed navigation strategy involved maneuvering the microrobot towards the
bifurcation, thereby directing it towards the intended branch. Nonetheless, given that
the conducted tests were conducted under simplified circumstances, it is crucial to assess
the efficacy of this strategy within a complex vascular network representative of realistic
conditions. Furthermore, although the utilization of hydrodynamic force is intriguing,
employing magnetic flux lines would be more favorable for ensuring precise control of
the microrobot while minimizing the required magnetic energy. The non-contact systems
that already exist with haptic feedback are mostly on magnetic tweezers and optical
tweezers [19–22]; however, the other non-contact systems that focus on drug delivery using
magnetic microrobots function only on 1D or 2D. Equally important, to improve human
performance in remotely manipulated tasks, there is a process of transferring a block of
program code into internal memory to provide navigation information in teleoperation to
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assist the operator [23]. This process can be executed by virtual fixtures known as active
constraints. In essence, “virtual fixtures” are software-generated force and position signals
adjusted to human operators, such as doctors in our case, to improve the safety, precision,
performance, and agility of microrobot assisted manipulation tasks [24–26]. Virtual fixtures
are efficient and intuitive because they have an advantage from both the perfection of
robotic systems and the intellect of human operators.

In this work, As presented in the Figure 1, we proposed a navigation strategy for mi-
crorobots that utilizes a haptic device to control the magnetic force generated by a magnetic
actuation system. This approach leverages magnetic flux lines to facilitate navigation and
reduce energy consumption. The aim was to integrate clinicians’ knowledge and expertise
into the procedure, particularly their precise understanding of vascular anatomy. Their
involvement enables accurate and safe navigation of microrobots within vascular networks.
Our method avoids the use of closed-loop controls, eliminating the need for complex and
unstable models associated with physiological parameters. By simplifying the navigation
process, our approach offers a more practical and efficient implementation.

Figure 1. Conceptual diagram of the whole control system.

2. Navigation Strategy and Modeling

In our approach, we proposed harnessing the hydrodynamic force induced by the
circulating flow to propel a spherical microrobot from its injection point to a specific
target zone. Once injected into the vascular network, the microrobot is propelled by
the blood fluid. Its uncontrolled trajectory (without magnetic force) is influenced by
forces such as drag, gravity, and buoyancy exerted upon it within the vascular network.
Given the frequent occurrence of bifurcations within the vascular network, controlling the
microrobot’s passage through these junctions is crucial to ensure its arrival at the target
zone. Due to the microrobot’s navigation in the vascular network, manipulating it becomes
challenging in cases of high-flow velocity, such as in large-caliber arteries. To overcome this
limitation, we observed that blood flow velocity varies depending on the type of vascular
channel. For instance, velocity is significantly higher in the aorta and arteries, while it
decreases considerably in capillaries and arterioles. Additionally, current endovascular
methods utilizing catheters are highly effective for navigation in large vessels but encounter
limitations when navigating small arteries where the affected target areas are located.
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To address this limitation, we proposed employing a catheter to approach the target
area, where fluid circulation is at a low velocity. Once near the target area, the microrobot
is injected and our device takes over using our guidance method based on flux lines and
magnetic force. This enables precise guidance in low-flow regions, where microrobot
control becomes more feasible and efficient. Continuing our study, we focused on micro-
robot navigation, assuming that catheter navigation is a widely employed method in the
medical field.

To achieve this goal, we proposed generating a directional magnetic force at the
bifurcations. This magnetic force will guide the microrobot from the main branch to the
appropriate daughter branch, enabling it to reach the desired target zone. Our strategy
aimed to exploit the hydrodynamic force, which has traditionally been regarded as a
navigational constraint for microrobots, by considering it as a propulsion source. This
obviates the need for sophisticated trajectory tracking systems, as our objective was to
navigate the microrobot towards the target branch. The hydrodynamic force was employed
for microrobot propulsion, while the magnetic force was used to guide the microrobot at
the bifurcations (see Figure 2).

Figure 2. Diagram of the guiding strategy of a magnetic microrobot in a blood vessel by applying a
magnetic field only at the bifurcation.

By adopting this approach, new perspectives are opening up in the field of micro-
robotic navigation, in particular to respond to the limitations of current endovasular
methods. To accomplish this, we propose in this section the modeling of the microrobot’s
behavior within the vascular network, followed by the simulation approach for flow distri-
bution in arteries, enabling us to gain control over velocity and hydrodynamic force. Finally,
we investigated the microrobot’s behavior in the presence and absence of the magnetic
force, allowing for a comprehensive evaluation of its performance.

2.1. Modeling

In this study, we focused on a magnetically driven microrobot. More specifically, we
chose to favor the bead-pulling strategy [27], which consists of inducing magnetic forces
using magnetic field gradients. To establish effective navigation strategies, it is crucial to
model the different interactions between the microrobot and the endovascular environment,
allowing us to control the behavior of the microrobot.

The microrobot is modeled by a microsphere of radius R and is subjected to several
vascular interaction forces, the main ones being: the hydrodynamic force Fdrag, the grav-
itational force Fgav, the surface forces Fs (electrostatic force Fel and Van-der-Waals force
Fvdw) [28].
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The trajectory of a spherical microrobot in a fluid depends on all the forces described be-
fore, which can be taken into account using Newton’s law given by the following expression:

mp ~γp = ∑~F

= ~Fmag + ~Fdrag + ~Fgav + ~Fs. (1)

Considering the influence of all forces (Fm, Fdrag, Fgav, Fel , Fvdw) acting on a microrobot
with a radius of r = 250 µm, it is evident that hydrodynamic, gravitational, and magnetic
forces play prominent roles, while surface forces can be disregarded due to their negligible
impact [28]. In order to simplify calculations, the remote manipulation system proposed
focuses solely on the dominant forces.

Ignoring low impact forces, the total force applied on a microrobot can be expressed
as follows:

∑~F = ~Fmag + ~Fdrag + ~Fgav. (2)

The hydrodynamic drag force is given by Stoke’s law as:

Fdrag = −6πηR(Vp −Vf ), (3)

where Vp and Vf are the microrobot and fluid velocities, respectively, R is the microrobot
radius, and η is the fluid viscosity. The gravity and buoyancy force is described as follows:

Fgav =
1
6

πd3(ρp − ρ f )g, (4)

where d is the microrobot diameter, g is the gravity constant, and ρp and ρ f are the densities
of the microrobot and blood, respectively.

The magnetic field applied to a microrobot induces a magnetic force used to steer the
microrobot, this force is defined as:

Fm =
4π

3
µ0R3Msat(B)∇B, (5)

where µ0 is the permeability of free space, Msat is the saturation magnetization, B is a
magnetic field, and ∇B is the gradient of the magnetic field. Based on the definition of the
Fm, Fgrav and Fdrag, the Equation (1) can be reformulated as follows:

mpγp =
4π

3
µ0R3M(B)∇B− 6πηR(Vp −Vf ) +

πd3

6
(ρp − ρ f )g (6)

mp

v̇x
v̇y
v̇z

 =

−6πηR(vx − v fx )
−6πηR(vy − v fy)

−6πηR(vz − v fz)

+

 0
0

4πR3

3 (ρ− ρ f )g

+

 fmx

fmy

fmz .

 (7)

Based on the principles described in Equation (7), the microrobot’s dynamic mo-
tion can be utilized to compute its trajectory through the application of a magnetic
manipulation force.

2.2. Numerical Simulation

In order to simulate the behavior of the microrobot in various scenarios, we proposed
to utilize the finite element method to implement the dynamic model of the microrobot
within a fluidic environment, while taking into account the desired vascular geometry.
To achieve this, we exploited the Fluid–Structure Interaction (FSI) and AC/DC Magnetic
modules of the COMSOL Multiphysics numerical simulation interface. Through this
approach, we present the distribution of the fluid flow within the vascular network, the
navigation behavior of the microrobot in multiple scenarios, as well as the validation of our
navigation strategy for guiding a microrobot in bifurcations.
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2.2.1. Flow Behavior in the Phantom

A vascular phantom with three successive bifurcations and variable branch diameters
was modeled (see Figure 2). The objective of the first simulation was to analyze the behavior
of the fluid in the vascular phantom. Therefore, the Navier–Stokes equation available in
the FSI module from COMSOL Multiphysics was used. We fixed the pressure, flow, and
the profile of the pulsatile velocity at the inlet of the channel as follows:

Vf = Vf .(1 + a f sin(w f t + φ f )), (8)

with Vf being the continuous component of the flow assimilated to the speed at the center
of the vessel, which depends on the type of blood vessels; a f is the amplitude of the first
harmonic; w f and φ f are the pulsation and the pulsating phase shift, respectively.

Using the parameters outlined in Table 1, the outcomes of this initial simulation are
depicted in Figure 3. As illustrated in Figure 3b, the velocity of flow along the walls is
null due to the no-slip condition and the assumption of rigidity for the tube constituting
the phantom. The flow velocity profile within the arteries exhibits a parabolic shape,
with a maximum value of 12 cm/s at the center of the artery, gradually decreasing as it
approaches the lateral walls. The distribution of flow within the network is influenced
by both the distal pressure (see Figure 3c) and the geometry of the bifurcations (diameter
and inclination angle). In this study’s case, the inlet flow profile is depicted in Figure 3a,
where it is evenly distributed between the two branches of the first junction. However, for
the second-order bifurcation, the flow is distributed as 66% and 34% between the upper
and lower branches, respectively. Finally, the lower branch of the third-order bifurcation
receives 74% of the incoming flow, while the upper branch receives 26%. The relationship
between flow rate and pressure enables the determination of flow velocity within each
branch of the vascular network, thereby facilitating the calculation of the drag force exerted
on the microrobot. This force also depends on the velocity of the microrobot, as illustrated
in Figure 3d, which presents the variation of drag force as a function of flow velocity for
four microrobot velocity values. It is observed that the drag force increases proportionally
with flow velocity; however, as the microrobot’s velocity increases, the drag force decreases
until reaching equilibrium, where the microrobot’s velocity matches that of the flow.

Figure 3. Simulation of fluid behavior in the vascular phantom: (a) flow rate profile, (b) flow velocity
distribution, (c) pressure distribution, (d) drag force variation.
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Table 1. Parameters used in the numerical simulation study.

Designation Value

Microrobot raduis R = 250 [µm]
Microrobot density ρr = 7500 [Kg/m3]
Microrobot volume Vp = 4

3 πR3 [m3]
Fluid density ρ f = 1000 [Kg/m3]
Fluid viscosity η = 10−6 [N·s/m2]
Inlet pressure Pinlet = 200 [Pa]
Fluid velocity Vf = 100 [mm/s] case of a small artery
Vacuum permeability µ0 = 1.26× 10−6

2.2.2. Microrobot Behavior without Magnetic Actuation

The aim of the simulations depicted in Figure 4 was to investigate the behavior of the
microrobot under the influence of flow circulation, taking into account its initial position
within the phantom.

Figure 4. Trajectory of the microrobot according to its initial position in the mother artery: (a) mi-
crorobot positioned initially towards the lower wall of the parent artery, (b) microrobot positioned
initially towards the upper wall of the parent artery.

The analysis of scenarios (a) and (b) in Figure 4 reveals that, when the microrobot is
situated in proximity to the channel walls, it is carried by the flow towards the correspond-
ing branch aligned with that wall. Consequently, we can conclude that the distribution and
velocity of flow lines, as well as the initial positioning of the microrobot in the vascular
channel, exert a significant influence on the microrobot’s trajectory (see Figure 4). This is
precisely what we aimed to exploit in our navigation strategy. By applying an external
magnetic force, we can effectively guide the microrobot towards the region where the flow
lines are directed towards the target branch.

2.2.3. Microrobot Behavior with Magnetic Actuation

Based on the numerical simulation results presented in Figure 4, we proposed a
navigation strategy which consists of guiding the microrobot only at the bifurcation. For
this, we employed two distinct types of magnetic forces, denoted as FmH and FmT . The
magnetic holding force (FmH) is responsible for positioning the microrobot in an area where
the flow lines align with the desired branch. This force must not be overestimated to prevent
the microobot from coming into contact with the wall. On the other hand, the transitional
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magnetic force (FmT) enables the microrobot to be deflected towards the targeted branch.
To guarantee safety and prevent the microrobot from going to the non-targeted branch, the
force FmT is greater than FmH .

To validate our navigation strategy, we positioned the microrobot within the main
artery of the vascular phantom and initially directed it towards the lower wall. As depicted
in Figure 5, the trajectory of the microrobot without magnetic guidance is indicated in
red, demonstrating its navigation following the direction of the flow lines. In contrast, we
designed a distinct trajectory (in black) deviating from the microrobot’s natural path. To
achieve this trajectory, we employed magnetic forces in accordance with our navigation
strategy. The results presented in Figure 5 demonstrate that, by applying a sustaining
magnetic force (FmH), the microrobot is displaced towards the upper wall where the flow
lines converge towards the desired branch. Subsequently, upon reaching the bifurcation, a
transitional magnetic force was applied to ensure the microrobot’s passage to the intended
branch. The same process was repeated for the second bifurcation until the completion of
the planned trajectory.

Figure 5. Numerical simulation of a microrobot in a blood vessel: (a) (FmH) magnetic Holding
Force, (b) (FmT) transitional Magnetic Force, (c) navigation on the second mother artery, (d) magnetic
navigation in the second bifurcation.

As suggested by the strategy shown in Figure 6, the magnetic force propels the
microrobot towards a safe zone, which guarantees the safe passage of the bifurcation by
exploiting the flow. This external force will be generated by an electromagnetic actuation
system remotely controlled with a haptic device. All the components of the magnetic
platform will be presented in the next section.

Figure 6. Guidance of the microrobot transported by the flow and actuated with a magnetic force at
the bifurcations.
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3. Navigation Platform Overview
3.1. Electro-Magnetic Actuation Device

To experimentally implement the proposed navigation strategy outlined in this article,
we employed an electromagnetic actuation system combined with a haptic device. This
choice of system enables the activation and deactivation of the magnetic field, making
it suitable for medical applications. The magnetic microrobot navigation demonstrator,
depicted in Figure 7, was developed in our laboratory [29]. This demonstrator consists
of eight electromagnets positioned around the workspace. It was designed to generate
a magnetic field of up to 0.15 Tesla on z-axis, 0.4 Tesla on x and y-axis within a central
volume of 7 cm3 by controlling the currents passing through the coils of the electromagnets.
Moreover, the electromagnets incorporate soft cylindrical magnetic cores, which enhance
the intensity and gradients of the magnetic field within the central region of the workspace.
In particular, the soft magnetic core was chosen due to its ability to magnetize easily in
the presence of an external magnetic field and rapidly demagnetize when the electrical
currents are cut off. The maximum magnetic field strength (0.15 T on the z-axis, 0.4 T on the
x and y-axis) generated by the eight electromagnets proved sufficient to exert the necessary
forces on the microrobot, enabling efficient guidance towards the desired zone.

Figure 7. Microrobot manipulation platform, integrating the electromagnetic actuation system
and a triaxial positioning system to position the vascular phantom in the workspace: B1/B3
(on Z+); B2/B4 (on Z−); B1/B4/B6/B7 (on X+); B2/B3/B5/B8 (on X−); B1/B4/B5/B8 (on Y+);
B2/B3/B6/B7 (on Y−).

This magnetic actuation system has demonstrated remarkable navigational capabili-
ties for magnetic microrobots in diverse environments, including the inner ear and blood
vessels [29,30]. The system has been integrated into a platform comprising electronic cards
and power supply units for managing the electrical currents passing through the coils. Ad-
ditionally, a graphical user interface facilitates the manipulation of magnetic microrobots.

3.2. Haptic Device

As described in the introduction, our navigation strategy is based on integrating the
operator (doctor) into the control loop. This aims to provide assistance during manipulation
and to benefit from the skills of the doctor. This consists of using a haptic interface to convert
the movements in space of the operator’s hand into actions of magnetic forces to act on the
movement of the microrobot remotely in its environment.

The Omega 6 haptic system, developed by Force Dimension, is a force-feedback robotic
device with 6-DOF, enabling the user to perform translational and rotational movements in
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space. With a typical range of ±180◦ for rotations and 150 mm for translations, this system
offers high positional accuracy, reaching levels in the micron range. Customization, control,
and characterization of the Omega haptic device are described in [31]. A haptic device is
typically used as a position control device in which displacement of the end-effector is
directly correlated to the displacement of the avatar displayed on the screen. To integrate
the haptic device into the guidance platform, we based it on the analytical model of the
actuator. This model makes it possible to generate the magnetic fields in any point of
the workspace:

H(x, y, z) =
8

∑
j=1

H̃j(x, y, z).Ij. (9)

H̃j(x, y, z) is defined as the unit vector of spatial distribution, which is generated by a
coil j traversed by an excitation current Ij. The calculation of the axial currents Ix, Iy and Iz
can be found using the pseudo-inverse of the following equation:

Hx

Hy

Hz

 =


f (Ix)

f (Iy)

f (Iz).

 (10)

The allocation of the electric current to the different coils is carried out as follows:
I1 = I4 = −I6 = −I7 = I+x
−I1 = −I4 = I5 = I8 = I+y

I1 = I3 = I+z

;


I2 = I3 = −I5 = −I8 = I−x
−I2 = −I3 = I6 = I7 = I−y

I2 = I4 = I−z ,

 (11)

where (I+x , I+y , I+z ) and (I−x , I−y , I−z ) are the positive and negative axial currents, respectively.
The current Ij is that injected into the coil j. Equation (11) presents all the combinations of
currents to navigate in 3D space using the haptic system.

To illustrate the use of the platform, we implemented an architecture to manage the
interaction between the user, the haptic system, the control module, and the magnetic
actuation system. This architecture is presented in Figure 8 and consists of three modules :

• Control panel module: composed of the haptic device and a user interface allow-
ing visual feedback of the workspace and the modification of the electronic card
parameters.

• Computation module: composed of an algorithm allowing the movement of the
haptic device effector to be transformed into amplitude and direction of the field and
magnetic force. This transformation is based on a calibration method illustrated in
Figure 9, which converts the movements of the haptic device of each axis into electric
currents and magnetic field. These parameters are used by the analytical model of the
EMA system to calculate the electrical currents required for each coil.

• EMA module: composed of an EPOS cards box and a set of coils to generate the
desired force in the workspace.

The three modules must interact to guide the microrobot in the environment. Initially,
the user activates the haptic device to send the position of its effector to the calculation
module. The latter makes it possible to generate the amplitude and direction of magnetic
force, and the analytical model is used to calculate the electrical currents necessary for each
coil. The EMA module powers the coils via electronic cards and induces a movement of
the microrobot in the workspace that can be viewed in the user interface. This process is
repetitive until the microrobot reaches the target area.
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Figure 8. Magnetic actuation system control module and control interface according to the
navigation strategy.
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Figure 9. Conversion of the movements of the haptic system into electric current for the control of
the amplitude and the direction of the magnetic field.

To ensure the correct functioning of the haptic system, we set up a calibration that
allows the transformation of the positions of the axes of the haptic system into current and
direction. These will generate a magnetic field of a given amplitude and direction. For this,
we have presented in Figure 9 the magnetic field generated by each position of the Y axis of
the haptic system. We note that, in the case where the position of the haptic is positive and
maximum—the magnetic field takes the positive direction and maximum amplitude—the
reverse remains true.
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4. Experimental Evaluation
4.1. Haptic Control Validation

The fundamental objective of this experimentation was to validate the integration of
the haptic device and demonstrate its utility in the precise manipulation of a microrobot.
Indeed, the integration of the haptic device into the platform aims to enable the user to
manipulate a microrobot through manual movements of the haptic joystick, while referring
to the visual feedback from the vision system for synchronization. With this goal in mind,
we positioned the microrobot in a free space and proceeded with manipulation using the
effector of the haptic device to control the microrobot’s movements.

A thorough analysis of Figure 10 reveals a close correlation between the movements of
the microrobot and those of the haptic system, attesting to the fact that the manipulation of
the microrobot is entirely commanded by the user through the haptic device. Notably, the
user is able to reach the four target points by controlling the effector of the haptic system.
This close correspondence convincingly validates the successful integration of the haptic
device and confirms its capability to provide intuitive and precise control of the microrobot
during manipulation operations. Remarkably, the user, unaware of it, directs the haptic
system towards a specific direction, and the microrobot faithfully follows that direction. In
the background, the controller generates magnetic fields by injecting electrical currents into
the coils to achieve the desired trajectory.

Figure 10. Validation of the microrobot control in a free space using haptic device.

4.2. Navigation Strategy Validation

In this section, two experiments were conducted to validate the proposed navigation
strategy outlined in Section 2. The first experiment aimed to compare the in-silico test
(presented in Figure 5) with the in-vitro test in order to corroborate the modeling of the
navigation strategy and ascertain the significance of integrating a joystick for navigation
purposes. The second experiment entailed validating the performance of the guidance
platform within a 3D vascular network for guiding soft ferromagnetic microrobots.

In our experiments, we used a soft magnetic microrobot consisting of a microsphere
made of soft iron (AISI-35C) with an average radius of 250 µm. AISI-35C is a magnetic
stainless steel containing between 16 and 18% chromium and between 0.95 and 1.2% carbon.
It is known for its moderate resistance to corrosion, which is particularly advantageous
for medical applications. However, it should be noted that a gold coating layer should be
provided in a real-life context to prevent any potential toxicity risks.

The spherical geometry imparts specific properties to the microrobot in terms of
magnetic navigation. Note that our microrobot is of the soft ferromagnetic type and that
its magnetization depends on the magnetic field generated by the magnetic actuation



Actuators 2023, 12, 283 13 of 19

system. Since our system generates magnetic fields greater than 0.03 T, we can therefore
consider its magnetization at saturation given by: Msat = Bsat

µ0
. To emulate the blood

environment, we used a mixed solution composed of 25% glycerin and 75% water. The
primary objective of these experimental tests was to validate the navigation strategy within
phantoms and substantiate the efficacy of a haptic platform guiding the microrobots within
the vascular network.

4.2.1. Navigation Strategy Validation in a Vascular 2D Phantom

For the initial experiment, we employ a 2D vascular network consisting of an inlet
artery receiving the flow, three bifurcations with different angles, as illustrated in Figure 11,
and an outlet artery connected to the reservoir. The vascular network is designed using
computer-aided design (CAD) and fabricated in glass.

Figure 11. Vascular phantom with multi-bifurcations for microrobot navigation: (a) 2D vascular
network; (b) 3D vascular network; (c) microrobot and their measurement under microscope.

The primary objective of this elementary experiment was twofold. Firstly, we aimed
to validate the navigation strategy employing two forces through the use of a joystick, as
presented in the modeling section. Secondly, we sought to verify the magnetic system’s
capability to generate a sufficiently strong force to guide the soft ferromagnetic micro-
robot. To accomplish this, we adopted navigation parameters similar to those utilized in
the numerical simulation (see Table 1). The fluid’s viscosity and density were fixed by
adjusting the glycerin and water mixture, while the pulsatile flow was ensured by the
pump. Regarding the selection of the continuous flow velocity V f , careful control of the
pump-delivered flow rate Q f , the length of the conduit between the vessel inlet and the
pump outlet l, the radius of this conduit R, and the pressure drop associated with this
length were necessary. These parameters contribute to the following formula for calculating
the flow velocity:

δP =
8η

π · R4 Q f · l (12)

V f =
R2

8η · l · δP. (13)

Equation (12) was used to calculate the pressure drop between the pump outlet and
the vascular network inlet, while Equation (13) was used to determine the velocity at the
vessel inlet. For instance, a tube length of 10 cm and a flow rate of 72 mL/min yield a
pressure drop of 0.6 mmHg, resulting in an applied velocity of 10 cm/s. In the experiment,
the pump was calibrated to a flow rate of 72 mL/min.
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An analysis of Figure 12 provides us with a detailed view of the magnetic-guidance-
free navigation of the microrobot within the 2D vascular network device. During this initial
phase, the microrobot is subjected solely to hydrodynamic force, without the intervention
of an external magnetic force. This approach allowed us to observe the microrobot’s
uncontrolled trajectory based on its initial position. Notably, the microrobot’s trajectory in
Figure 12 is opposite to that in Figure 12 due to its initial position within the inlet artery.

Figure 12. The uncontrolled trajectory of the microrobot in the vascular network according to different
initial positions: (a) first trajectory, (b) second trajectory.

It is worth noting that, in accordance with our predictions based on numerical sim-
ulation, the microrobot’s uncontrolled trajectory is closely tied to key factors such as its
initial position relative to the central axis of the artery and the orientation of blood flow
lines. These parameters significantly influence the direction and speed of the microrobot’s
movement as it navigates through the artificial vascular network. As a result, each initial
configuration yields a unique trajectory. These experimental observations confirm and
validate the findings obtained from the numerical model, further underscoring the signifi-
cance and relevance of the proposed navigation strategy. This strategy entails combining
hydrodynamic forces with magnetic guidance to achieve precise and controlled microrobot
navigation within the vascular network.

We are now harnessing the magnetic force generated by the magnetic actuation system
to guide the microrobot along a desired trajectory, distinct from its uncontrolled path. In
the case where the microrobot is positioned at a distance of −1.4 mm from the central axis,
its uncontrolled trajectory is depicted in Figure 12. To achieve the trajectory illustrated in
Figure 13, it is imperative to guide the microrobot in the two bifurcations by magnetically
directing it towards the first zone and the second zone, respectively, for bifurcations 1 and
2. To accomplish this, the operator manipulates the haptic joystick to generate a force of
magnitude FmH = 1.35× 10−4 N in order to bring the microrobot back into the secure zone
and prepare it for passage into the desired branch. As the microrobot reaches the entrance
of the bifurcation, the operator generates a magnetic force of magnitude FmT = 4.6× 10−4 N
to ensure a smooth transition into the desired branch. The transition between these two
forces occurs continuously, with a gradual increase in magnetic force in the same direction,
utilizing the haptic system’s effector.
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Figure 13. Microrobot trajectory in the vascular vessel subjected to the control signal applied by
the user via the joystick: (a) Magnetically guided trajectory of the microrobot; (b) Directions of the
magnetic forces to guide the microrobot in the two bifurcations.

4.2.2. Navigation Strategy Validation in a Vascular 3D Phantom

The objective of this experiment was to demonstrate the navigation capability of a soft
ferromagnetic microrobot through a 3D vascular model. The model used, as depicted in
Figure 11, simulates the dimensions of small arteries and arterioles, with diameters ranging
from 2 to 3 mm.

The experiment (shown in Figure 14) aims to validate the performance of our magnetic
actuation platform for 3D guidance. Initially, we assessed the microrobot’s uncontrolled
trajectory within the vascular network, as illustrated in Figure 14. Based on these find-
ings, we planned a magnetic guidance trajectory to control the microrobot through two
successive bifurcations.

Figure 14. Magnetic guidance result of a soft ferromagnetic microrobot in a 3D vascular network:
(a) Non-magnetic trajectory; (b) Magnetic guidance trajectory.

In accordance with the previously established navigation strategy, we employed
a magnetic force FmH = [FmH(x); FmH(y); 0] applied in the (O, x, y) plane to deviate
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the microrobot from its natural trajectory. In the subsequent phase, a transition force
FmT = [FmT(x); 0; FmT(z)] was generated in the (O, x, z) plane, allowing the microrobot to
precisely penetrate into the desired first branch. To reach the final destination, a magnetic
force was applied to facilitate the smooth transition of the microrobot through the second
branch, thereby counteracting its tendency to continue along its uncontrolled trajectory.

The magnetic guidance platform, based on the analysis of control signals and the
results of this experiment, provides the capability to generate a three-dimensional magnetic
force within the range of [−1.13 1.13]× 10−3 N for a soft ferromagnetic particle with a
diameter of 250 µm. The navigation strategy employing two forces, FmH and FmT , facilitated
by the use of a haptic joystick, enhances navigation simplicity and effectiveness.

In order to ensure the comprehensive evaluation of the magnetic navigation plat-
form’s performance, it is important to investigate the effect of flow velocity variation on
the navigation efficacy. With this objective in mind, we conducted the same magnetic
guidance test as depicted in Figure 14 at different flow velocities. These velocities were
determined by employing Equations (12) and (13). The pump generated flow rates to
simulate velocities ranging from 30 to 150 mL/min. The results depicted in the Figure 15
reveal that the magnetic navigation performance is significantly influenced by the flow
velocity. Specifically, at lower flow velocities in the range of 1 to 4 cm/s, the success rate
reaches 100%. However, as the flow velocity is increased to between 8 and 12 cm/s, the
success rate declines to a range of 80% to 20%. Beyond 14 cm/s, complete control over the
microrobot is lost.

Figure 15. Success rate of microrobot guidance at different flow velocity values. The results are
calculated on an average of 10 tests per speed.
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5. Conclusions

This article described the development of a navigation strategy for a soft magnetic
microrobot, implemented by means of a haptic system integrated with a magnetic actua-
tion platform designed in our research laboratory. We demonstrated, through numerical
simulations carried out on an in silico model, the feasibility of exploiting the hydrodynamic
forces of the flow to guide the microrobot by combining them with the magnetic forces.
Indeed, these hydrodynamic forces, long perceived as an obstacle to navigation, can help us
transport the microrobot and reduce the need to use magnetic forces, except at bifurcations,
to guide the microrobot towards the target artery. With this in mind, our simulations also
demonstrated that the navigation of the microrobot strongly depends on its initial position
in the main artery.

To generate magnetic forces, we used our magnetic guidance platform, composed of
electromagnetic coils, which has proven its effectiveness for the navigation of microrobots
in various environments of the human body. This platform has been adapted by integrating
a haptic system in order to involve the user in the control loop, thus making it possible to
benefit from the expertise of the surgeon and to facilitate navigation. To demonstrate the
efficiency of the proposed magnetic actuation system, we performed microrobot control
experiments in two vascular networks. The first network was in 2D and made it possible
to validate in-silico navigation results with and without magnetic actuation force. The
second network, in 3D, demonstrated the effectiveness of the navigation procedure in more
complex bifurcations. In the first network, the microrobot was successfully guided through
two consecutive bifurcations in 10 trials, achieving a 100% success rate for flow velocities
below 8 cm/s. This demonstrates the effectiveness of our method in successfully navigating
vascular network bifurcations. For the complex 3D vascular network with pronounced
curvatures, navigation results showed good control of the microrobot in traversing the
bifurcations. However, when conducting varied tests with flow velocities ranging from 1 to
10 cm/s and repeating each test 10 times, the observed success rate was 59%. These results
highlight the challenges associated with navigation in complex vascular networks, but still
demonstrate adequate control of the microrobot under low-flow conditions. As specified
in the navigation strategy section, our method was designed with the understanding that
microrobots will primarily operate in arteries with relatively low-flow velocities. This
is made possible by using endovascular catheters that facilitate access to these areas.
Thus, our magnetic-guidance method specifically addresses the limitations of conventional
endovascular methods, making it a relevant strategy in the clinical context. It provides
a complementary solution for precise navigation in complex vascular networks and for
reaching specific target areas.

Through these experimental tests, the guidance strategy with a haptic system has
demonstrated its ability to offer simple and intuitive magnetic navigation to reach specific
areas of the vascular network. Our future studies will include improving the current
magnetic platform in several ways, such as developing a human-scale magnetic actuation
system to increase workspace and enable in-vivo testing, taking into account medical
constraints. We also plan to improve the haptic system by integrating force feedback to
interact with the walls (in particular to control the Fmh force). As for limiting the navigation
of microrobots to velocities above 100 mm/s, the approach proposed in this article can be
easily implemented in low-velocity arteries such as liver and kidney, where flow velocities
are well below 100 mm/s. From the same perspective, we aim to maximize the use of haptic
devices for full integration of the clinician in the procedure. The envisioned improvement
is the utilization of force feedback in the haptic device, enabling the operator to feel the
magnetic force during microrobot’s manipulation. We plan to incorporate magnetic force
limitation modules to prevent undesirable interactions with surrounding tissues. For
future developments, we intend to create a virtual environment that integrates the vascular
network based on medical images and is fed in real-time by physiological data of blood
circulation. This approach would reduce reliance on real-time medical images, thereby
minimizing X-ray exposure time for both patients and operating room personnel.
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