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Abstract— The field of medical microrobotics is rapidly
progressing; however, it is particularly challenging to control
microrobots inside blood vessels. In this paper, the magnetic
propulsion of a microrobot in pulsating flow is investigated.
Regarding this task, the advantages of a reduced blood flow
velocity are examined. The required magnetic field gradient in
relation to the size of the microrobot is theoretically analyzed
and compared to that for propulsion during reduced blood flow
velocity. Quantitative and qualitative advantages together with
the practical challenges are discussed.

[. INTRODUCTION

Many teams around the world are researching on medical
microrobotics because it will facilitate the development of
many innovative and advantageous treatment approaches
[11[2][3]- Medical microrobots for the vascular system are
especially attractive for drug delivery and the treatment of
cardiovascular diseases, and they offer many possibilities for
interaction and a high degree of accessibility. However, there
are some challenges to the use of microrobots. In addition to
issues with biocompatibility, possible damage of blood
vessels, and agglutination due to foreign objects, and control
and navigation inside blood vessels and especially against the
blood flow is arguably one of the biggest challenges for
intravascular microrobots [4]. This is necessary to retrieve the
microrobot and as a security measure in case of a failed branch
selection.

In the authors’ previous paper, a control concept for
navigation in blood vessels has been described [S]. The
microrobot considered had a cuboid size of I mm X 1 mm x 4
mm. Other groups have experimented with larger and more
complex devices for the treatment of cardiovascular diseases
(e.g., atherosclerotic plaque) [6][7]. The currently followed
standard treatment of cardiovascular disease is also enhanced
by catheters that can be steered by a magnetic field and
advanced or retracted automatically [8]. All these methods are
limited to use in relatively large blood vessels owing to the
size of the devices. Previously developed microrobots could
only be navigated in blood vessels with significantly larger
diameters than the devices. An improved treatment of cerebral
hemorrhage for example, would require the navigation in
blood vessels very different in size and often smaller than 1
mm in diameter. Further, more than two blood vessel branches
must frequently be navigated in order to reach the treatment
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area. This is very challenging and often impossible with a
catheter, and thus, it limits the treatment area in the brain.
Currently, the alternative treatment used in this case is a highly
invasive surgical procedure. Therefore, microrobots that can
be navigated in such small branching blood vessels are
desirable for expanding the application of minimally invasive
cardiovascular treatment.

One of the most common propulsion methods of
microrobots is using a magnetic field, which propels the robot
by a gradient or torque [9][10][11]. However, this constrains
the minimal size of a microrobot operated in the
cardiovascular system if it has to be fully controllable. The
search for alternative or modified propulsion techniques has
been motivated by the work of Nakamura et al. [5] and
Pouponneau et al. [12], which only allow limited navigation.

This paper investigates how the blood flow influences the
control of the microrobot. . The blood flow velocity changes
in a pulsating flow and this should influence the control of the
microrobot, but no previous work considered the change.
Besides, there is a wide variety of possibilities available with
which the blood flow velocity can be reduced (medication,
balloon catheter, etc.), and such methods could be available in
actual clinical cases. Thus, the required magnetic gradient
field is analyzed for regular flow velocities and compared to
the results for altered flow velocities.

II. SIZE OF AN INTRAVASCULAR MICROROBOT

One of the main requirements for intravascular
microrobots is small size. The small size aids navigation in
blood vessels with small diameters. A smaller sized robot
enhances access to the cardiovascular system significantly,
thereby enabling treatments that are currently difficult or
impossible using catheters.

A. Propulsion by a magnetic gradient field

State of the art research focuses on microrobots propelled
by a magnetic gradient field, sometimes utilizing MRI
scanners, as described in Folio et al. [13]. As mentioned
above, a key requirement is the controllability of the
microrobot against the blood flow to retrieve it. Thus, the
minimal size of a spherical microrobot can be calculated by
considering two major forces: drag force and magnetic force.

The drag force can be calculated as
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where p . is the fluid density (in this case, blood), u, is the

relative velocity between the microrobot and blood, and 4 is
the frontal area of the microrobot [14]. The drag coefficient

C , is approximated by

d

24 6 5
C,r—+—F—=+0.4; 0<Re <2x10", (2)
Re 1+ +/Re
with the Reynolds number being defined as
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where d is the microrobot’s diameter, and g is the viscosity
of blood. Equation (1) in combination with (2) and (3) shows
that the drag force scales proportional to the radius squared or
even the radius for Re < 1. This implies that it becomes
increasingly difficult to transfer the necessary magnetic force
to the microrobot with decreasing size. The transferrable
magnetic force is defined by

F, =VM +(VB), (4)

where V' is the magnetic volume, M is the magnetization
and VB is the magnetic field gradient. Thus, the magnetic
force is proportional to the magnetic volume, which scales
with the cube of the radius for a sphere.

For successfully controlling microrobots in the
cardiovascular system, the minimum requirement can be
assumed to be the counteraction of the average blood flow
velocity. This would result in the microrobot being at the same
position after one heart beat cycle if the robot is propelled with
the maximum magnetic field gradient. A microrobot for
clinical utilization should be able to move against the flow or
even hold its position during maximum blood flow velocity;
however, this simplification is introduced to show the
magnitude of forces and sizes necessary for actuation.
Assuming blood flow velocities from Berger et al. [15], the
necessary magnetic field gradient is calculated and shown in
Fig. 1. The magnetization of the microrobot is assumed as 5 *
10° A/m. However, an adaptation for different magnetizations
is straightforward as the necessary magnetic field strength
behaves inversely proportional to the magnetization.

B. Magnetic propulsion with altered blood flow

Clinical usage of intravascular microrobots requires high
controllability as well as additional space for tools, sensors,
and/or drugs. Thus, a smaller magnetic volume would have a
great advantage. The blood flow, particularly in large blood
vessels, is highly pulsatile. Thus, the reduction of the blood
flow velocity during the intervention with the microrobot
would be advantageous. Especially, the minimization of the
peak flow would be beneficial to facilitate microrobots more
accurately.
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Figure 1. Required magnetic field gradient to hold a sphere at one
location for the average flow velocity of different blood vessels sizes

1) Pulsatile Blood Flow

In some clinical applications, a microrobot would be
required to be stationary during the treatment. This requires a
microrobot to counteract the maximum blood flow velocity
with very high accuracy. A blood flow with high peak
velocities would result in even more challenging
specifications for the controller. Thus, intravascular
interventions using microrobots would benefit from a
reduction of the blood flow velocity. For ease of visualization,
two examples are given. First, the ratio of minimum blood
flow velocity to maximum blood flow velocity is assumed 0.6
and 0.8 [16]. This value can be significantly different between
individual patients. The correlation of the microrobot’s size
and necessary magnetic field gradient can be calculated, and is
shown in Fig. 2 for a ratio of 0.6, and in Fig. 3 for a ratio of
0.8. For a velocity ratio of 0.6 in an 8 mm blood vessel, the
magnetic field gradient for a microrobot during minimum
blood flow can be reduced by approximately 50% in
comparison to the navigation during maximum blood flow.
Another option would be to reduce the magnetic volume of the
robot. If a maximum magnetic field gradient of 0.2 T/m is
assumed, a magnetic microrobot would need a minimal
diameter of 860 pm during maximum blood flow velocity.
The minimum diameter can be reduced to 550 pm for the
minimum flow velocity as shown in Fig. 2. The magnetic
volume of the microrobot during minimum blood flow
velocity could be reduced by more than 30% compared to the
maximum velocity.

2) Increased Robot Size due to Payload

The required magnetic field gradient may be calculated for
a magnetic core with a non-magnetic surface around it. This
space could be used for designated payload.

As an example, the payload is assumed to account for 40%
of the microrobot’s volume. All other assumptions are as
before with a blood velocity ratio of 0.6. The results are shown
in Fig. 4. A microrobot at minimum blood flow rate with 40%
of its volume being payload would require a lower magnetic
gradient field than a purely magnetic microrobot at maximum
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Figure 2. Comparison of required magnetic field gradient for a spherical
microrobot to counteract the flow in a 8 mm blood vessel during regular
and reduced blood flow velocity (ratio of 0.6)
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Figure 3. Comparison of required magnetic field gradient for a

spherical microrobot to counteract the flow in a 8 mm blood vessel during
regular and reduced blood flow velocity (ratio of 0.8)

flow rate. The required field gradients for all specified results
in Fig. 4 are considerably high and it is questionable if these
can be achieved conveniently and securely in a clinical
environment [17]. The calculations assume a blood vessel
diameter of 8 mm, in which considerably small microrobots
would probably not be used. Thus, the assumption of a smaller
blood vessel seems realistic. Further, the microrobot could be
introduced by a catheter or injected from the outside into a
considerably smaller blood vessel. This would result in a
significant reduction of the necessary magnetic field gradient.
Fig. 5 shows the results of the calculations for a blood vessel
diameter of 0.6 mm. For example, a purely magnetic
microrobot with a sphere diameter of 300 um would require a
magnetic field gradient of 200 mT/m. This would increase to
approximately 350 mT/m if 40% of the volume were used for
payload. The continuous reduction to the minimum blood
flow rate would reduce the necessary field gradient of the
microrobot including payload to approximately 200 mT/m.
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Figure 4. Comparison of required magnetic field gradient of
microrobots with and without payload (blood vessel diameter of 8 mm)
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Figure 5. Comparison of required magnetic field gradient of

microrobots with and without payload (blood vessel diameter of 0.6
mm)

III. FUTURE WORK

The presented results are simulations, and thus their
accuracy has to be tested in experiments. Further, more
analysis have to be made regarding the magnetic field gradient
necessary for practical and safe navigation in realistic
environments.

Medically available methods to reduce the peak and
average blood flow velocity during the intervention with the
microrobot should be investigated. Besides, the optimal shape
and size of the microrobot has to be determined, depending on
the specified task. The pulsating blood flow has to be taken
into account. One possibility would be the stabilization of the
stationary robot during high blood flow velocities and moving
the robot during slow blood flow velocities.

The successful real-time navigation of the microrobot is
highly dependent on the accuracy and frequency at which the
microrobot is tracked. This requires a medical imaging
modality with high resolution, and in particular, observation



inside the skull is required for tracking in the cerebral
circulation system. The most promising method might be
computer tomography. A higher autonomous navigation
would be preferable to reduce the radiation exposure of the
patient.

The materials of the microrobot need to be biocompatible
even for temporal use. Durable coatings are required to
guarantee patient safety. Further, the system should fail safe,
and the attachment of a safety tether to the microrobot would
be an option.

IV. CONCLUSION

The cardiovascular system offers many opportunities to
improve upon current treatments with microrobots. The
requirements for a magnetic field gradient propulsion have
been analyzed theoretically, identifying the main possibilities
and challenges. The propulsion of microrobots in the
cardiovascular system seems generally feasible but
challenging. Gradient fields around 200 - 400 mT/m could
allow the navigation in small blood vessels with a wide range
of possible interventions. The reduction of the average and
peak blood flow velocity are key variables for a practical use
in a clinical environment. This has to be achieved while
ensuring the safe operations of the microrobot at all times.
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