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Magnetic resonance imaging (MRI) system–driven medical robotics is an
emerging field that aims to use clinical MRI systems not only for medical imaging
but also for actuation, localization, and control of medical robots. Submillimeter
scale resolution of MR images for soft tissues combined with the electromagnetic
gradient coil–based magnetic actuation available inside MR scanners can enable
theranostic applications of medical robots for precise image-guided minimally
invasive interventions. MRI-driven robotics typically does not introduce new MRI
instrumentation for actuation but instead focuses on converting already available
instrumentation for robotic purposes. To use the advantages of this technology,
various medical devices such as untethered mobile magnetic robots and tethered
active catheters have been designed to be powered magnetically inside MRI
systems. Herein, the state-of-the-art progress, challenges, and future directions
of MRI-driven medical robotic systems are reviewed.

1. Introduction

Minimally invasive medical surgeries combined with intraoper-
ative imaging have allowed surgeons to operate confidently with-
out having a direct line of sight to inner regions of the human
body. In the absence of any imaging feedback, the surgeon is
blind and cannot proceed with operations that require accuracy
and repeatability. In addition, the presence of body motions
makes such imaging modalities vital components for precise,
safe, and robust control of robotic systems that pave the way

toward semi- and fully autonomous mini-
mally invasive robotic surgeries.[1,2]

Medical robots require proper medical
imaging feedback for accurate and safe
operations due to the dynamic and unstruc-
tured environment inside or on the human
body. This imaging feedback is typically
used to create a quick response to unex-
pected dynamics of the environment or
for correcting the robot motions. The med-
ical images also provide monitoring oppor-
tunity for the surgeons during the
operations. Magnetic resonance imaging
(MRI) devices are one of the most widely
available imaging modalities in hospitals,
where 12 of 100 patients received an
MRI scan in the USA in 2017.[3] Such devi-
ces are capable of acquiring anatomical
soft tissue images with high spatial and

temporal resolution. In addition to such anatomical images,
various MRI imaging techniques, including perfusion, diffusion,
and functional MRI (fMRI) images, could potentially increase the
level of information acquired. MRI systems can also be com-
bined with other medical imaging modalities, such as positron
emission tomography (PET), ultrasound, and electroencephalo-
gram (EEG), to acquire diverse diagnostic information.

Clinical human MRI systems rely on very high 1D uniform
magnetic fields (of the order of 1.5–7 T) and 3D magnetic field
gradients (up to 20–66mTm�1 continuously[4]). Such magnetic
fields do not introduce considerable health risks, as opposed to
computerized tomography (CT), X-ray, and PET imaging modal-
ities, which expose the patients to ionizing or radioactive radia-
tion. In addition to imaging, MRI scanners can be used for
wireless actuation of magnetic robots by applying magnetic pull-
ing forces on such robots using inherently available 3D electro-
magnetic gradient coils of MR scanners. In recent years, many
researchers have been utilizing such a wireless magnetic actu-
ation method for various medical robots inside MRI sys-
tems.[5–26] This innovative use of MRI scanners could convert
conventional diagnostic MR scanners into therapeutic and even
theranostic clinical devices, without the introduction of an addi-
tional hardware, as shown in Figure 1.

This Review on MRI-driven medical robotic systems, which is a
newly emerging robotics field, is structured as follows. Section 2
presents the literature with the physics of various actuation meth-
odologies being used by MRI-driven robotics. Section 3 focuses
on imaging and tracking capabilities of such MRI systems.
Section 4 presents an overview of MRI-driven medical robots.
Section 5 focuses on system-level study of MRI systems as a
robotic platform, Section 6 introduces the safety concerns, and
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Section 7 presents current challenges, future directions, and a
brief summary of MRI-driven robotics.

2. Magnetic Actuation Methods inside MR
Scanners

2.1. Gradient Pulling–Based Magnetic Actuation

A typical gradient coil unit in MRI systems consists of two sets of
Golay coils and one set of Maxwell coil. Spatial magnetic field
perturbations created by Golay and Maxwell coils can be repre-

sented as
h

∂Bz
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∂Bz
∂y

∂Bz
∂z

i
T
, which are used for slice selection,

phase encoding, and frequency encoding during a typical imag-
ing sequence. These magnetic gradients used for imaging can
also be used for actuation of robots/devices with ferrous materi-
als within MRI devices by exerting magnetic gradient forces,~Fgp.
The equation for exerted magnetic gradient pulling forces can be
given as

~Fgp ¼ Vð~M · ∇Þ~B (1)

where V is the volume of the ferrous robot body, ~M is the average
magnetization vector of the ferrous object, ∇ is the vector differ-
ential operator, and ~B is the magnetic field vector.

2.1.1. Gradient Pulling via Gradient Coil Units

The main magnetic field, ~B0, is always present and along the
z-axis of the MRI devices. This field is strong enough to saturate
ferrous objects within MRI. Due to such saturation, the magne-
tization direction of the ferrous objects points in the same direc-
tion as ~B0. This magnetic alignment imposes the magnetization
vector of any ferrous object in MRI devices as

~M ¼ ½ 0 0 Ms �T (2)

where Ms is the saturation magnetization of a ferrous object
inside an MRI device. In addition, any robot body with complex
nonuniform magnetization profiles would be remagnetized
along the z-axis immediately after being subjected to a very high
~B0 field (e.g., 7 T). Therefore, magnetic robots with complex mag-
netization profiles cannot maintain their designed magnetization
profiles.[27–31] Inserting Equation (2) into Equation (1) with the

given operator ∇ ¼
h

∂
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∂
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yields

~Fgp ¼ VMs
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(3)

Maxwell equations state∇ · ~B ¼ 0 and∇�~B ¼ 0 at any given
point outside of the coil conductors under quasi-static condi-

tions.[9] This results in ∂Bx
∂z ¼ ∂Bz

∂x , and
∂By

∂z ¼ ∂Bz
∂y , which modifies

Equation (3) as

~Fgp ¼ VMs
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Defining magnetic gradient fields generated by the MRI

gradient coils as ~GMRI ¼ ½gx gy gz�T ¼
h

∂Bz
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i
T
, the

magnetic gradient pulling force can be written as

~Fgp ¼ VMs
~GMRI (5)

It is important to note that Equation (5) indicates that any mag-
netic pulling force in 3D space at ℝ3 can be applied by an MRI
device.

TheMRI-drivenmagnetic pullingmethod has beenwidely used
in the literature for various purposes, including precisely position-
ing magnetic beads in 3D,[15,32,33] controlling the position of
multiple capsules independently,[26] position tracking of ferrous
objects in a maze,[32] catheter tip control,[17,19] and building
MRI-driven hammer robots for penetration into deep tissues.[11]
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2.1.2. Gradient Pulling via Magnet-to-Magnet Interactions

Another type of magnetic gradient pulling method in MRI devi-
ces is to utilize a strong magnetic gradient field created around
another a ferrous robot body. The magnetic field generated
around a ferromagnetic core, ~Bcore, can be given as

~Bcore ¼ V
μ0
4π

�
3ð~M ·~rÞ~r

r5
�

~M
r3

�
(6)

where~r is the distance vector from the center of any ferrous body
to any point outside of the core in 3D space. μ0 ¼
4π � 10�7H m�1 is the vacuum permeability, and r is the length
of~r. By inserting Equation (2) into Equation (6), the field distri-
bution around the core in the Cartesian coordinates becomes

~Bcore ¼ VMs
μ0
4πr5

½3xz x̂!þ 3yz ŷ
!þ ð3z2 � r2Þ ẑ!� (7)

Under the magnetic conditions specific for MRI devices, the
magnetic pulling force on a ferrous body due to another ferrous
object within MRI, ~Fmm, can be represented as

~Fmm ¼ VMs
~GMM (8)

where ~GMM is the magnetic field gradient vector at any given
point due to a ferrous body magnetized under ~B0. ~GMM can
be further derived as

~GMM ¼
h ∂Bcorez

∂x
∂Bcorez

∂y
∂Bcorez

∂z

i

¼ 3μ0
4πr7

½ xðr2 � 5z2Þ yðr2 � 5z2Þ zð3r2 � 5z2Þ �
(9)

The representative distribution of this magnetic field gradient
vector is shown in Figure 2. Inserting Equation (9) into
Equation (8) yields the magnet-to-magnet force vector, ~Fmm, as

~Fmm ¼VMs
3μ0
4πr7

½xðr2�5z2Þ yðr2�5z2Þ zð3r2�5z2Þ � (10)

In proximity of a ferrous object, the magnetic gradient field
strengths can be much higher compared to the magnetic gradi-
ent fields generated by MRI devices. Therefore, such a method
has the advantage of generating stronger forces. It is important to
note that the magnetic pulling force exerted on the target objects
is highly dependent on the position of the puller magnet, and
such magnetic pulling forces around the puller magnets cannot
be turned off.

Figure 2. A pictorial depiction of three MRI-driven actuation methodologies. a) Magnetic gradient field generated by an MRI gradient coil unit creates a
magnetic pulling force on a magnetic object inside MRI devices. b) Magnetic objects in MRI devices can create local magnetic gradients around them.
Such local fields attract or repel other magnetic objects around them. c) A current-carrying wire under a constant strong magnetic field (e.g., under~B0)
experiences a Lorentz force on itself. Such an actuation methodology can be used to apply forces and torques on robots by powering current loops
electrically inside MRI devices.

Figure 1. MRI devices can be used as wireless magnetic actuation systems for medical robots, which could convert the currently available diagnostic
clinical MR scanners into theranostic medical robotic systems.
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An MRI-driven Gauss gun utilizes the magnet-to-magnet
pulling–based actuation technique to store a large potential energy
for aiming and shooting a needle to penetrate tissues.[6] The
magnet-to-magnet attraction is also used for dipole field navigation
in MRI scanners. Dipole field navigation aims to navigate mag-
netic microparticles inside MRI with a stationary large magnet
set located around the bifurcations. The local interactions between
such a stationary magnet set and the microparticles facilitate
their navigation in microchannels in an MRI device.[20,34,35]

2.2. Lorentz Force–Based Actuation

The Lorentz law states that moving electrons under magnetic
fields experience a force perpendicular to the direction of velocity
and the magnetic field. This law is given as

~F ¼ qð~E þ~v�~BÞ (11)

where q is the electric charge,~v is the instantaneous velocity, and
~E and ~B are the electric and magnetic fields, respectively. Based
on this phenomenon, a current-carrying stationary wire under a
magnetic field experiences a macroscopic force. Such a Lorentz
force vector, ~FLorentz, on a current-carrying wire can be given as

~FLorentz ¼ I
Z

d~l�~B (12)

where I is the current flow, d~l is the infinitesimal wire length,
and ~B is the magnetic field vector present on the wire.
Equation (12) indicates that the stronger the magnetic field is,
the stronger the forces are. Equation (12) also indicates that
for a closed loop of wire, there will be a torque induced on
the loop. For a coil with multiwindings, the Lorentz torque,
~τLorentz, can be represented as

~τLorentz ¼ INð~A�~BÞ (13)

where N is the total number of windings and ~A is the area plane
vector of the loops.

Since~FLorentz and~τLorentz scale linearly with the magnetic field,
as given in Equation (12) and (13), utilizing such forces and tor-
ques under the strong magnetic field of MRI devices is a prom-
ising actuation methodology. Lorentz force–based actuation has
been used in the literature for MRI-driven catheters[24,25] and
propulsion of MRI-driven swimming robots.[10,36]

2.3. Comparison between Gradient Pulling–Based and Lorentz
Force–Based Actuation Methods

Both the gradient pulling–based and Lorentz force/torque-based
actuation methods have their advantages and disadvantages. The
most remarkable advantage of gradient pulling–based actuation
is the remote powering of untethered robots, which can reduce
the size of the robots significantly and which allows a much
larger range of navigation capabilities with no tether. In contrast,
pulling such ferrous objects using an MRI scanner’s gradient
coils, which are also used for MR imaging, brings additional
complexity in scheduling the MRI system components. It
requires additional software-level and imaging sequence–level

modifications. Moreover, because each ferrous object creates a
large distortion on the MR images, it is not possible to acquire
the tissue image surrounding the robot. Such large distortions
can be advantageous for micro- and nanoparticle imaging since
they allow the detection of particles with much smaller sizes than
the resolution of the MRI device.

The Lorentz force/torque-based actuation method utilizes the
strong main magnetic field of MRI. Such a strong magnetic field
allows exerting larger forces at any scale compared to magnetic
pulling forces created by the gradient coil units of an MRI device.
In addition, since a current-carrying coil induces a torque on the
body, this method is more suitable for torque-based motions
such as rotation and spinning. However, this approach typically
requires the robot to be tethered to an external power source.
Moreover, the coils may heat up significantly due to the power
required for actuation and the excitation pulses of MR imaging.
Therefore, the heating concerns should be considered carefully.
Furthermore, this actuation method cannot exert any force and
torque along~B0 direction as Equation (12) and (13) indicate. Such
a lack of force and torque along a specific direction results in
singularities for this actuation strategy.

3. Localization and Tracking with MRI

3.1. MR Image–Based Localization and Tracking of MRI-Driven
Robots

A typical MR imaging sequence has three fundamental stages:
1) spatial slice selection with MRI gradient coils, 2) radiofre-
quency (RF) excitation of protons, and 3) calculation of the
inverse 2D Fourier transform of the acquired and phase-encoded
signals picked up by RF receiver coils. The end product of an MR
scan is a contrast-based image, whose pixel values typically are a
measure of the density of MR active molecules, such as water, in
the corresponding region. 2D MR images are used in two differ-
ent ways to track robots in the human body: the positive and neg-
ative contrast methods.

The positive contrast method relies on detecting an outlier
high-intensity signal around the robot’s position. This high-
intensity signal can be classified as passive, semiactive, or active
positive contrast methods. The passive positive contrast methods
use contrast agents such as 19F, 13C, and 29Si as the source of the
high-intensity signal.[37–39] Figure 3a shows 2D overlaid 1H and
29Si in vivo anatomical images of mouse intestines with hyper-
polarized 29Si particles attached to the tip of the catheter as a pas-
sive contrast agent. The anatomy is imaged using the RARE
sequence, and the hyperpolarized 29Si is imaged by FLASH
and RARE sequences. Alternatively, the active positive contrast
methods use wire or coil antennas, which can be controlled
actively to turn the contrast signal on and off, as the source of
the high-intensity signal.[40–44] An example of the active positive
contrast method is shown in Figure 3b, in which a wire antenna
is attached to the catheter body. During the imaging, the wire
antenna is activated to increase the signal in close proximity
of the catheter. The semiactive positive contrast tracking meth-
ods are based on wireless resonators, which are designed to res-
onate with the MRI’s excitation RF field to intensify the signal
created by them.[45–53] Figure 3c shows an example of a wireless
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resonator imaged by a fast field echo (FFE) sequence. These three
methods result in a bright spot on MR images. The precise track-
ing results of such a bright spot can be overlaid on previously
taken detailed MR images for a better visualization of the robot
state with respect to the physiological environment.

Contrary to the positive contrast methods, the negative con-
trast methods utilize the absence of MR signal at specific posi-
tions to track objects. Negative contrast in MR images is

generally obtained by using non-MR active or magnetic materials
attached to the robot. Non-MR active particles do not create any
MR signal. Therefore, their silhouette is seen as a void in the MR
images.[54] In contrast, magnetic particles not only form a void
with their shape in the image due to the lack of signal, but they
also create image artifacts as in Figure 3e by distorting the mag-
netic field around them, which alters the Larmor frequency of
close-proximity protons. It has been reported that the image

Figure 3. Imaging and localization usingMRI devices. a) Overlapped image of 1H image and 29Si image; the red region is the hyperpolarized 29Si particles
attached on the tip of the catheter.[39] b) Catheter antenna image without sensitivity correction, where the antenna boosts the signal around the cathe-
ter.[40] c) Aerosol deposed MRI marker image at different angles and voxel sizes.[45] d) The artifact image of a current-passing catheter imaged with
gradient echo.[55] e) Artifact images of a 2.5 mm magnetic bead captured by FLASH and HASTE imaging sequences and reconstructed 3D artifact
shape.[16] f ) Larmor frequency shifting profile of a magnetic bead and the corresponding 1D projection image.[58] Panel (a): Reproduced under terms
of the CC-BY licence.[39] Copyright 2015. The Authors, published by Springer Nature. Panel (b): Adapted with permission.[40] Copyright 1997, Wiley. Panel
(c): Adapted with permission.[45] Copyright 2015, De Gruyter. Panel (d): Adapted with permission.[55] Copyright 1997, Wiley. Panel (e): Adapted with
permission.[16] Copyright 2011, IEEE. Panel (f ): Adapted with permission.[58] Copyright 2007, IEEE.
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distortion around a steel bead is roughly 20 times larger than the
size of the bead itself.[20] Figure 3d shows that similar image dis-
tortions are created by passing DC currents through catheter
coils, which can also be used for catheter tracking.[55,56]

The image artifact–based negative contrast method attracts
attention since the distortion provides position information for
MRI-driven magnetic microrobots. The smallest navigable
microrobot within MRI has been reported as a 15 μm micro-
sphere under gradient-echo scans.[57] Even though the robot size
is much smaller than the resolution of the MRI device, the dis-
tortion size can be around the resolution of the MRI device used
(reported as 500 μm � 500 μm pixel size).

Folio et al. used image artifact–based position tracking using
2D images to obtain 3D position tracking and localization.[16]

They reconstructed the image artifacts for a steel sphere with
radius ranging from 0.7 to 3.0 mm and created a stack of artifact
slice templates. They run a template stack matching algorithm on
images collected with standard FLASH and HASTE sequences to
calculate the correlation matrix for all of the templates in the
stack. The most correlated slice gives the out-of-plane distance
of the robot to the slice of the image. Later, Dahmen et al.
demonstrated that the template stack matching method can be
performed faster by k-space reduction.[32]

3.2. MR Projection–Based Localization and Tracking of
MRI-Driven Robots

Acquisition of 2D or 3D MR images can provide robot position
data as well as human understandable visual data. However,
obtaining such rich information content brings data acquisition
and computational overheads to the localization and tracking sys-
tem, which deteriorate controller performance by decreasing the
feedback rate. In contrast, for robotic control and manipulation,
1D line scans could provide sufficient information for localiza-
tion and tracking in some cases.

Martel and coworkers developed magnetic signature selective
excitation tracking (MS-SET), which acquires three projection
images of the robot via a spin-echo sequence with nonselective
RF excitation.[58] Rather than slice selection by applying a mag-
netic gradient, this technique uses a magnetic particle embedded
in the robot body, which enables an RF signal to selectively excite
the protons at a fixed distance from the robot, as shown in
Figure 3f. Thereby, it is possible to pinpoint the robot position
in 3D space. This method provides high-frequency tracking data,
but the projection scans do not produce visually meaningful
images about the surroundings of the robot. Therefore, an aux-
iliary method is required to localize the robot with respect to the
obstacles in the human body.

4. MRI-Driven Robots for Medical Applications

The imaging modality of an MR scanner combined with MRI-
driven actuation and powering systems enables a single MRI sys-
tem to be used for therapeutic operations combined with MRI
monitoring. The advantage of such an innovative use of MRI
devices is having no need for an additional imaging or
actuation system unlike many other custom electromagnetic

systems.[27,59–61] Therefore, MRI-driven robotics will be much
easier to adopt for use in clinics in the near future.

The must-have properties of MRI-driven magnetic robots
include being localizable, powered by MRI devices, and equipped
for the requirements of the target medical task. Therefore, for
medical functionality and effective design, MRI-driven robotic
systems should seek to address the optimum combination of
the MRI-actuation method, size, functional mechanism design,
and trackability and localizability methods with MR imaging.

4.1. Robot Design

The magnetic environment inside an MRI device should be
taken into consideration when designing MRI-driven magnetic
robots. MRI devices have a strong ~B0 magnetic field that is pres-
ent at all times and cannot be turned off or alternated. Due to
such a magnetic field constraint inside an MRI device, conven-
tional magnetic untethered robot designs that rely on temporal
change of magnetic fields, i.e., those with a nonuniform magne-
tization profile, cannot be used in MRI devices. Therefore, loco-
motion and functionalities based on rotation, spinning, and
undulation types of motions cannot be realized through
magnetic robots inside MRI devices.[27–30,59,62–68] In addition,
the very high constant ~B0 magnetic field of an MRI device
(e.g., 7 T) is typically strong enough to saturate the magnetic
objects inside the bore. This field strength does not allow any
complex magnetization profile inside the MRI since the magne-
tization profile of the robot is always aligned or magnetized along
~B0. Ferromagnetic objects keep their magnetization when there
is no strong magnetic field applied, whereas paramagnetic
objects’ magnetization depends on the presence of an external
magnetic field. Since ~B0 is always present and very high, there
is no difference in behavior of paramagnetic and ferromagnetic
objects in terms of magnetic actuation inside MRI systems. The
major difference may stem from the saturation magnetization
strength between paramagnetic and ferromagnetic particles
under such a magnetic field. Typically, paramagnetic materials
are much weaker; therefore, larger volumes of paramagnetic par-
ticles would be needed to create the samemagnetic force with the
ferromagnetic material counterpart for any given robot.

For magnetic gradient pulling and magnet-to-magnet pulling
medical devices, spherical ferrous objects are chosen because of
their axisymmetric shape and directional independence of spheres
under the~B0 of the MRI device. These spheres are usually inserted
in a nonmagnetic cavity or a tunnel for transferring the force but
not locking the orientation.[5,6,11,14,17,69] For Lorentz torque–based
actuation methods, typically the Lorentz coil is firmly attached to a
flexible body to induce a local torque where it is located. Such a
torque is used to deform the flexible body to control a catheter
tip orientation[25,70] or create a propulsion force in a fluid.[10,36]

4.2. Medical Device Types

MRI-driven medical devices can be segmented into two main cat-
egories based on their scheme of usage: untethered and tethered
devices. Untethered devices such as magnetic microrobots are
not fixed and can freely move around within the confinements
of the body, typically guided by smart control algorithms such
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as proportion-integral-derivative (PID) control. Tethered devices
such as catheters remain attached or fixed to the user as they
insert the device into the patient. Both types of devices have been
driven in the MRI systems by using the aforementioned MRI-
actuation approaches. Table 1 and 2 summarize the MRI-driven
medical device studies in the literature with selected key aspects
for medical use.

4.2.1. Untethered MRI-Driven Robots

The actuation and control of untethered MRI-driven magnetic
robots rely on magnetic pulling forces. Such forces can be gen-
erated either by the MRI device itself or by interaction with
another ferrous object in proximity of the robot. Using MRI-
driven untethered devices, which consist of such ferrous objects

Table 1. Properties of MRI-driven untethered medical robots in the literature.

Article Actuation
method

Actuator
dimension
(diameter)

Overall
dimensions

Overall
shape

Materials Imaging
modality

MRI
sequence

MRI
duration

Actuation
duration

Feedback
rate

Motion
DoF

Motion
precision

Control
method

Application

[14,69] Gradient
Pulling

1mm 80� 50�
50 mm3

Axisymmetric
rod-like
assembly

NdFeB
magnet and
3D-printed

compartments

Camera N/A N/A N/A 10 Hz 5 0.2 mm in
height and
0.02 rad in
orientation

Closed-loop
PID control

Navigation

[11] Gradient
Pulling

2–6mm 50� 7�
7mm3

Hollow tube
with a sharp
needle tip

Stainless
steel and
plastic

container

Camera
and

microphone

N/A N/A Continuous N/A 1 N/A Partially
closed loop
control

Tissue
penetration

[16,32] Gradient
Pulling

0.75–3mm 0.75–3mm
in diameter

Sphere Steel MRI Optimized
FLASH and
HASTE

960ms 500ms 0.33 Hz 2 0.31 mm Closed-loop
PID

controller

Navigation

[20,34,35] Gradient
Pulling and
Magnet to
Magnet

Interactions

38.1 mm 38.1mm
in diameter

Sphere Chrome
steel

Camera
and MRI

Spin echo
and turbo
spin echo

N/A Continuous N/A 2 N/A Open-loop
control

Navigation

[15] Gradient
Pulling

2.34mm 2.3mm
in diameter

Sphere Chrome
steel

MRI Modified 1D
spin echo

5.5ms 3.4 ms 112 Hz 2 N/A Event-based
control with
waypoints

Navigation

[6] Gradient
pulling and
magnet to
magnet

interaction

6mm 30� 30�
10mm3

Rectangular
modular
boats

Chrome-steel MRI Projection-
based spin

echo

>20ms N/A N/A 2 N/A Open-loop
control

Tissue
penetration

[13] Gradient
Pulling

1mm 1mm in
diameter

Sphere Chrome
steel

Camera N/A N/A N/A N/A 3 N/A N/A Navigation

[7,8] Gradient
Pulling

6 mm 100� 100�
60 mm3

Rectangular
assembly

with sphere
actuator

LEGO plastic/
chrome steel

MRI Single-
dimension
gradient
echo

12ms 5000ms 0.19 Hz 3 0.65mm Closed-loop
PID control
with state
estimator

Needle
insertion
and biopsy

[26] Gradient
Pulling

1–1.5 mm 3–6mm
in diameter

Sphere Chrome steel Camera N/A N/A N/A N/A 2 4–6mm Open-loop
control

Multirobot
navigation

[22,23] Gradient
Pulling

206 nm 0.053 mm
in diameter

Spherical
particle

FeCo
nanoparticles
with cancer

drug

MRI Coronal T2∗-
weighted
gradient
echo

N/A Continuous N/A 1 N/A Open-loop
control

Navigation

[18] Gradient
Pulling

4.75mm 84.75� 10�
4.75mm3

Sphere ball
connected to
an 80 mm
long tail

Carbon-steel
alloy and

thin-acetate
sheet

Camera N/A N/A Continuous N/A 2 N/A Open-loop
control

Navigation

[21] Gradient
Pulling

0.011mm 0.65mm
in diameter

Particle
aggregate—
random
shape

Fe3O4 Camera N/A N/A Continuous N/A 1 N/A Open-loop
control

Navigation

[79] Gradient
Pulling

1.5 mm 1.5 mm
in diameter

Sphere Chrome steel MRI Gradient
echo MS-SET

22ms 8–17ms 25–32 Hz 2 N/A Closed-loop
PID control

Navigation

[4,94] Gradient
Pulling

3.175mm 3.175mm
in diameter

Sphere Carbon steel MRI Fast gradient
echo

N/A 10ms N/A 2–3 N/A Open-loop
control

Navigation
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as the powering unit, enables the ability to move them around in
the human body with magnetic pulling forces. Such devices can
be utilized for medical applications in which navigation is very
challenging, or for more efficient surgical procedures in medical
interventions. Studies on untethered MRI-driven robots are clas-
sified according to their navigation and intervention capabilities
based on their target medical use. Such a classification of unteth-
ered MRI-driven robots and some examples from the literature
are presented in Figure 4.

Navigation: Martel et al. navigated a 1.5 mm diameter ferro-
magnetic bead in a carotid artery of a living swine using MRI
devices.[33] The navigation of the bead is achieved via magnetic
gradient fields generated by MRI devices. Mathieu and Martel
have shown that MRI devices are capable of steering aggregated
magnetic microparticles in flow conditions (Figure 4d).[21] This
study focuses on gradient pulling–based actuation with MRI
devices. These particles are also tracked with the same MRI
device. A y-shaped channel with a constant fluid flow is used
as a representative bifurcation setup. To provide strong gradient
pulling forces, an additional gradient coil insert is designed and
used during the experiments. This gradient coil insert can gen-
erate 400mTm�1 gradients. This study has been further
improved upon by Michaud et al. to investigate the performance
of this application under realistic medical environments.[71] In
this study, animal experiments are conducted to acquire clinically
relevant physical conditions in pig arteries. The results are used
to emulate such a flow environment for in vitro experiments to
analyze the success of an embolization operation. A glass embo-
lization channel with a smooth inner surface is used for demon-
stration. The study provides promising results for embolization;
however, this study should be investigated further for in vivo
applications, where vessel geometry and features may alter these
results together with the pulsatile blood flow.

Kosa et al.[10] presented a swimming technique that relies on
creating local deformations on a soft tail attached to a pill-sized
swimming robot.[36] The local deformations are created by the
Lorentz torque–based actuation methodology. The Lorentz tor-
que is generated by a current-carrying coil that is located on
the swimming tail of the robot. These coils are tethered and pow-
ered by an external electrical energy source. The electrical current

magnitude and direction on these coils determine the local tor-
que, and thus the deformation on the robot’s tail. They have
shown characterization and testing of such deformations and
the resultant propulsion forces on the tails in a 3 T MRI scanner.
It is reported that a 20mm long by 5mm wide swimming tail
produces 0.21mN propulsive force on average with a 20Hz sig-
nal (Figure 4e). This study shows deformation of a single tail
only; a complete robot actuation under an MRI device has not
been demonstrated.

Erin et al. designed an untethered magnetic robot that can per-
form not only position steering but also orientation steering in
3D stagnant fluids under constant magnetic fields similar to
those in MRI devices.[14,69] The robot consists of a ferrous bead
and nonmagnetic component body parts. The ferrous bead,
which is free to rotate inside the millirobot and located away from
the center of mass, facilitates the generation of not only net
forces but also induced torques with the applied magnetic field
gradients. This force and torque couple on the robot leads to
translation and rotation of the robot simultaneously under the
presence of a constant and strong ~B0 field. This method focuses
on the fix-orientation challenge of MRI-driven untethered mini-
ature robots and shows the robot orientation is controllable via
MRI gradient pulling. Such a design approach allows MRI-driven
untethered robots to accomplish orientation-dependent tasks,
such as conducting biopsy and camera and laser steering, despite
the static and strong ~B0 field (Figure 4f ). Although these studies
show the orientation control of an MRI-driven untethered robot,
simultaneous control of both the position and orientation of such
robots still remains a challenge.

Latulippe and Martel anchored puller magnets 12.7mm in
diameter at predefined locations for guiding magnetic micropar-
ticles in bifurcations.[34,35] The puller magnets were used to steer
microparticles at bifurcations by employing the local magnetic
pulling forces generated around the carbon-steel core. This core
can create magnetic gradient fields exceeding 300mTm�1 on the
microparticles and attracts these particles toward desired chan-
nels. Although the advantage of such an approach is the capabil-
ity of creating large pulling forces, the study does not show
reprogramming of the desired steering paths on the fly for
any other steering directions in complex channels. Such

Table 2. Properties of MRI-driven tethered medical robots in the literature. SSFP, steady-state free precession.

Article Actuation
method

Catheter
diameter [mm]

Overall
dimensions

Overall shape Imaging
modality

MRI sequence MRI
duration [ms]

Motion
DoF

Motion
precision [mm]

[70,74] Lorentz torque 3.2 3.8 mm in diameter Catheter tube MRI and camera N/A N/A 2 3–5

[75] Lorentz torque 3.18 N/A Catheter tube Camera N/A N/A 2 13.5

[72] Lorentz torque 0.9 1.6 mm in diameter Catheter tube MRI and X-ray Single-section balanced SSFP 434 2 N/A

[95] Lorentz torque 1.2 2 mm Catheter tube MRI and camera Balanced SSFP (FIESTA) N/A 1 N/A

[10,36] Lorentz torque N/A 12� 12� 32mm3 Spheroid with
three tails

MRI and camera 2D spin echo and
gradient echo

500 3 N/A

[17,19] Gradient pulling 1.5 2.1 mm in diameter Catheter tube MRI and camera TurboFLASH and MS-SET N/A 2 N/A

[77] Gradient pulling 2.6 2.6 mm in diameter Catheter tube MRI 2D FLASH 350 2 1–4

[25] Lorentz torque 0.6 0.75 mm in diameter Catheter tube MRI Balanced SSFP (FIESTA) N/A 1 N/A

[24] Lorentz torque 0.75 1.3 mm in diameter Catheter tube MRI 2D FLASH sequence 30 3 N/A

[73] Lorentz torque 0.77–0.9 2mm in diameter Catheter tube MRI SSFP 330–500 1 N/A

[2] Lorentz torque 0.77–1 2mm in diameter Catheter tube MRI SSFP 200–500 2 N/A
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reprogrammability may require controlling multiple puller mag-
nets individually and bringing them to any desired location.

Intervention: Leclerc et al. have shown the design principle of
hammer-like MRI-driven robots for tissue penetration.[11] The
robot is actuated by a ferrous sphere, which is located inside a
hollow tunnel. With an oscillating magnetic gradient pulling
force, the bead is pushed and pulled back and forth inside the
tunnel, creating an impact penetration force, like a hammer,
inside the tissue. Penetration of the hammer-like robot in a sheep
brain is performed to demonstrate brain interventions toward
medical applications (Figure 4a). This approach works best for
lateral penetration; however, any penetration direction that has
a negative or positive slope (i.e., direction component along
the gravity axis) results in a reduction in the penetration perfor-
mance of such a robot.

Vartholomeos et al. have designed a needle biopsy device that
is powered by MRI’s magnetic gradient fields.[8] The device is
grounded inside the MRI next to the target tissue. A 2.5mm

diameter ferrous bead is used to actuate the designed gear train
that precisely moves and positions the needle tip. The swine
heart biopsy trial with a 21-gauge bevel tip biopsy needle is shown
with 20 and 40mTm�1 gradient field strengths (Figure 4b).

Becker et al. demonstrated an MRI-driven Gauss gun device
that can create strong impact forces to penetrate a needle tip in
deep tissues.[6] The Gauss gun consists of multiple units: a trigger,
a barrel, and delivery. Each unit consists of a 6mm diameter alloy
steel sphere and a plastic rod to transfer the moment from one
unit to another. The delivery unit has an additional needle tip
for delivery to penetrate in tissues. The trigger unit activates
the needle shot as soon as the magnet-to-magnet interaction
exceeds a threshold distance, at which the stored magnetic poten-
tial energy is converted into kinetic energy. These components are
navigated via magnetic gradient pulling forces generated by MRI
devices, while the needle-shot is activated by magnet-to-magnet
interactions (Figure 4c). Since the actuation/triggering mecha-
nism relies on magnet-to-magnet attraction between each unit,

Figure 4. Examples of untethered MRI-driven medical robots in the literature. a) MRI hammer to penetrate deep in soft tissues.[11] b) MRI-driven biopsy
needle.[8] c) MRI-driven Gauss gun for deep tissue penetration.[6] d) The steering of magnetic microparticles via magnetic gradient pulling inside an MRI
device.[21] To provide stronger forces, an additional MRI gradient coil insert unit has been used to steer the microparticles. This method has
been demonstrated to be used for embolization with magnetic microparticles in MRI devices.[71] e) Conceptual depiction of an MRI-driven
swimmer.[36] f ) A rotatable magnetic robot that can achieve both position and orientation control under constant magnetic fields of an MRI device
and actuated by magnetic gradient pulling.[14,69] Panel (a): Adapted with permission.[11] Copyright 2017, IEEE. Panel (b): Adapted with permission.[8]

Copyright 2013, Wiley. Panel (c): Adapted with permission.[6] Copyright 2015, IEEE. Panel (d): Adapted with permission.[21] Copyright 2010, IEEE. Panel
(e): Adapted with permission.[36] Copyright 2015, IEEE. Panel (f ): Adapted with permission.[69] Copyright 2019, IEEE.
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such an attraction force can only be created along the direction of
the bore (~B0). Therefore, this biopsy needle can penetrate tissues
only along the direction of the bore (~B0).

4.2.2. Tethered MRI-Driven Robots

The use of catheters in the surgical setting is a standard and well-
known practice in the medical field. Navigation and control of
such catheters is critical for many different medical applications.
MRI-driven catheters utilize either the strength of the uniform
magnetic field or the applied magnetic field gradients to bend the
catheter shape. Catheter tip control via Lorentz force/torque is an
advantageous actuation technique since MRI devices already
have a very strong magnetic field. For Lorentz torque–based actu-
ation methods, typically the Lorentz coil is firmly attached to a
flexible body to induce a local torque where it is located. Such
a given torque is used to deform the flexible body to control
the catheter tip orientation.[25,70] In terms of catheter coil design,
generally one ormore sets of coils, referred to as “saddle” or “axial”
depending upon the design, are wound,[24,25,70] 3D-printed,[46] or
cut using laser lithography at the tip of the catheter.[2,72] A Lorentz
torque is generated on the tip when current flows through these
coils, allowing direct user control of the catheter tip.

Roberts et al. made a three-axis coil wound on a 1.5 F catheter
demonstrating the feasibility of MRI-driven catheter deflec-
tion.[24] Settecase et al. also designed a 1.8 and 5 F catheter actu-
ated by Lorentz torque under 1.5 and 3 T MRI devices.[25] Wilson
et al. improved the design by manufacturing microcoils using a
novel laser lithography approach on 2.3–3.0 F catheters.[2]

However, these designs did not address coil heating, which could
cause damage to the surrounding tissue. This issue was resolved
later by Hetts et al. by regulating the current to less than 300mA
with less than 1min activation times and using a saline coolant

under a 1.5 T MR scanner.[73] Liu et al. developed and validated a
3D kinematic model and control of 3 F MRI-steerable catheters
within 3 T MR scanners designed specifically for accessing the
workspace of the heart for atrial fibrillation.[70,74,75] This model
was later improved with a design optimization of an MRI-driven
catheter given more than one coil set.[76]

Catheters have also been steered utilizing the gradient coils of
an MRI. In these studies, the magnetic gradient field generated
inside of anMRI scanner is used to exert a magnetic pulling force
on the tip of the catheter, which is used to bend the catheter.
Zhang et al. showed gradient pulling and localization of an intra-
vascular catheter with a magnetic tip.[77] Gosselin et al. also dem-
onstrated gradient pulling on a catheter with a ferromagnetic tip
consisting of one or two spheres using a custom set of gradient
coils.[17,19] Their results showed that increasing the number of
ferromagnetic spheres increases the deflection of the catheter
but introduces dipole–dipole interactions as well as larger image
artifacts. Some of the selected studies on tethered MRI-driven
robots are shown in Figure 5.

5. System Structure of MRI-Driven Robotics

MRI devices consist of a combination of highly precise hardware
and software systems that interprets data generated from the pre-
cession motion of proton atoms. In terms of hardware, typical
MRI devices consist of three major types of coil sets: 1) a
super-cooled electromagnetic coil (main magnet), 2) three sets
of gradient coils, and 3) transmitter and receiver RF coils for exci-
tation of and listening to the protons. The atom precession is of
the orders of tens or hundreds of megahertz. The RF excitation
pulses and magnetic gradient switching occur at nanosecond res-
olution. To have a successful imaging with such sensitive and

Figure 5. Examples of MRI-driven robots actuated by the Lorentz forces in the literature. a–c) MRI-driven catheters with Lorentz coil embedded.[2,25,75]

The torque induced on an active Lorentz coil deforms the tip, which enables precise tip control within MRI. d,e) MRI-driven magnetic gradient
pulling–based catheter designs.[19,77] The ferrous tip can exert magnetic pulling force with spatial magnetic field perturbations of the MRI
device. This exerted force can bend the catheter tip and provides control of these devices. Panel (a): Adapted with permission.[75] Copyright 2017,
IEEE. Panel (b): Adapted with permission.[2] Copyright 2013, Elsevier. Panel (c): Adapted with permission.[25] Copyright 2007, Wiley. Panel (d):
Adapted with permission.[77] Copyright 2010, Springer Nature. Panel (e): Adapted with permission.[19] Copyright 2010, IEEE.
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fast MR physics of the protons, the electromagnets are built with
very high precision and controlled with high temporal resolution.
In addition to the precise manufacturing and control of the hard-
ware, timing of the control of the hardware should be very pre-
cise. Therefore, communication delays and control rates between
the software and hardware have to be very reliable with mini-
mum amount of deviation from their nominal durations. In
short, MRI devices are highly engineered, interdisciplinary devi-
ces that are widely used in clinics for diagnosis.

Depending on the actuation technique utilized, the system
level evaluation and requirements of MRI-driven robotics differ.
For example, having a strong magnetic field is highly advanta-
geous for Lorentz torque–based robotic design approaches since
the torque generated scales linearly with the magnetic field
strength. However, this requires additional coils on the robot,
which introduces more elements for MRI-driven systems.
Excessive heating of the Lorentz coils become an additional con-
cern in such a situation. Another approach for actuation is to uti-
lize the magnetic gradient field available in MRI devices for
magnetic pulling–driven robotic designs. The magnetic coil
inserts are responsible for generating the gradients needed for
imaging. This unit is optimized for imaging, which means lin-
earity of gradient, a fast switching rate, and low temperature rise
are the major features of these units.[78] The typical magnetic gra-
dient field strength is around 40mTm�1 for clinical MRI devi-
ces. Even though there are many studies that use such magnetic
gradient strengths for actuation of MRI-driven robots, this gra-
dient strength may not be sufficient for some robotic applica-
tions. To overcome this issue, Martel and coworkers have
designed their own propulsion gradient inserts, which can
generate up to 400mTm�1, in addition to MRI gradient coil
units.[13,19,21,22] Their approach can be used to generate stronger
magnetic gradient fields, and therefore, stronger magnetic
pulling forces on magnetic objects inside an MRI device.
However, using such hardware reduces the workspace inside
the MRI bore.

The use of MRI devices differs based on the actuation tech-
nique used. From the system-level point of view, Lorentz
torque–based actuation methodologies require the robot to be
under the strong and constant magnetic field of an MRI device.
While the powering of the Lorentz coils is achieved separately by
an external coil driver, MRI devices are used for generation of
high magnetic fields and for MR imaging–based monitoring
and feedback. In this scheme, the scheduling of actuation and
imaging cycles is only required to minimize image distortions
for Lorentz torque–based devices.[55] In contrast, magnetic gra-
dient pulling–based actuation methods require the MRI mag-
netic gradient coils to be used for both imaging and actuation.
The scheduling between the dual use of MRI gradient coil units
introduces additional complexity into MRI-driven robotic sys-
tems. Most of the problems addressed in this section belong
to the secondary actuation principle, where the magnetic
gradient coil unit is used for both imaging and actuation.

5.1. Alternating Tracking and Actuation

Although it is possible to devise a custom software structure with
more flexible control over the hardware, for practical reasons,

until now, researchers have preferred to use high-level commu-
nication interfaces designed by MRI device manufacturers.[32]

These communication interfaces allow the controller to set
the actuation gradient for a prespecified duration at the
beginning of the alternating tracking and actuation (ATA)
sequences and sends the MR imaging data to the controller to
be processed.

The first such ATA sequence was created by Chanu et al.[79,80]

On the MRI side of the software, the sequence starts with the
propulsion phase (15ms), and then, it follows a spin-echo-based
3D tracking sequence (15ms).[58] The readout signal is converted
into a digital signal and processed to obtain the 3D position of the
robot in the Cartesian coordinate frame. The controller calculates
required magnetic field gradients to steer a robot to the desired
position using the raw position data and sends this information
to the MRI sequence. However, this input cannot be executed
immediately, since the next ATA repetition has already started.
Therefore, this technique embodies a delay of at least one ATA
repetition duration, which is 30ms.

A similar ATA sequence architecture is also used by Felfoul
et al.[7] By adding a 20ms long second actuation phase following
the imaging to the ATA sequence, Felfoul et al. created a time
window for signal processing, and the actuation signal calcula-
tion for the next sequence. Furthermore, in this study a
Kalman filter–based state estimator is used to provide state infor-
mation during the actuation phase of the ATA sequence and to
compensate for imaging noise.

5.2. Simultaneous Tracking and Actuation

Felfoul et al. demonstrated high-frequency simultaneous track-
ing and actuation (STA).[15] Their approach is based on the fact
that the robot position data can be acquired from MRI projection
imaging in any direction in 3D space. Furthermore, they
observed that position information in only certain directions
is needed for basic navigation. Therefore, a simple 1D line scan
can be used for imaging. Building on this idea, Felfoul et al. cre-
ated a projection imaging sequence of 5.5ms (182 Hz), which
can apply 60% of the available actuation force if the magnetic
gradient is applied throughout the sequence. They also mention
that the minimum frequency of STA decreases to 112 Hz if one
wants to achieve imaging with no propulsion by adding a mini-
mum required spoiler gradient duration, which cancels the effect
of the gradients due to imaging. They also compared the available
actuation force as a function of the sequence frequency.
Furthermore, in this sequence design the tracking is performed
before actuation; therefore, for sequence frequencies smaller
than 64Hz it is possible to calculate the control input for the next
sequence during the actuation, but for frequencies of 64–100Hz
the control signal will be delayed for one sequence and for higher
frequencies the control sequence will be delayed for two sequen-
ces. They also stated that they use a Kalman filter to fuse the robot
position signals achieved from two different receiver antennas
and when the signals are below a threshold, they update the
position based on the model only. Studies on various
system structures of MRI-driven robotics are summarized in
Figure 6.
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Figure 6. An overview of high-level signal structure for dual use of MRI devices for imaging and actuation. a) ATA sequence for a ferromagnetic bead.[79]

b) ATA for an MRI-driven actuator.[7] c) Performance comparison of ATA and STA methods.[15] d) STA sequence for a ferrous bead.[15] Panel (a): Adapted
with permission.[79] Copyright 2008, Wiley. Panel (b): Adapted with permission.[7] Copyright 2015, IEEE. Panels (c) and (d): Reproduced under terms of
the CC-BY licence.[15] Copyright 2016. The Authors, published by Springer Nature.
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6. Safety Issues

In the development of MRI-driven medical robotic systems, safety
is a critical aspect to be considered for their clinical use. The risks
and effectiveness of the developed systems need to be assessed
from various sides, for example, the risk of materials used, the
effect of magnetic and electric fields, and the specific risks asso-
ciated with particular procedures and the targeted parts of the
body. There are governmental organizations issuing legally bind-
ing regulations, such as the Food and Drug Administration
(FDA), European Medicines Agency (EMA), and the China
Ministry of Health, and organizations issuing guidelines, such
as the International Electrotechnical Commission (IEC) and
the International Commission on Non-Ionizing Radiation
Protection (ICNIRP), to minimize such effects for the protection
of patients.[81] There are also regulations to protect workers issued
by such organizations, for example, the USA Occupational Safety
and Health Act (OSHA).[81] However, especially at the research
step, it would be wise to be aware that these rules and guidelines
can be open to modification/exceptions depending on the benefit
and the risk. Therefore, it would be beneficial to know the
underlying reasons behind these regulations and guidelines.

In MRI systems, the major safety concerns source from mag-
netic fields and induced electric fields and currents. These fields
may cause safety issues either through their direct interaction
with the human body or through affecting other materials
embedded in the human body or materials used in medical oper-
ations. Here, we summarize the major safety issues related to the
main magnetic field of MRI, as well as fields produced by gradi-
ent coils and RF coils, which can be found in more detail in
Panych and Madore[82] and ICNIRP.[83,84]

6.1. Main Magnetic Field

The main (static) magnetic field of current human MRI scanners
is typically 1.5 or 3 T, which are the ones mostly available in clin-
ics, and it is possible to see even 10.5 T (which is about 200 000
times stronger than the magnetic field of earth) in preclinical
environments.[82] Such strong magnetic fields can be highly dan-
gerous as they can exert strong forces and torques on any mag-
netic material coming close to MRI. The static field of MRI is
rather uniform in the bore and decays with distance in general,
but note that the exact profile of the magnetic field around MRI
depends not only on the MRI itself but also on the surrounding
materials, such as shielding structures. The static (main) mag-
netic field of MRI is expected to cause no net force in the bore
as attraction forces are based on the gradient of the magnetic
field. However, the gradient of the main field can be highly
strong right outside. Moreover, there can be a strong magnetic
torque on magnetic materials also in the bore even if no attrac-
tion force is expected. If these materials are embedded in the
human body, any strong force or torque can be extremely dan-
gerous. Therefore, normally, no magnetic material is allowed in
MRI scans. All of these concerns should also be considered in
MRI-driven robotic operations, as any undesired pulling forces
and torques onmagnetic robots can harm patients, if not handled
properly. A method to avoid undesired attraction forces during
insertion to the bore is to fix them firmly during this insertion

time. Once robots are in the bore, undesired forces are not pres-
ent anymore as the main field is uniform in the bore. After this
point, the operator can remove the firm attachment of the robot
and insert the robot into the surgical site. After the completion of
the procedure, the operator has to fix the robot again before tak-
ing the robot and the patient out to prevent postoperation dam-
ages due to the stray field. Undesired torques can be avoided by
putting magnetic materials in the robot in the direction they
would align under the static field of MRI. In addition to these,
the forces and torques on any current-carrying wires also need to
be considered when combining electronic tools with MRI
systems.

6.2. Gradient Coils

Another magnetic field source in MRI is gradient coils. Gradient
coils produce time-varying magnetic fields which have frequen-
cies lower than those of the fields produced by RF coils and their
strength is much lower than the main magnetic field of MRI.
Undesired forces on magnetic objects due to gradient coils do
not pose a high risk, but the forces formed on gradient coils
due to the interaction of the electrical current and the main field
of MRI cause the motion of gradient coils. High noise generated
by this motion can damage the ears; thus, protection is needed
duringMRI scans. Another issue is the stimulation of nerves and
muscles by the induced electric fields. Stimulation of peripheral
nerves has been observed in patients but this does not pose a life-
threatening risk. However, cardiac stimulation can be of high
risk. In the current clinical systems, cardiac stimulation does
not seem to be a risk, but some research systems, in theory, have
the potential to stimulate cardiac tissue.[82] The effect on metallic
devices in the human body or inside MRI is also a point to con-
sider about safety. Although the concern about electrical current
induction in metallic pieces is less than in the case of RF coils,
gradient coils can induce current and electronic devices should
also be evaluated from the perspective of the electrical currents
induced by them.

6.3. RF Coils

The magnetic fields of RF coils are applied at much higher fre-
quencies, namely, the Larmor frequency, which is of the order of
hundreds or tens of megahertz. The main concern about the field
of RF coils is the heating of tissue. This can happen either
directly or through some metallic materials/devices. The evalua-
tion of safety is done from the whole-body exposure and local
heating perspectives. It is reported that there is no expected
adverse effect if the body core temperature is less than 1 �C,
whereas this is 0.5 �C for infants and patients with cardiocircu-
latory impairment. It is acceptable if the localized heating in the
head stays lower than 38 �C, in the trunk lower than 39 �C, and in
limbs lower than 40 �C.[84] The other important safety issue about
RF coils is the heating of metallic materials. As the wavelength of
the RF waves can be of the order of the sizes of those metallic
materials/devices, not only magnetic but also electrical coupling
needs to be considered, such as in the case of metallic rods turn-
ing into antennas. In such cases, extreme heating spots can form
and harm the patient.[82]
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To translate MRI-driven medical robotic systems into clinics, a
set of well-planned research and reporting stages should be com-
pleted. First of all, the principles of Good Laboratory Practice
(GLP) procedures should be followed carefully with appropriate
study planning, conducting, monitoring, reporting, and archiv-
ing. This is the stage where no human subjects are involved.
These studies only stay at the preclinical level. As a next step,
Good Clinical Practice (GCP) procedures for clinical evaluations
of these robotic systems should be tested, including study details
on designing, recording, and reporting experimental trials
including human subjects. The evaluations of such medical
robotic systems are conducted according to International
Organization for Standardization (ISO) rules. ISO 10993,
Biological Evaluation of Medical Devices, rules standardize the
studies on these medical robotic devices at the in vitro and in
vivo level.[85] GLP procedures should be followed well for the
assessment of ISO 10993 standards. ISO 14155, Clinical
Investigation of Medical Devices for Human Subjects, provides sets
of standards for the advanced stages of translation of MRI-driven
medical devices into clinics.[86] This stage standardizes human
trials of these medical devices. The aforementioned GCP practi-
ces to assess the safety and performance of medical devices
should be followed well for the assessment of ISO 14155
standards.

One of the future directions of MRI-driven robotics is to
develop autonomous surgical systems to be used in clinics.
Robotic assisting devices for surgeons with different levels of
autonomy are the main purpose of this research direction.
Depending on the level of autonomy, the regulations and ethical
and legal considerations should be evaluated carefully.[87]

7. Future Outlook and Conclusions

Converting clinical MRI devices into an actuation and imaging
unit promotes MRI-driven minimally invasive surgeries with
increased precision and effectiveness. For example, monitoring
and controlling the navigation of MRI-driven microrobots in the
human brain would reduce the operation time and increase the
rate of success of critical brain surgeries that would otherwise
require invasive operations on the human skull. In addition, such
dual use of clinical MRI devices reduces the required hardware
complexity, which takes MRI-driven robotics one step closer to
being translated into clinics.

In addition to these advantages, adding new capabilities to
MRI devices andMRI-driven robots introduces additional robotic
complexities that are not present in typical untethered
milli/microrobotic systems. MRI-driven robotics face two major
challenges: 1) limited feedback rate from MRI devices for track-
ing and localization and 2) limited magnetic pulling forces gen-
erated via magnetic gradient coils of MRI devices. Tracking and
localization data acquired by MRI systems can be around 100Hz
when simultaneous imaging and actuation sequences are
used;[15] however, it lacks the true position information since
these frequencies can be achieved when only single 1D line scans
are used. Typically, the feedback rates are at around 10–30Hz for
sequential actuation and tracking sequences.[9,13,20,32] Unlike
standard robotic approaches, where high-speed cameras or
high-performance computers provide very accurate estimation

at much higher frequencies, the limited feedback data could
be one of the challenges for medical applications under highly
dynamic environments. Combining MRI devices with comple-
mentary imaging modalities, such as PET and ultrasound, could
be a potential solution to the low feedback rate of MRI systems.

The magnetic gradient pulling–based actuation method has a
limited gradient strength, which results in lower magnetic pull-
ing forces on magnetic robots. Navigation against a fluid flow or
operations requiring high mechanical forces/torques, such as
biopsies, might not be achievable by magnetic gradient–based
pulling methods. Magnet-to-magnet-based actuation methods
could appear as an alternative, where strong forces can be exerted
on ferrous objects that are close to each other. However, these
applications usually suffer from a “single-shot” use and are lim-
ited to only a fix-direction application (along the longitudinal
direction of MRI devices) for biopsy or needle penetration.[6]

A hybrid method presented by Latulippe et al. could be a useful
approach to overcome the limited-force issue within MRI devi-
ces.[20] Latulippe et al. combine magnetic gradient pulling–based
actuation with magnet-to-magnet interactions to provide strong
local magnetic forces, in which the puller magnet can be moved
with magnetic gradient pulling, for more controlled and success-
ful navigation of ferrous microparticles under stronger flows.

Another alternative solution to generate stronger forces in
MRI without increasing the size of ferrous materials is to insert
additional magnetic gradient coil hardware.[13] Unlike the mag-
netic gradient coils available in MR scanners, which are opti-
mized for linearity of the gradient field and fast switching
rates of the gradient fields,[78] such actuation gradient coil inserts
are optimized for generating stronger magnetic gradient fields
with effective cooling systems.

7.1. System-Level Architecture

MRI-driven robotics is in the early development stage, where the
potential capabilities are yet to be discovered. An MRI-driven
robotic system is composed of 1) MRI-based feedback acquisi-
tion, 2) MRI actuation and control, and 3) system-level integra-
tion and scheduling of imaging and actuation. The major
directions of robotic systems are to explore the most effective sys-
tem configuration that can image/sense the robot and anatomy,
actuate, and control the robot. Since each of these elements is
highly connected with the others, MRI-driven robotic systems
should be studied as a whole to achieve the highest potential
of these robots for a given medical tasks.

One important future direction is to study when/what kind of
feedback information is truly needed. MRI can provide 3D, 2D,
or line projection–based information. Answering when and
which one of this information is required is crucial for the appro-
priate choice of imaging strategy. Currently, most studies are
using standard imaging procedures such as FLASH for feedback
and localization.[16,32] However, for this innovative use of MRI
devices, the typical imaging sequences that are optimized for
diagnostic imaging may not be the best choice. Therefore, there
is also a need for developing new imaging sequences that are
specially designed for the purposes of MRI-driven robotics.[15]

In parallel, exploring the advantages of additional assistive
imaging techniques combined with MRI can provide higher
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accuracy in navigation to the target site and treatment of the
patient. For example, simultaneous PET/MRI systems are being
used for diagnosis in preclinics for acquiring both anatomical
(MRI) and functional (PET) information of tissues.[88,89] The
additional imaging modality introduced by the PET scanner pro-
vides more feedback information, which improves the capabili-
ties of the MRI-driven robotics platform. Similarly, simultaneous
imaging and actuation with MRI and ultrasound systems
would open new capabilities for MRI-driven robotics.[89,90]

Furthermore, nanoprobes may offer an exciting opportunity
for imaging microrobots inside MRI. Such multimodal imaging
probes could be utilized to obtain high-resolution images of
tissue in a highly localized region for precise operations.[89,91]

7.2. Design Approach

In addition to the typical design requirements of medical robot-
ics, such as size scale and biocompatibility, MRI-driven robot
designs should also take specific magnetic field and gradient con-
ditions of an MRI environment into consideration correctly. It is
important to note that the strong and constant main magnetic
field of MRI limits the motion degrees of freedom of robots,
RF magnetic fields of the MRI device might result in undesired
heating effects on the magnetic robots, and magnetic materials
used on the robots would result in undesired MR image distor-
tions locally. Potential MR safety issues should be considered as
well. These robots should be steerable in MRI environments,
provide localization and tracking signals for MRI-based feedback,
and be well equipped (high enough force, reliable triggering
mechanisms, etc.) to perform target medical functions. In this

perspective, exploring and expanding the robotic capabilities,
while focusing on the requirements of a target medical task with
already explored robotic tools and capabilities, would be a valu-
able asset for MRI-driven robot designs. Such design approaches
would increase the capabilities and effectiveness of MRI-driven
robots and make them more useful toward their clinical use.

7.3. Autonomy

MRI-driven robotic systems self-contain the components
required to implement autonomous systems. These components
are 1) state feedback and localization of the robot, 2) feedback of
the target site to monitor the operation, 3) computation power for
low- or high-level decision-making, 4) accepting and processing
operator’s inputs, and 5) actuating and controlling the robot for a
set of autonomous tasks decided by the operator or the system
itself. There are five autonomy levels in robotics, spanning from
autonomy in low-level directives to fully autonomous and self-
decision-making systems.[87] Designing an autonomous robotic
system requires choosing the proper autonomy level that best
suits the medical needs and capabilities of MRI-driven robotics.

Based on the given medical tasks, the needs for autonomymay
differ. For example, autonomous drug delivery in a vascular net-
work has different autonomous needs than those of biopsy devi-
ces for stomach tumor diagnosis. Therefore, in addition to the
level of autonomy, determining and developing robotic systems
for the true autonomous needs of given medical tasks is crucial.
Depending on the MRI systems, robot capabilities, and require-
ments of the desired task, the highest achievable level of auton-
omy might vary. Addressing and assessing the targeted level of

Figure 7. Utilizing MRI systems as a robotic platform could provide opportunities for new minimally invasive medical procedures and could increase the
accuracy of the current medical operations. Combined with assistive MR-compatible imaging modalities, fine localization and continuous tracking of
miniature robots, which are powered by the same MRI system, pave the way for safe and controlled minimally invasive medical operations in the human
body. Properly designed andmanufacturedminiature robots show promise to accomplish potential given medical tasks (i.e., localized hyperthermia) with
physical and computational intelligence under such robotic MRI systems.
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autonomy for such technological advancements should be
considered within the limits of the robotic system and the
requirements of the medical task.

7.4. Improving Medical Functionalities

New medical functionalities could improve the usage of MRI-
driven robots to reach the true potential of this field. Apart from
navigation-related functionalities, medical functionalities can be
encoded passively in the material properties of these robots.
Functionalized surfaces of microrobots are used for realizing var-
ious medical functionalities, including tumor treatment and
drug delivery.[92,93] In such situations, MRI systems could be
used as steering, navigation, and path-planning units, while
the medical functionalization is realized through the smartly
designed robot material. Combining MRI systems with radiofre-
quency heating or focused ultrasound units could render these
systems to be used for imaging, actuation, and also triggering
and controlling the temperature-based medical application via
their already available (or external) RF fields, or with external
focused ultrasound (FUS) waves toward cauterization and hyper-
thermia applications.

Finally, future studies should have a focus toward in vitro and
in vivo studies. There have been a few studies using MRI-driven
robots in in vitro and animal studies.[11,33] These studies and tests
are milestones before introducing this technology in medical
centers, but they are not sufficient to prove the capability of using
such robots in clinics yet. FDA and EMA guidelines and regu-
lations should be followed carefully to translate MRI-driven
robotics toward clinics. In addition, the aforementioned
safety issues imposed by the magnetic field of MRI
systems should be considered carefully for the clinical use of
such robots.

In summary, clinical MRI systems can be used to image and
actuate magnetic robots in difficult-to-reach regions of the
human body. MRI-driven robotic systems can improve the con-
trollability of the robots, which promotes surgeons to monitor
and operate surgeries that require high precision and hand skill
with high-level commands. Although the success rate and quality
of surgeries could highly benefit from such technology in the
future, there are unanswered questions in this newly emerging
field of robotics. Improving robotic designs and medical capabil-
ities with more precise imaging and localization as well as more
robust system-level actuation and control would convert clinical
MRI scanners into highly effective surgical operation rooms for
high-precision minimally invasive operations in the future. In
addition, the performance of such robots in medically relevant
environments should be investigated further with animal experi-
ments to pinpoint the true potential of MRI-driven robotics. The
concepts discussed on the future outlook of MRI-driven robotic
systems are summarized in Figure 7.
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