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Spinal cord stimulation (SCS) is an established treatment for refractory pain syndromes

and has recently been applied to improve locomotion. Several technical challenges are

faced by surgeons during SCS lead implantation, particularly in the confined dorsal

epidural spaces in patients with spinal degenerative disease, scarring and while targeting

challenging structures such as the dorsal root ganglion. Magnetic navigation systems

(MNS) represent a novel technology that uses externally placed magnets to precisely

steer tethered and untethered devices. This innovation offers several benefits for SCS

electrode placement, including enhanced navigation control during tip placement, and

the ability to position and reposition the lead in an outpatient setting. Here, we describe

the challenges of SCS implant surgery and how MNS can be used to overcome

these hurdles. In addition to tethered electrode steering, we discuss the navigation of

untethered micro- and nanorobots for wireless and remote neuromodulation. The use

of these small-scale devices can potentially change the current standard of practice by

omitting the need for electrode and pulse generator implantation or replacement. Open

questions include whether small-scale robots can generate an electrical field sufficient

to activate neuronal tissue, as well as testing precise navigation, placement, anchoring,

and biodegradation of micro- and nanorobots in the in vivo environment.

Keywords: nanorobot, spinal cord stimulation, magnetic steering, neurorobotics, microrobot

INTRODUCTION

Spinal cord stimulation (SCS) is a well-described treatment for medically refractory pain (Grider
et al., 2016). SCS has recently also gained interest for improving locomotion (Pinto de Souza et al.,
2017; Rohani et al., 2017; Wagner et al., 2018; Courtine and Sofroniew, 2019; Goudman et al., 2020;
Prasad et al., 2020). However, SCS implantation can be associated with a relatively high injury
rate, ranking spinal cord stimulator placement as the third-highest leading cause of injury among
all medical devices after metal hip prostheses and insulin pumps (Taccola et al., 2020). Magnetic
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navigation systems (MNS) are an emerging technology
permitting precise and dynamic steering of surgical probes
(Zemmar et al., 2020). Magnets placed external to the
patient’s body are used to guide a surgical probe equipped
with a magnetic tip. They have been successfully applied in
endovascular cardiovascular interventions (Ali et al., 2016).
To date, neurosurgical applications of MNS have been limited
to preclinical studies (Hong et al., 2019, 2021), while spinal
applications remain unexplored. For SCS, this technology
harbors several benefits, including (i) enhanced flexibility to
navigate the SCS electrode to the target location during its
placement, (ii) reduced procedure time and cost in the operating
room, and (iii) non-invasive ability to adjust the SCS electrode
post-operatively. In addition to steering tethered probes, MNS
can also be exploited for the manipulation of smaller and less
invasive untethered devices, such as magnetically actuated
micro- and nanorobots (Nelson et al., 2010; Dulińska-Litewka
et al., 2019; Hwang et al., 2020; Soto et al., 2020; Wang et al.,
2021), which could take full advantage of the magnetically
driven deformational change and piezoelectric properties
(Wang et al., 2010; Ciofani and Menciassi, 2012; Chen et al.,
2015, 2017a,b, 2018, 2019; Rajabi et al., 2015; Ribeiro et al.,
2016; Hoop et al., 2017; Mei et al., 2020) that can occur at
that scale. They may therefore represent a potent alternative
to traditional neuromodulation with the advantage that they
could be placed with less invasive procedures and would obviate
the need for placement and replacement of pulse generators
(Christiansen et al., 2019).

The goal of this perspective article is to review conventional
SCS implantation techniques together with their related
complications and limitations, and to reflect on howmagnetically
steered leads and untethered micro- and nanorobots could be
implemented to improve the existing standard.

SPINAL CORD STIMULATION: CURRENT
TECHNIQUE, LIMITATIONS AND
COMPLICATIONS

The traditional SCS system includes the SCS lead(s), the
implantable pulse generator (IPG), and the extension wire(s),
which connect(s) the lead(s) to the IPG (Figure 1A). SCS
implantation is typically divided into two stages. An initial trial
stage assesses stimulation efficacy, followed by implantation of
an IPG in patients for whom stimulation is effective during the
trial. The lead implantation can be done either by laminectomy
(open surgery) or via a less invasive (percutaneous) technique,
which allows for the placement of smaller electrodes. For the
latter, in our experience, manual control of the lead can be
challenging, especially in presence of scar tissue, and may be
associated with prolonged operating room (OR) time, patient
discomfort, increased cost, and potential complications. This
maneuver can be impeded with complex anatomy, often seen in
patients with degenerative spine disease, or for targets in which
the SCS lead has to be placed within confined spaces such as
the dorsal root ganglion (Caylor et al., 2019) (Figure 1B). After
initial lead placement, the clinical effect of SCS is tested. The

criteria of success for the trial stage are typically determined
by reduction in pain scores of 50% or more relative to the
baseline. Candidates who have satisfactory results during the trial
stage undergo permanent implantation of an implantable pulse
generator (IPG), which is placed subcutaneously or subfascial
in the gluteal or abdominal region (Rock et al., 2019). In some
cases, a repeat surgery to adjust the electrode lead(s) is needed to
determine ideal lead placement.

Themost common complications of SCS implantation include
electrode migration, hardware malfunction and fracture of
electrodes, tolerance to SCS, infection, cerebrospinal fluid (CSF)
leakage and pain or hematoma/seroma at the pulse generator site
(Bendersky and Yampolsky, 2014). Electrode migration occurs in
13–22% of SCS patients (Taccola et al., 2020), is more common
with the less invasive percutaneous technique, and has been
reported as the most frequent reason for repeat surgery (Turner
et al., 2004), resulting in increased risk for the patient and
additional operative time and cost. Even with the lowest reported
incidence of 2% (Gazelka et al., 2015), when considering the
high volume of SCS procedures worldwide, this percentage still
corresponds to a considerably high number of patients. Tolerance
to SCS usually develops after 1 year in around 10–29% of patients
and often requires repeat surgery with alteration of the tip
location (Taccola et al., 2020). Finally, infection related to SCS
occurs in ∼5% of the cases (Bendersky and Yampolsky, 2014).
Notably, increased operating time is a known risk factor for
infection and revision surgeries trend toward longer operating
times and thus higher infection rates.

BENEFITS OF MAGNETIC NAVIGATION
SYSTEMS FOR SCS LEAD PLACEMENT

The use of MNS offers several potential benefits for SCS lead
implantation, including precise navigation control during SCS
lead placement, the ability for non-invasive post-operative re-
adjustment of the SCS lead(s), decreased OR time and cost,
reduced radiation exposure to the surgeon and patient and, in the
light of the current Covid-19 pandemic, reduced direct contact
with the patient and therefore a decreased risk for pathogen
mitigation (Figure 2A) (Zemmar et al., 2020).

Increased Navigation Control and
Accuracy During SCS Lead Placement
Magnetic steering provides improved dexterity, precision, and
safety of implantation over manual steering. Magnetic forces
and torques are used in MNS to control the tip angle and
steer the lead in the desired direction. In a recent study,
Hong et al. (2021) demonstrated precise following of pre-drawn
trajectories with a radius as small as 30mm (Petruska et al.,
2016) when using an MNS compared to manual steering in
a brain phantom and an ex-vivo pig brain. Such radii extend
the reachable workspace and allow for greater accuracy (Ilami
et al., 2020). In a brain model intended to simulate deep brain
stimulation of the subthalamic nucleus, electrode positioning
with a precision of 1.16–1.29mm was achieved with MNS (Hong
et al., 2021). The use of MNS allows correction of the trajectory
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FIGURE 1 | (A) Overview of a spinal cord stimulation system. The components consist of lead electrodes, the implantable pulse generator (IPG), a remote control for

the patient and a tablet for the physician to program the device after implantation. Adapted with permission from Boston Scientific. (B) Midline electrode placement in

the epidural space for spinal cord stimulation and dorsal root ganglion stimulation (DRG-S). Note the difference in trajectory curvature between these two applications.

In both instances, the trajectory path depends on obstacles (e.g., blood vessels) and confinement created by spinal degenerative disease, etc. Reproduced with the

permission of Cura Canaz Medical Arts.
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FIGURE 2 | (A) Envisioned outpatient setting for remote SCS lead placement with MNS. Lead tip angle and direction guided by magnetic fields and advanced in the

epidural space with a catheter controller (adapted with permission from Zemmar et al., 2020). (B) Variable stiffness catheters enabling complex catheter shapes

(adapted with permission from Chautems et al., 2017). (C) Forces contributing to trajectory deflection. Under ideal conditions and tissue composition in the epidural

space, with enough force, the catheter can be guided through adipose tissue to follow the mid-line (dashed line) from entry point to the target location. When the

adipose tissue is fibrotic and too dense, the catheter can be deflected, and the surgeon must adjust the tip to redirect the catheter to the desired path. (D) Operation

principle of magnetostrictive, piezoelectric and magnetoelectric composite core-shell materials. Magnetostrictive materials can show deformation when exposed to

magnetic fields due to internal mechanical strain generation. When piezoelectric materials are exposed to mechanical strain and deformation, electrical surface

charges can be generated. Both effects can be combined in a magnetoelectric composite material: A magnetostrictive core is deformed when in presence of a

magnetic field. This deformation is transferred to a bonded piezoelectric shell, which in turn generates electrical surface charges. (E) Alignment of magnetic moment

of microrobots with an external magnetic field. Rotation of the external magnetic field will result in a rolling motion of the microrobot on the dura mater. Due to friction

between microrobot and dura mater, the microrobot will advance in the epidural space tumbling over the surface and approaching the target location. (F) Particle

targeting. Surfaces of particles can be decorated with ligands which are designed to bond to receptors on the cell surface to immobilize particles at the desired target

location (adapted with permission from Scheepers et al., 2020).

in real time during advancement of the electrode and offers
the surgeon a yet unidentified degree of flexibility to adjust the
surgical probe to follow the desired trajectory. This facilitates
accurate maneuvering along complex paths while minimizing
tissue damage (Hong et al., 2019, 2021; Ilami et al., 2020).

MNS also allow for steering control at longer distances, e.g.,
the lead could be inserted at the thoraco-lumbar level (which
is safer than more cranial insertion points) and guided to
the cervical level, or a combined cervical and thoracic lead
could be guided through a single entry and navigated to both
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targets. With the current standard, the insertion is usually
closer to the target location to facilitate navigation control
as dexterity of the probe’s tip decreases the further away the
target is located. Lead manipulation is optimized when MNS
are combined with variable stiffness catheters that consist of
multiple segments with independent stiffness control (Figure 2B)
(Chautems et al., 2017). This technology can be applied to SCS
leads to permit flexibility for the surgeon during lead placement.
Paired with force feedback, the surgeon’s armamentarium can
be equipped with another degree of safety to minimize injury
of critical structures, i.e., whenever the catheter approximates
a critical structure, the surgeon receives feedback to avoid the
respective structure.

Re-adjustment of the SCS Lead
For the minimal-invasive percutaneous trial, SCS placement is
usually done when the patient is awake in order to receive
patient feedback in response to stimulation when determining
the optimal lead location. This process could be time-consuming
until optimal lead placement is achieved and it creates positional
discomfort for the patients since they are awake and in the prone
position. An advantage of MNS would be that SCS leads could be
placed outside an operating room (similar to a lumbar puncture,
which can be done in a physician’s office) through a Touhy needle
into the epidural space. After placing the SCS lead in the epidural
space, the MNS could be utilized to navigate the SCS electrode
to the desired location. A pre-operative magnetic resonance
imaging (MRI) could assist in plotting a pre-defined trajectory
for the MNS. Verification of the location of the SCS electrode
with fluoroscopy can be obtained if desired. Verbal feedback can
be given by the patient regarding the location of the induced
paresthesia while being awake and in a comfortable position.
This setting would enhance the comfort for the patient and the
surgeon. Another major benefit of MNS is the possibility to re-
adjust the SCS electrodes in an outpatient setting without the
necessity of a repeated surgical procedure. This may be necessary
if the lead migrates or the analgesic benefit is lost, in suboptimal
postoperative coverage with the evolution of the pain syndrome
to new body regions, or for testing new stimulation waveforms
over time, e.g., conventional stimulation vs. burst stimulation vs.
new algorithms such as Differential Target MultiplexedTM SCS
(Vallejo et al., 2020).

Minimizing Radiation Exposure and
Infectious Risk
The percutaneous lead placement technique necessitates
fluoroscopic guidance during needle insertion and lead
placement phases. MNS can reduce radiation exposure of
healthcare workers (Yuan et al., 2017) as the procedure can
be performed remotely, i.e., the surgeon is located outside
the surgical suite behind a radiation barrier (Figure 2A).
Additionally, remote and contactless surgery reduces the risk
of pathogen spread among healthcare workers and patients by
decreasing direct contact, which is a desired effect in the light of
the current Covid-19 pandemic (Zemmar et al., 2020).

TECHNICAL CONSIDERATIONS FOR
MAGNETIC NAVIGATION OF TETHERED
SURGICAL PROBES

Major Differences Between Cortical and
Spinal Epidural Spaces
In contrast to navigating a probe through cortical tissue,
the spinal epidural space is a relatively “empty” cavity with
connective adipose tissue and blood vessels (Newell, 1999; Grady
et al., 2000). The challenges from an engineering point of
view in positioning and aligning a magnetic stimulation lead
are different from the challenges that surgeons face when they
must accurately guide and position a flexible magnetic needle.
Surrounding tissue supports the catheter body and prevents free
movement of tip-distant sections, allowing precise path selection
and navigation (Petruska et al., 2016). However, when navigating
within the spinal epidural space, support from surrounding
tissue does not exist and the catheter body can move relatively
freely within the space. Hence, buckling and alignment of
the tip are major problems that have to be considered, and
methods need to be developed to steer the magnetic SCS lead
precisely despite unpredictable anatomical obstacles. In current
procedures, connective adipose tissue (e.g., fibrous septa in the
dorsal epidural space) is often penetrated, and the catheter is
guided straight through whenever the composition of the adipose
tissue permits. When the adipose tissue is fibrotic, the catheter
will simply evade and be re-directed due to tissue forces, and
action from the surgeon or navigation system must be taken to
redirect the catheter to the desired path (Figure 2C). Another
critical factor is the steering radius, as the diameter of the
spinal canal requires more precise turning compared to cortical
navigation. While 30mm radii have been precisely followed
in the brain (Petruska et al., 2016), the steering radius of the
tip in SCS is closer to 15mm, which has to be tested in in
vivo environments.

Design of the Magnetic Stimulation Lead
Sufficient flexibility of the catheter tip is necessary to provide
steering freedom and after removal of the magnetic field, “stress-
relaxation” (micro-shattering of the electrode tip) should be
avoided (Jonathan and Groen, 2005; Petruska et al., 2016).
Stimulation leads for the epidural space are less flexible
as they have to be more resistant to buckling. In general,
when designing a magnetic catheter, one is faced with the
challenge of catheter flexibility and the necessary amount of
a magnetic volume to bend the tip and catheter rigidity for
prevention of buckling during catheter advancement (Carey
et al., 2006; Chautems et al., 2020). This optimization problem
is particularly difficult in the epidural space, as connective
tissue, open cavities, and long insertion depths generally require
a stiff catheter design. On the other hand, increased steering
freedom, would grant access to locations that are difficult
to reach, such as dorsal root ganglia (Jonathan and Groen,
2005; Swaney et al., 2013; Caylor et al., 2019). A variable
stiffness catheter design could be a solution to this optimization
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problem (Figure 2B). Alternatively, a simple variable stiffness
catheter design can be based on current technology, where the
stiffness of the stimulation lead is controlled by the degree
of insertion of the guidewire (Schulder, 2003). The integrated
magnets in the tip must be arranged and designed to comply
with current surgical access methods through Tuohy needles.
A neodymium-iron-boron (NdFeB) permanent tip has been
suggested with magnetically guided catheters, as NdFeB has
the highest magnetic remanence among commercially available
magnets (Gutfleisch et al., 2011; Hong et al., 2021). However,
these magnets are not biocompatible and must be shielded
from the body to avoid inflammatory reactions by means of
biocompatible enclosures with Parylene (Evans and McDonald,
1995; Prodromakis et al., 2009). Additionally, optic fibers
with fiber-Bragg-gratings sensors (FBGs) that reflect light at a
wavelength that is proportional to mechanical (and thermal)
strain on the fiber can be incorporated into the magnetic tip for
contact-force measurements (Di Natali et al., 2016; Khan et al.,
2019).

Challenges of Magnetically Guided
Stimulation Leads
Strong lateral tissue forces may require relatively high magnetic
field strengths to hold the electrode tip on the pre-planned
trajectory. Alignment could be achieved by magnetic fields in
the range of 50–100 mT. Deviations from the trajectory could
either be corrected by turning and angling the magnetic tip in
the direction of the trajectory or by the application of lateral
gradient fields to counter lateral tissue forces directly if they
are low magnitude. Obstacles such as connective tissue might
increase the deviation from the trajectory, which the control
algorithm has to smartly consider. For improved detection of
these obstacles, surgeon and control algorithms would require 3-
dimensional visual feedback using biplanar fluoroscopic imaging
during electrode guiding and placement, or in combination
with other imaging techniques, such as pre-operative MRI
and trajectory modeling (Jonathan and Groen, 2005; Hong
et al., 2015, 2019; Hu et al., 2018). Additional feedback and
situational awareness could be delivered by FBGs (Su et al.,
2017). For semi-automated procedures, haptic feedback devices
could be linked with FBGs signals to provide a sense of touch
to the surgeons’ hand (El Rassi and El Rassi, 2020). When
the lead has been successfully navigated to the target location,
surgeons can proceed as usual and connect an IPG manually.
Alternatively, systems could be developed, in which the trial
IPG is directly integrated in the catheter advancer unit with
semi-automated paresthesia mapping. The remaining surgery
would proceed in the traditional sense. In case of electrode
migration, magnetic forces created by magnetic gradients
perpendicular or parallel to the aligned field could be used to
non-invasively and precisely move the electrode to the desired
stimulation site. However, this motion will be limited as the
length of the catheter cannot be extended and frictional forces
should not be too large, which will have to be verified in in
vivo trials.

UTILIZING UNTETHERED MAGNETIC
MICRO- AND NANOROBOTS FOR SCS

Magnetically controlled probes could be the precursor of
untethered magnetic devices. Micro- or nanorobots are
small-scale devices designed to perform minimally-invasive
interventions and are powered by external power sources
(Colberg et al., 2014; Zeeshan et al., 2014; Rao et al., 2015;
Chen et al., 2017a; Soto et al., 2021). To be considered for
neurostimulation, micro- and nanorobots must be able to
generate an electrical field. Since neuronal stimulation in the
brain has already been demonstrated (Yue et al., 2012; McGlynn
et al., 2020; Singer et al., 2020; Kozielski et al., 2021), this
can serve as an intriguing technology for SCS. In micro- and
nanorobotic applications, magnetoelectric devices are mostly
made from magnetoelectric composites that exhibit coupling
between ferromagnetism and ferroelectricity (Spaldin and Fiebig,
2005; Wang et al., 2010) and consist of a structural combination
of magnetostrictive and piezoelectric materials (Figure 2D)
(Wang et al., 2010). Micro- and nanodevices have the potential
for remote neurostimulation without requiring a stimulation
lead and implantation or replacement of an IPG, which saves
additional surgeries for the patient (Nan et al., 2008; Armin
et al., 2012). An external field generator can be attached to
the skin and used to create deeply penetrating magnetic fields
and generate electric charges non-invasively and remotely. By
modulation of the external magnetic field input, the electrical
field amplitude and shape could be adjusted as desired (Nan et al.,
2008; Armin et al., 2012). An important question is if and how
the induced fields will benefit the patient as applied stimuli are
not electric currents, as is the case with current SCS technology
(Dones and Levi, 2018). However, early results in deep brain
stimulation with multiferroics demonstrate a beneficial effect,
which is promising for application in the spinal cord (Singer
et al., 2020; Kozielski et al., 2021). Future studies are needed
to directly measure neuronal activation by piezoelectric and
magnetostrrictive properties.

Using external magnetic fields, micro- and nanorobots can
be propelled with magnetic gradient forces or magnetic torque
through rotating fields (Pawashe et al., 2009; Chen et al., 2018).
In the epidural space with minute amounts of biological fluids,
micro- and nanorobot delivery will be complicated by surface
friction and adhesion forces. Drag forces, that are often a limiting
cause for targeted micro- and nanorobot delivery, may not need
to be considered in the epidural space, as little flow is present.
The use of rotating fields may manage these challenges as micro-
or nanorobots could overcome boundary forces while rolling on
the surface (Figure 2E) or exhibit a “surface walker” locomotion
behavior (Peyer et al., 2013).

A critical factor that requires further investigation lies in
the permanent attachment of the micro- and nanorobots on
the dura mater through chemical modification with targeting
ligands (Figure 2F), peptides or antibodies to avoid migration
from stimulation site (Cheng et al., 2015; Tietjen et al., 2018;
Scheepers et al., 2020) and offer regular neurostimulation for
the patient. The choice of composite materials must be carefully
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considered as they need to fulfill all safety criteria for permanently
implantable devices (Soto et al., 2020, 2021). Although a few
biocompatible magnetostrictive and piezoelectric materials exist
(Wang et al., 2010; Rajabi et al., 2015; Ribeiro et al., 2018), the
compatibility of these materials in the spinal epidural space or
subarachnoid space needs to be investigated in future research
as literature suggests that different tissue types show different
cellular responses (Dulińska-Litewka et al., 2019).

CONCLUSION

Magnetic navigation of tethered probes represents a novel
technology that offers potential to improve dexterity control,
the option for postoperative readjustment of the electrode to
modulate the volume of activated tissue, increases safety, and
reduces cost in spinal cord stimulation surgery. Future steps
include testing and integration of tethered probes in clinical
environments. Untethered micro- and nanorobots represent
an innovative future perspective, for which the effect of the
generated electric field has to be tested, as well as how this
can activate neuronal tissue. Navigation, release, anchoring,
and biocompatibility of these small-scale devices are further
open challenges that require proof-of-concept studies and in
vivo verification.
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and Karewicz, A. (2019). Superparamagnetic iron oxide nanoparticles-current
and prospective medical applications. Materials 12:617. doi: 10.3390/ma1204
0617

El Rassi, I., and El Rassi, J. M. (2020). A review of haptic feedback
in tele-operated robotic surgery. J. Med. Eng. Technol. 44, 247–254.
doi: 10.1080/03091902.2020.1772391

Frontiers in Neurorobotics | www.frontiersin.org 7 October 2021 | Volume 15 | Article 749024

https://doi.org/10.1109/TBME.2016.2525785
http://www.intechopen.com/books/advanced-magnetic-materials/biomedical-applications-of-multiferroic-nanocomposites
http://www.intechopen.com/books/advanced-magnetic-materials/biomedical-applications-of-multiferroic-nanocomposites
https://doi.org/10.1016/j.wneu.2013.06.012
https://doi.org/10.1002/jbm.b.30358
https://doi.org/10.1186/s42234-019-0023-1
https://doi.org/10.1002/aisy.201900086
https://doi.org/10.1109/IROS.2017.8202155
https://doi.org/10.1039/C9MH00279K
https://doi.org/10.1039/C5MH00259A
https://doi.org/10.1002/adma.201605458
https://doi.org/10.1002/adma.201705061
https://doi.org/10.1016/j.apmt.2017.04.006
https://doi.org/10.1038/nrd4503
https://doi.org/10.1146/annurev-neuro-070918-050241
https://doi.org/10.1007/978-3-642-28044-3
https://doi.org/10.1021/ar5002582
https://doi.org/10.1038/s41591-019-0475-6
https://doi.org/10.1109/TRO.2016.2522433
https://doi.org/10.3390/brainsci8080138
https://doi.org/10.3390/ma12040617
https://doi.org/10.1080/03091902.2020.1772391
https://www.frontiersin.org/journals/neurorobotics
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurorobotics#articles


Torlakcik et al. Magnetically Guided Probes for SCS

Evans, R. D., and McDonald, F. (1995). Effect of corrosion products (neodymium
iron boron) on oral fibroblast proliferation. J. Appl. Biomater. 6, 199–202.
doi: 10.1002/jab.770060309

Gazelka, H. M., Freeman, E. D., Hooten, W. M., Eldrige, J. S., Hoelzer,
B. C., Mauck, W. D., et al. (2015). Incidence of clinically significant
percutaneous spinal cord stimulator lead migration. Neuromodulation 18,
123–125. doi: 10.1111/ner.12184

Goudman, L., Linderoth, B., Nagels, G., Huysmans, E., and Moens, M. (2020).
Cortical mapping in conventional and high dose spinal cord stimulation:
an exploratory power spectrum and functional connectivity analysis with
electroencephalography. Neuromodulation 23, 74–81. doi: 10.1111/ner.12969

Grady, M. S., Howard, M. A., Dacey, R. G., Blume, W., Lawson, M., Werp,
P., et al. (2000). Experimental study of the magnetic stereotaxis system
for catheter manipulation within the brain. J. Neurosurg. 93, 282–288.
doi: 10.3171/jns.2000.93.2.0282

Grider, J. S., Manchikanti, L., Carayannopoulos, A., Sharma, M. L., Balog, C.
C., Harned, M. E., et al. (2016). Effectiveness of spinal cord stimulation
in chronic spinal pain: a systematic review. Pain Physician 19, E33–E54.
doi: 10.36076/ppj/2016.19.E33

Gutfleisch, O., Willard, M. A., Brück, E., Chen, C. H., Sankar, S. G., and
Liu, J. P. (2011). Magnetic materials and devices for the 21st century:
stronger, lighter, and more energy efficient. Adv. Mater. 23: 821–842.
doi: 10.1002/adma.201002180

Hong, A., Boehler, Q., Moser, R., Zemmar, A., Stieglitz, L., and Nelson, B. J. (2019).
3D path planning for flexible needle steering in neurosurgery. Int. J. Med. Robot.
15:e1998. doi: 10.1002/rcs.1998

Hong, A., Petruska, A. J., and Nelson, B. J. (2015). “Tracking a
magnetically guided catheter with a single rotating C-Arm,” in 2015 IEEE

International Conference on Robotics and Automation (ICRA), 618–623.
doi: 10.1109/ICRA.2015.7139243

Hong, A., Petruska, A. J., Zemmar, A., and Nelson, B. J. (2021). Magnetic control
of a flexible needle in neurosurgery. IEEE Trans. Biomed. Eng. 68, 616–627.
doi: 10.1109/TBME.2020.3009693

Hoop, M., Chen, X. Z., Ferrari, A., Mushtaq, F., Ghazaryan, G., Tervoort, T., et al.
(2017). Ultrasound-mediated piezoelectric differentiation of neuron-like PC12
cells on PVDF membranes. Sci. Rep. 7:4028. doi: 10.1038/s41598-017-03992-3

Hu, X., Chen, A., Luo, Y., Zhang, C., and Zhang, E. (2018). Steerable catheters
for minimally invasive surgery: a review and future directions. Comput. Assist.

Surg. 23, 21–41. doi: 10.1080/24699322.2018.1526972
Hwang, J., Kim, J., and Choi, H. (2020). A review of magnetic actuation

systems and magnetically actuated guidewire- and catheter-based
microrobots for vascular interventions. Intel. Serv. Robot. 13, 1–14.
doi: 10.1007/s11370-020-00311-0

Ilami, M., Ahmed, R. J., Petras, A., Beigzadeh, B., and Marvi, H. (2020).
Magnetic needle steering in soft phantom tissue. Sci. Rep. 10:2500.
doi: 10.1038/s41598-020-59275-x

Jonathan, R., and Groen, G. J. (2005). Applied epidural anatomy. Continuing Educ.
Anaesth. Crit. Care Pain 5, 98–100. doi: 10.1093/bjaceaccp/mki026

Khan, F., Denasi, A., Barrera, D., Madrigal, J., Sales, S., and Misra, S. (2019).
Multi-core optical fibers with bragg gratings as shape sensor for flexible medical
instruments. IEEE Sens. J. 19, 5878–5884. doi: 10.1109/JSEN.2019.2905010

Kozielski, K. L., Jahanshahi, A., Gilbert, H. B., Yu, Y., Erin, Ö., Francisco, D.,
et al. (2021). Nonresonant powering of injectable nanoelectrodes enables
wireless deep brain stimulation in freely moving mice. Sci. Adv. 7:eabc4189.
doi: 10.1126/sciadv.abc4189

McGlynn, E., Das, R., and Heidari, H. (2020). “Encapsulated magnetoelectric
composites for wirelessly powered brain implantable devices,” in 2020 27th

IEEE International Conference on Electronics, Circuits and Systems (ICECS),
1–4. doi: 10.1109/ICECS49266.2020.9294847

Mei, D., Wang, X., Chen, X., Mushtaq, F., Deng, S., Choi, H., et al. (2020). 3D-
printed soft magnetoelectric microswimmers for delivery and differentiation of
neuron-like cells. Adv. Funct. Mater. 30:10323. doi: 10.1002/adfm.201910323

Nan, C. W., Bichurin, M. I., Dong, S., Viehland, D., and Srinivasan, G. (2008).
Multiferroic magnetoelectric composites: historical perspective, status, and
future directions. J. Appl. Phys. 103:031101. doi: 10.1063/1.2836410

Nelson, B. J., Kaliakatsos, I. K., and Abbott, J. J. (2010). Microrobots
for minimally invasive medicine. Ann. Rev. Biomed. Eng. 12, 55–85.
doi: 10.1146/annurev-bioeng-010510-103409

Newell, R. L. (1999). The spinal epidural space. Clin. Anat. 12, 375–379.
doi: 10.1002/(SICI)1098-2353(1999)12:5<375::AID-CA7>3.0.CO;2-6

Pawashe, C., Floyd, S., and Sitti, M. (2009). Modeling and experimental
characterization of an untethered magnetic micro-robot. Int. J. Robot. Res. 28,
1077–1094. doi: 10.1177/0278364909341413

Petruska, A. J., Ruetz, F., Hong, A., Regli, L., Sürücü, O., Zemmar, A., et al.
(2016). “Magnetic needle guidance for neurosurgery: initial design and proof
of concept,” in 2016 IEEE International Conference on Robotics and Automation

(ICRA), 4392–4397. doi: 10.1109/ICRA.2016.7487638
Peyer, K. E., Zhang, L., and Nelson, B. J. (2013). Bio-inspired magnetic

swimming microrobots for biomedical applications. Nanoscale 5, 1259–1272.
doi: 10.1039/C2NR32554C

Pinto de Souza, C., Hamani, C., Oliveira Souza, C., Lopez Contreras, W. O., Dos
Santos Ghilardi, M. G., Cury, R. G., et al. (2017). Spinal cord stimulation
improves gait in patients with Parkinson’s disease previously treated with
deep brain stimulation. Mov. Disord. 32, 278–282. doi: 10.1002/mds.
26850

Prasad, S., Aguirre-Padilla, D. H., Poon, Y. Y., Kalsi-Ryan, S., Lozano, A.
M., and Fasano, A. (2020). Spinal cord stimulation for very advanced
parkinson’s disease: a 1-year prospective trial. Mov. Disord. 35, 1082–1083.
doi: 10.1002/mds.28065

Prodromakis, T., Michelakis, K., Zoumpoulidis, T., Dekker, R., and Toumazou, C.
(2009). Biocompatible encapsulation of CMOS based chemical sensors. Sensors
2009, 791–794. doi: 10.1109/ICSENS.2009.5398537

Rajabi, A. H., Jaffe, M., and Arinzeh, T. L. (2015). Piezoelectric
materials for tissue regeneration: a review. Acta Biomater. 24, 12–23.
doi: 10.1016/j.actbio.2015.07.010

Rao, K. J., Li, F., Meng, L., Zheng, H., Cai, F., and Wang, W. (2015). A force to be
reckoned with: a review of synthetic microswimmers powered by ultrasound.
Small 11, 2836–2846. doi: 10.1002/smll.201403621

Ribeiro, C., Correia, D. M., Ribeiro, S., Fernandes, M. M., and Lanceros-Mendez,
S. (2018). Piezo- and magnetoelectric polymers as biomaterials for novel
tissue engineering strategies. MRS Adv. 3, 1671–1676. doi: 10.1557/adv.20
18.223

Ribeiro, C., Correia, V., Martins, P., Gama, F. M., and Lanceros-Mendez,
S. (2016). Proving the suitability of magnetoelectric stimuli for tissue
engineering applications. Colloid. Surf. B Biointerf. 140, 430–436.
doi: 10.1016/j.colsurfb.2015.12.055

Rock, A. K., Truong, H., Park, Y. L., and Pilitsis, J. G. (2019).
Spinal cord stimulation. Neurosurg. Clin. N. Am. 30, 169–194.
doi: 10.1016/j.nec.2018.12.003

Rohani, M., Kalsi-Ryan, S., Lozano, A. M., and Fasano, A. (2017). Spinal cord
stimulation in primary progressive freezing of gait.Mov. Disord. 32, 1336–1337.
doi: 10.1002/mds.27103

Scheepers, M. R. W., van IJzendoorn, L. J., and Prins, M. W. J. (2020). Multivalent
weak interactions enhance selectivity of interparticle binding. Proc. Natl. Acad.
Sci. U. S. A. 117, 22690–22697. doi: 10.1073/pnas.2003968117

Schulder, M. (2003). Handbook of Stereotactic and Functional Neurosurgery.

Neurological Disease and Therapy; v. 58.New York, NY: Marcel Dekker.
doi: 10.1201/9780203912416

Singer, A., Dutta, S., Lewis, E., Chen, Z., Chen, J. C., Verma, N., et al.
(2020). Magnetoelectric materials for miniature, wireless neural
stimulation at therapeutic frequencies. Neuron 107, 631–643.e5.
doi: 10.1016/j.neuron.2020.05.019

Soto, F., Karshalev, E., Zhang, F., Esteban Fernandez de Avila, B., Nourhani, A.,
and Wang, J. (2021). Smart Materials for microrobots. Chem. Rev. 2021:999.
doi: 10.1021/acs.chemrev.0c00999

Soto, F., Wang, J., Ahmed, R., and Demirci, U. (2020). Medical micro/nanorobots
in precision medicine. Adv. Sci. 7:2002203. doi: 10.1002/advs.202002203

Spaldin, N. A., and Fiebig, M. (2005). Materials science. The
renaissance of magnetoelectric multiferroics. Science 309, 391–392.
doi: 10.1126/science.1113357

Su, H., Iordachita, I. I., Tokuda, J., Hata, N., Liu, X., Seifabadi, R., et al. (2017).
Fiber-optic force sensors for MRI-guided interventions and rehabilitation: a
review. IEEE Sens. J. 17, 1952–1963. doi: 10.1109/JSEN.2017.2654489

Swaney, P. J., Burgner, J., Gilbert, H. B., and Webster, R. J. (2013). A flexure-
based steerable needle: high curvature with reduced tissue damage. IEEE Trans.

Biomed. Eng. 60, 906–9. doi: 10.1109/TBME.2012.2230001

Frontiers in Neurorobotics | www.frontiersin.org 8 October 2021 | Volume 15 | Article 749024

https://doi.org/10.1002/jab.770060309
https://doi.org/10.1111/ner.12184
https://doi.org/10.1111/ner.12969
https://doi.org/10.3171/jns.2000.93.2.0282
https://doi.org/10.36076/ppj/2016.19.E33
https://doi.org/10.1002/adma.201002180
https://doi.org/10.1002/rcs.1998
https://doi.org/10.1109/ICRA.2015.7139243
https://doi.org/10.1109/TBME.2020.3009693
https://doi.org/10.1038/s41598-017-03992-3
https://doi.org/10.1080/24699322.2018.1526972
https://doi.org/10.1007/s11370-020-00311-0
https://doi.org/10.1038/s41598-020-59275-x
https://doi.org/10.1093/bjaceaccp/mki026
https://doi.org/10.1109/JSEN.2019.2905010
https://doi.org/10.1126/sciadv.abc4189
https://doi.org/10.1109/ICECS49266.2020.9294847
https://doi.org/10.1002/adfm.201910323
https://doi.org/10.1063/1.2836410
https://doi.org/10.1146/annurev-bioeng-010510-103409
https://doi.org/10.1002/(SICI)1098-2353(1999)12:5<375::AID-CA7>3.0.CO;2-6
https://doi.org/10.1177/0278364909341413
https://doi.org/10.1109/ICRA.2016.7487638
https://doi.org/10.1039/C2NR32554C
https://doi.org/10.1002/mds.26850
https://doi.org/10.1002/mds.28065
https://doi.org/10.1109/ICSENS.2009.5398537
https://doi.org/10.1016/j.actbio.2015.07.010
https://doi.org/10.1002/smll.201403621
https://doi.org/10.1557/adv.2018.223
https://doi.org/10.1016/j.colsurfb.2015.12.055
https://doi.org/10.1016/j.nec.2018.12.003
https://doi.org/10.1002/mds.27103
https://doi.org/10.1073/pnas.2003968117
https://doi.org/10.1201/9780203912416
https://doi.org/10.1016/j.neuron.2020.05.019
https://doi.org/10.1021/acs.chemrev.0c00999
https://doi.org/10.1002/advs.202002203
https://doi.org/10.1126/science.1113357
https://doi.org/10.1109/JSEN.2017.2654489
https://doi.org/10.1109/TBME.2012.2230001
https://www.frontiersin.org/journals/neurorobotics
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurorobotics#articles


Torlakcik et al. Magnetically Guided Probes for SCS

Taccola, G., Barber, S., Horner, P. J., Bazo, H. A. C., and Sayenko,
D. (2020). Complications of epidural spinal stimulation: lessons from
the past and alternatives for the future. Spinal Cord. 58, 1049–1059.
doi: 10.1038/s41393-020-0505-8

Tietjen, G. T., Bracaglia, L. G., Saltzman, W. M., and Pober, J. S. (2018). Focus on
fundamentals: achieving effective nanoparticle targeting. Trends Mol. Med. 24,
598–606. doi: 10.1016/j.molmed.2018.05.003

Turner, J. A., Loeser, J. D., Deyo, R. A., and Sanders, S. B. (2004). Spinal cord
stimulation for patients with failed back surgery syndrome or complex regional
pain syndrome: a systematic review of effectiveness and complications. Pain
108, 137–147. doi: 10.1016/j.pain.2003.12.016

Vallejo, R., Kelley, C. A., Gupta, A., Smith, W. J., Vallejo, A., and Cedeño,
D. L. (2020). Modulation of neuroglial interactions using differential target
multiplexed spinal cord stimulation in an animal model of neuropathic pain.
Mol. Pain 16:1744806920918057. doi: 10.1177/1744806920918057

Wagner, F. B., Mignardot, J. B., Le Goff-Mignardot, C. G., Demesmaeker,
R., Komi, S., Capogrosso, M., et al. (2018). Targeted neurotechnology
restores walking in humans with spinal cord injury. Nature 563, 65–71.
doi: 10.1038/s41586-018-0649-2

Wang, B., Kostarelos, K., Nelson, B. J., and Zhang, L. (2021). Trends in
micro-/nanorobotics: materials development, actuation, localization, and
system integration for biomedical applications. Adv. Mater. 33:e2002047.
doi: 10.1002/adma.202002047

Wang, Y., Hu, J., Lin, Y., and Nan, C. W. (2010). Multiferroic
magnetoelectric composite nanostructures. NPG Asia Mater. 2, 61–68.
doi: 10.1038/asiamat.2010.32

Yuan, S., Holmqvist, F., Kongstad, O., Jensen, S. M., Wang, L., Ljungström, E.,
et al. (2017). Long-term outcomes of the current remote magnetic catheter
navigation technique for ablation of atrial fibrillation. Scand. Cardiovasc. J. 51,
308–315. doi: 10.1080/14017431.2017.1384566

Yue, K., Guduru, R., Hong, J., Liang, P., Nair,M., and Khizroev, S. (2012).Magneto-
electric nano-particles for non-invasive brain stimulation. PLoS ONE 7:e44040.
doi: 10.1371/journal.pone.0044040

Zeeshan, M. A., Grisch, R., Pellicer, E., Sivaraman, K. M., Peyer, K. E., Sort, J.,
et al. (2014). Hybrid helical magnetic microrobots obtained by 3D template-
assisted electrodeposition. Small 10, 1284–1288. doi: 10.1002/smll.2013
02856

Zemmar, A., Lozano, A. M., and Nelson, B. J. (2020). The rise of robots
in surgical environments during COVID-19. Nat. Mach. Intell. 2, 566–572.
doi: 10.1038/s42256-020-00238-2

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Torlakcik, Sarica, Bayer, Yamamoto, Iorio-Morin, Hodaie, Kalia,

Neimat, Hernesniemi, Bhatia, Nelson, Pané, Lozano and Zemmar. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Neurorobotics | www.frontiersin.org 9 October 2021 | Volume 15 | Article 749024

https://doi.org/10.1038/s41393-020-0505-8
https://doi.org/10.1016/j.molmed.2018.05.003
https://doi.org/10.1016/j.pain.2003.12.016
https://doi.org/10.1177/1744806920918057
https://doi.org/10.1038/s41586-018-0649-2
https://doi.org/10.1002/adma.202002047
https://doi.org/10.1038/asiamat.2010.32
https://doi.org/10.1080/14017431.2017.1384566
https://doi.org/10.1371/journal.pone.0044040
https://doi.org/10.1002/smll.201302856
https://doi.org/10.1038/s42256-020-00238-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurorobotics
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurorobotics#articles

	Magnetically Guided Catheters, Micro- and Nanorobots for Spinal Cord Stimulation
	Introduction
	Spinal Cord Stimulation: Current Technique, Limitations and Complications
	Benefits of Magnetic Navigation Systems for SCS Lead Placement
	Increased Navigation Control and Accuracy During SCS Lead Placement
	Re-adjustment of the SCS Lead
	Minimizing Radiation Exposure and Infectious Risk

	Technical Considerations for Magnetic Navigation of Tethered Surgical Probes
	Major Differences Between Cortical and Spinal Epidural Spaces
	Design of the Magnetic Stimulation Lead
	Challenges of Magnetically Guided Stimulation Leads

	Utilizing Untethered Magnetic Micro- and Nanorobots for SCS
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References


