
1083-4435 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TMECH.2021.3092608, IEEE/ASME
Transactions on Mechatronics

ASME/IEEE TRANSACTIONS ON MECHATRONICS, VOL. XX, NO. XX, 2020 1

Design and Evaluation of a Magnetic
Rotablation Catheter for Arterial Stenosis

Christoff M. Heunis, Kasper J. Behrendt, Edsko E.G. Hekman,
Cyril Moers, Jean-Paul P.M. de Vries, and Sarthak Misra

Abstract—Arterial stenosis is a high-risk disease accompanied
by large amounts of calcified deposits and plaques that develop
inside the vasculature. These deposits should be reduced to
improve blood flow. However, current methods used to reduce
stenosis require externally-controlled actuation systems result-
ing in limited workspace or patient risks. This results in an
unexplored preference regarding the revascularization strategy
for symptomatic artery stenosis. In this paper, we propose
a novel internally-actuated solution: a magnetic spring-loaded
rotablation catheter. The catheter is developed to achieve stenosis-
debulking capabilities by actuating drill bits using two internal
electromagnetic coils and a magnetic reciprocating spring-loaded
shaft. The state-space model of the catheter is validated by
comparing the simulation results of the magnetic fields of the
internal coils with the experimental results of a fabricated
prototype. Contact forces of the catheter tip are measured
experimentally, resulting in a maximum axial force of 2.63 N
and a torque of 5.69 mN-m. Finally, we present interventions in
which the catheter is inserted to reach a vascular target site and
demonstrate plaque-specific treatment using different detachable
actuator bits. Calcified deposits are debulked and visualized via
ultrasound imaging. The catheter can reduce a stenosis cross-
sectional area by up to 35%, indicating the potential for the
treatment of calcified lesions, which could prevent restenosis.

Index Terms—Actuators and Sensors, Medical Robotics, Mod-
eling and Design, System Integration, Magnetic Systems.

I. INTRODUCTION

ATHEROSCLEROSIS is a disease that is caused by a
buildup of plaque in the arteries that deliver blood to

vital organs and limbs [1]. Built-up plaque causes a narrowing
of the arterial lumen, which in turn decreases the blood flow
to the target organ or extremity. One of the prevalent disorders
caused by atherosclerosis is called Peripheral Artery Disease
(PAD) [2], which affects arteries that supply blood to the legs
and feet (Fig. 1). Diagnosing PAD is conventionally done by
peripheral angiography. This involves using arterial catheters
to inject a contrast medium into the peripheral arteries, along
with intra-operative X-ray scans. The options of angioplasty
or arterial bypass surgery depend largely on the severity of
disease [3]. Subject to the amount of blockage in the arteries,
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Fig. 1: Illustration of an atherectomy involving a tethered rotablation
prototype: Stenosis occurs due to the buildup of fatty deposits on
the inner arterial wall. The rotablation catheter can be utilized as an
externally-actuated intravascular drill using the Advanced Robotics
for Magnetic Manipulation (ARMM) system. 1 The fatty deposits
(plaque) are removed by advancing the catheter to the site, 2 ,
and actuating the rotablation mechanism with a magnetic field. 3
Improved blood flow should then be established by the successful
reduction of the deposits. This study aims to address 1 and 2 .

clinicians may prescribe a percutaneous peripheral intervention
in order to decrease or remove an obstruction, whereas the
more extreme cases require complete peripheral arterial bypass
grafting. Notwithstanding, initial treatments focus more on
minimally-invasive techniques, such as angioplasty or atherec-
tomy, instead of bypass surgery [4].

Consequently, this focus has stimulated the development of
percutaneous atherectomy devices for the mechanical removal
of deposits [5], [6]. Such devices have also recently been advo-
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cated as a promising development in combination with drug-
eluting balloon angioplasty [7]. A few commercially-available
devices have been introduced, including the TurboHawkTM and
SilverHawkTM peripheral plaque excision systems (Medtronic,
Dublin, Ireland) [8], the TurboTM-series laser catheters (Spec-
tranetics, Colorado, United States) [8], and the Diamondback
360 Peripheral Orbital Atherectomy System® (Cardiovascular
Systems, Minnesota, United States) [9]. Furthermore, Schmitt
et al. demonstrated a rotational thrombectomy catheter, ca-
pable of removing acute and subacute occlusions in patients
using the Rotarex® catheter (Straub Medical, Wangs, Switzer-
land) [10]. However, these catheters contain high-frequency
drilling devices with speeds of 30,000 – 120,000 revolutions
per minute [11]. These high speeds could potentially cause
microcavitation or inflect damage to the vessel walls due to
heat production [12]. Besides, angiograms are employed as a
visual aid to the clinicians, requiring X-ray imaging, and thus
exposing patients and staff to an increased level of radiation.

This justifies the need for improved atherectomy actuators
that can be steered precisely inside arteries. Based on this
notion, magnetic manipulation strategies have been introduced
to treat PAD. One of the advantages of employing magnetic
strategies is their suitability in restricted space, allowing
for wireless control in an environment that is suitable for
clinical applications [13]. Untethered (magnetic) actuators
have shown some potential during in vitro experiments with
artificial embolisms [14], [15]. Similarly, studies have demon-
strated magnetic drilling actuators [16] and characterized their
locomotion and drilling performance in vascular network-
mimicking fluidic channels [17] and animal brain tissue [18].
Unfortunately, these actuators suffer from several drawbacks.
First, the external magnetic fields are not strong enough to
position them under high-pressured pulsatile flow and external
excitation caused by the heartbeat. Furthermore, apart from
Leclerc et al. [18], small untethered actuators do not have the
potential to debulk stenoses effectively due to low actuation
forces. Next, these novel actuators have yet to be demonstrated
in a scenario where they can be inserted and removed using
a catheter to avoid entrapment within calcified lesions. Based
on these notions, there exists a need for alternative actuation
strategies that advance the state-of-the-art in the debulking of
calcified deposits inside the arteries.

This paper presents the design, fabrication, and evaluation
of a magnetically-actuated rotablation catheter. This catheter is
aimed at debulking calcified deposits of arterial stenoses and
occlusions. The prototype consists of two integrated electro-
magnetic coils and spring-loaded magnetized units that induce
a rotation as a result of an internally-generated magnetic field
(as opposed to external actuation). This enables us to ensure
the optimal size of both the catheter and the workspace. The
paper is organized as follows: Section II describes the design
and medical considerations of the prototype. In Section III,
we formulate the mathematical expressions for the magnetic
components and the kinematics, control, and thermodynamics
of the catheter. The experimental setups for the force analyses
and catheter insertion experiments, and results and discussion
are presented in Section IV. Finally, we conclude this paper
in Section V and provide directions for future work.

II. ROTABLATION CATHETER DESIGN

The design methods, modeling, and fabrication of the
rotablation catheter are presented in this section. Several
considerations are taken into account, including the medical
and design constraints of the catheter (Table I), to translate the
clinical needs into requirements.

A. Medical constraints

Generally, the first medical constraint of a catheter is the
average diameter of the vasculature it is aimed to treat. PAD
may occur within the peripheral arteries, with typical diameters
ranging between 6 − 9 mm (femoral artery) and 8 − 12 mm
(iliac artery) [19]. However, PAD has also been reported to
be substantial within the infrarenal aorta, especially at the
aortic bifurcation, which has reported diameters of 12 − 24
mm [20]. The maximum outer diameter of a catheter should
allow for sufficient flow lumen diameter while not causing an
excessive decrease in flow and potentially create stasis. Based
on these estimated diameters, the prototype will be designed to
be modular and scalable, such that it has a maximum catheter-
to-vessel diameter ratio of 0.64 : 1 [21].

The second medical constraint is the degree of stenosis,
conventionally defined as the narrowing (%) of the arterial
inner diameter. Three degrees of stenosis for this study are
chosen and categorized as grade I (30–49%) for eccentric
lesions, grade II (50–99%) for concentric lesions, and a
chronic total occlusion at grade III (≈ 100%) [22]. These
degrees allow us to design rotablation tips (rotablades) for
debulking calcified deposits corresponding to the severity of
the stenosis. The requirement for the minimum blade diameter
(dt) is determined by the motivation to reduce a grade III
stenosis to grade II.

The third and final medical constraint is to choose from
the available techniques for performing atherectomy. Con-
ventionally, these involve orbital, directional, transluminal,
and rotational atherectomy techniques [10], [11], [23]. Both

TABLE I: The medical constraints (C) and design requirements (R)
of the rotablation catheter prototype.

Constraint (C) / Requirement (R) Description Motivation

C1
Largest diameter (𝑑𝑜) of 
rotablation catheter should be 
less than artery diameter (𝑑𝑎)

𝑑𝑜 < 0.64 𝑑𝑎 mm
Ensure proper flow 
lumen

C2
Minimum rotablade diameter 
(𝑑𝑡) should be at least 30% of 
artery diameter 

𝑑𝑡 ≥ 0.3(𝑑𝑎) mm
Debulk calcified deposits 
effectively

C3
Include power screw unit with 
non-locking screw motion

41° < 𝛼 < 49°
Ensure rotational and 
transluminal ablation

C4
Include detachable rotablation
unit

Design of a catheter 
rotablade mount

Disposal of used 
rotablade

R1
Position catheter using external 
magnetic actuation 

External 
ferromagnetic core

Maintain position under 
high-pressured pulsatile 
flow

R2
Actuate rotablation tip using 
internal magnetic actuation

Microcoil-magnet 
assembly

Ensure small surgical 
workspace

R3
Use optimal magnetic coil inner 
(𝑟𝑐) and outer (𝑟𝑜) radii ratio

𝑟𝑐/𝑟𝑜 ≈ 0.53
Ensure highest possible 
magnetic field strength

R4
Include spring-loaded actuator 
with spring force (𝐹𝑘)

𝐹𝑘 < 𝐹𝑀 N
Increase magnetic thrust 
force (𝐹𝑀)

R5
Resistive temperature increase 
(∆T𝑟) should be low

∆T𝑟 < 7℃
Ensure safe operation 
inside artey
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orbital and directional atherectomies require high rotational
speeds, which are not attainable through magnetic actuation.
However, rotational atherectomy is particularly effective in
deposit removal [24]. This technique ensures that soft, healthy
arterial tissues are deflected to avoid contact with the blade,
while hard, calcified plaque is ablated. In our approach, this
mechanism should be combined with a transluminal technique,
in which the rotablation catheter is positioned co-axially in the
artery.

B. Design requirements

In order to combine a rotational and transluminal atherec-
tomy design, a power screw unit is required. The purpose
of the power screw is to translate linear thrust to rotational
motions. A non-locking screw motion is obtained by ensuring
a 45°±4° lead angle (α) [25]. The lead angle is calculated
using

α = tan−1
( p

πdm

)
, (1)

where p is the pitch size of the screw thread, α is the pitch
angle, and dm is the mean diameter. The next requirement
is that this integrated actuation unit should ablate plaque in
both axial and tangential directions via magnetic actuation.
Magnetic interaction occurs between a (ferro)-magnetic dipole
(µ ∈ R3) and the external field (B(p) ∈ R3) at a point (p ∈
R3) in space [26]. In the presence of a magnetic field, this
dipole experiences a wrench (Wµ ∈ R6) comprising of force
(Fµ ∈ R3) and torque (Tµ ∈ R3) components, defined as

Wµ =

[
Fµ
Tµ

]
=

[
∇(µTB(p))
µ×B(p)

]
. (2)

The magnetic interaction between electromagnetic coils and
permanent magnets should be employed to produce a drilling
action resulting from a reciprocating shaft. The drilling action
should be achieved by transforming linear motion (due to Fµ
exerting a magnetic repulsion force between the coil and the
magnet) to a rotating motion (due to the power screw) (Fig.
2). The next design requirement is to ensure that sufficiently
high magnetic forces are generated to actuate the rotablation
catheter tip. For a maximum generated magnetic field, the ideal
ratio between the core radius (rc) and outer radius (ro) of
an electromagnetic coil is rc/ro ≈ 0.53, assuming a stacked
wire configuration of 60° [27]. This requirement is constrained
by the resistive temperature of the copper wire, which in-
fluences the maximum current load rating per wire diameter
size. According to the Food and Drug Administration (FDA),
the maximum allowed temperature rise of instruments inside
patient extremities is 3 °C, although temperature increases
of up to 7 °C have been reported to result in negligible
arterial damage [28]. In order to accommodate this constraint,
the power screw should act as a spring-loaded actuator. The
only requirement here is that the maximum compression force
(Fk = kumax) of the spring with stiffness (k ∈ R) at maximum
compression (umax ∈ R) should be less than the maximum
magnetic pulling force (FM ∈ R). In addition, the spring
should act as both a damper (during compression) and a
thruster (during actuation).

60°

Stacked coil configuration

Power screw hub section view 

α

𝑝

Permanent magnets
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Power screw
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Fig. 2: The structure of the prototype which consists of two units -
an actuation and rotablation unit. A partially-sectioned view of the
power screw hub (top-left inset) illustrates the relation between the
pitch angle (α) and pitch (p) of the thread. The blue arrow indicates
the motions of the permanent magnets due to an alternating input
current to the electromagnets (Coil A and Coil B). The inset (mid)
shows the magnetic dipole moment (µ) of both magnets. The bottom
inset shows the 60° stacked configuration of the copper wire.

C. Rotablation catheter structure and components

With these constraints (Table I) and requirements in mind,
we design components that comprise two main units (the
actuation unit and the rotablation unit) that are embedded on
a flexible catheter shaft (Fig. 2). The actuation unit consists
of two copper-wound iron-cored coils and a plunger assem-
bly. The latter contains two neodymium (NdFeB) cylindrical
magnets, a power screw (and screw hub), and a compression
spring. The cylindrical magnets are fixed to the power screw
shaft. Their magnetic dipole moments are aligned with those
of the electromagnetic coils. This alignment is important for
both the balance of the screw and exerting the maximum
magnetic force from the electromagnetic coils. Assuming that
the magnetic moment of the cylindrical magnet is oriented
similarly to the coil, the force between them would be in the
same direction as the central coil axis. The screw hub is rigidly
positioned inside a Polyvinyl chloride (PVC) tube representing
the catheter shaft. The spring-loaded power screw employs a
trapezoidal single-start thread design. This is different from a
regular bolt screw, as it results in a rapid motion that requires
less actuation force, and induces lower friction against the
thread surface.

The planned rotablation actuation principle is shown in
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Fig. 3. The electromagnetic coils are denoted as Coil A and
Coil B and will be controlled simultaneously. The electromag-
netic coils are wound to fit in (and on) the catheter shaft. The
final function of the plunger assembly is supported by the
aforementioned compression spring. Finally, the rotablation
unit contains a detachable and disposable bit (rotablade). Three
rotablades are designed based on conventional oval-shaped
burrs with tapered edges [29]. During actuation, the aim is
to increase the stroke distance and enlarge the lumen diameter
with lateral blades. This technique is known as “differential
cutting” whereby the burr abrades more rigid tissue that
surrounds it and is deflected away from healthy vessel walls.
The rotablade can be chosen before an atherectomy, based
on the required clinical function for stenosis removal, and
secured to the actuation unit via a 3D-printed rotablade mount.
This mount is designed similarly to a collet, which allows
rotablades to be secured firmly to the plunger assembly.

III. PROTOTYPE MODELING AND ASSEMBLY

In this section, we characterize the electromagnetic coils in
the actuation unit in order to develop a feed-forward controller.
The design objective is to maximize the catheter tip forces
by first optimizing the relative positions and geometry of both
electromagnetic coils. In order to estimate these, the dynamics
of the actuation unit are simulated in COMSOL Multiphysics®
(COMSOL Inc., Stockholm, Sweden). Furthermore, the stroke
displacement and actuation cycle (defined as the time for a
stroke displacement to be repeated) of the plunger assembly
are estimated to determine the maximum screw pitch. This is
followed by the assembly of the final prototype.

A. Characterization of the electromagnetic coils

A 7 mm (24 Fr) catheter shaft diameter defines the outer
and inner diameters of Coil A and Coil B, respectively
and the diameters of the permanent magnets (Table II). The
electromagnetic coils are then fabricated as follows: Coil A
is wound around a soft-iron core (Salomon’s Metalen B.V.,

Compression 
(positive current)

Coil A

Magnet A

Release
(negative current)

Magnet B

Coil B Blade

Stenosis

Fig. 3: The actuation principle for rotablation. Magnet A is actuated
by Coil A (red), whereas Magnet B is actuated by Coil B (blue).
During actuation, the coils are turned on (positive input current),
causing the plunger assembly to retract and compress against the
spring. Subsequently, the current is switched, which releases the
plunger around the screw thread to engage the blade with stenotic
material.

TABLE II: The design specifications of the magnetic components.

Specification (unit) Variable Value

Copper-wire microcoil Coil A Coil B

Outer diameter (mm) 𝑑𝑜 7.74 12

Inner diameter (mm) 𝑑𝑖 4 7

Length (mm) 𝑙𝑤 8 10

Turns (-) 𝑛 232 135

DC resistance (Ω) R𝐷𝐶 2.24 5.13

Wire diameter (mm) 𝑤 0.25

Specific heat (assumed equal) 
J

kg∙K
𝑐 400

Density 
kg

m3
𝜌𝑤 8500

Resistivity
Ω

𝑚
𝛼 1.7 × 10−8

Soft Iron Grade FF-0000 core

Length (mm) 𝑙𝑐 10 12

Outer diameter (mm) 𝑑𝑐 4 14

Density 
kg

m3
𝜌𝑐 7000

Flux density (T) 𝐵𝑚 1.05

Neodymium (NdFeB) permanent magnets

Diameter (mm) 𝑑𝑝 6

Length (mm) 𝑙𝑝 8 10

Residual magnetism (T) 𝐵𝑟 1.42 1.29

Groningen, the Netherlands) and is positioned at the posterior
end of the catheter shaft. Coil B is on the anterior end, though
it is designed as a proportional solenoid actuator. The core of
Coil B is thus covering the armature. In addition to propelling
the rotablation unit forward, the inverted core-armature con-
figuration enables positioning of the magnet external to the
catheter shaft.

Next, we consider the maximum rated current that is suitable
for the copper wire diameter. The ideal wire diameter for the
current prototype coil sizes is 0.25 mm [30]. According to
the American Wire Gauge (AWG) system, the recommended
ampacity for this diameter at 30 °C ambient temperature is
0.86 A. However, since these coils would be submerged in
water and subjected to fluid flow, we assume that they would
not experience substantial damage with current activations
of up to 2 A. Following defining the rated current, we can
estimate the magnetic forces of the electromagnetic coils. For
this purpose, we use COMSOL Multiphysics® to simulate
the magnetic field along the positive z-axis of both coils in
a range of dp = 0 − 26 mm, where dp = 0 is on the point
dipole (pµ) of the coil. Simulations are done for current inputs
of 0.86 A (recommended ampacity), 1 A, and 2 A (assumed
ampacity). We compare the results of the last estimation (rated
at 2 A) with magnetic field values that we experimentally
measure using a calibrated three-axis teslameter (3MH3A-
500MT Senis AG, Baar, Switzerland) (Fig. 4). Furthermore,
we determine the magnetic field gradient (δBz/δdP ) indirectly
by fitting fourth-order polynomial curves to the differentiated
field values. Due to the coils being submerged in a container
(hence obstructing the hall probe), the field curve is extrapo-
lated for distances lower than 8 mm. In the range for dp, the
current prototype delivers gradients of up to 0.91 T/m (Coil
A) and 0.39 T/m (Coil B) and field ranges of 2.4− 12.43 mT
(Coil A) and 0.2− 2.85 mT (Coil B). The average error and
standard deviations between the observed and estimated fields
are 0.67±0.34 mT for Coil A, and 0.15±0.10 mT for Coil B.
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Fig. 4: Characterizing the electromagnetic coils (Coil A and Coil B)
of the actuation unit. (a) Coil B is positioned in a container filled
with water to compensate for resistive temperature rise. Each coil is
measured separately using a continuous input current of 2 A. (b) A
parametric sweep simulation is done for input currents of 0.86 A, 1 A,
and 2 A and a distance of dP = 0−26 mm. The fields (Bz) are then
experimentally measured using a three-axis teslameter. The hall probe
position is incremented along each coil symmetry axis (dp = 8− 26
mm). Values below 8 mm are estimated indirectly by fitting fourth-
order polynomial curves to the trendline of the measured data. (c)
The magnetic gradients (δBz/δdP ) are estimated by differentiating
the magnetic field value at each point in dP .

B. Modeling the plunger assembly

In order to first determine the plunger actuation cycle, we
consider a model of the plunger assembly. This model would
allow us to simulate the unconstrained linear displacement
of the plunger as a result of the coil magnetic forces. An
unconstrained motion implies that the catheter tip is free to
move without being constrained by the shaft. This allows us
to observe the maximum displacement possible. The linear
motion of the plunger assembly depends on the stroke distance
(u):

m
d2u

dt2
+ c

du

dt
+ ku− FA − FB + FW = 0, (3)

where m is the mass of the entire plunger assembly, k and c
are the spring and damping coefficients, respectively, FA and
FB are the magnetic thrust forces of Coil A and B, respectively
and FW is the surface friction induced by the power-screw.
The value for c is chosen as the critical damping coefficient
(c =

√
4mk) to zero amplitude resulting from possible

oscillation. The total axial magnetic force (FM = FA + FB)
acting on the plunger assembly is calculated within COMSOL
Multiphysics® using Maxwell stress tensor [31]. This is done
by defining a fine moving mesh along the boundaries of the
actuation unit. The axisymmetric geometry of the actuation
unit is designed on a 2D plane according to the model
parameters shown in Table II. Both coils are modeled as multi-
turn induction coils, wherein the flux density (B) is determined
using the built-in COMSOL Multiphysics® AC/DC module
and Ampere’s law:

B = φnI, (4)

where n is the number of turns, φ is the magnetic constant,
and I is the input current. Both the cores and permanent
magnet domains are modeled using separate built-in nodes
and choosing their B-H curves as the constitutive relation.
The 3D model is obtained by a 360 ° revolution of the 2D
plane about the central axis situated within an air domain. The
maximum displacement (umax) of the assembly (and hence the
tip) is influenced by the spring constant and distance between
the coils and their respective magnets. From the 2D distance-
field curves of each coil shown in Fig. 4(b), we observe that
the magnetic field for Coil B becomes significantly low at
distances larger than 10 mm (77% reduction), whereas Coil A
remains relatively high (around 6.92 mT). A parametric sweep
is executed in COMSOL Multiphysics® using these values
as boundaries. The field distributions are visually inspected
on a 2D arrow plot to determine the areas at which their
respective coils would influence magnets A and B at current
inputs of 2 A. Hence, we analytically choose the fixed offset
between the two coils. Given the knowledge of this offset and
the rated current, the sweep parameters are chosen for the
spring constant (k) from a range of commercially available
miniature compression springs (Alcomex Verenfabriek B.V.,
Opmeer, Netherlands). These springs dimensions are bounded
by the free- and block spring lengths between Coil B and
Magnet B, and the inner diameter of the catheter tube.

The subsequent steps are to calculate the stroke and di-
mensions of the power screw. Based on the parametric sweep
results, the spring delivering the maximum stroke distance
(13.2 mm) is chosen for the final assembly. This displacement
is important since it allows us to determine the length and
position of the power-screw and hub. Finally, a time-dependent
study is executed and the tip motions are simulated using an
input current of 2 A in an unconstrained actuation cycle (Fig.
5(a)). As a result, (3) is solved, and the displacement (u) of
the assembly is obtained from the differential equations. The
coil offsets are shown in Fig. 5(b) at the point of the minimum
and maximum stroke distances.

C. Final prototype assembly

Based on the calculated displacement (u), the prototype is
assembled. The design model and dimensions of the rotabla-
tion catheter components are shown in Fig. 6(a)-(b), whereas
Fig. 6(c) shows the final prototype. The components are fabri-
cated with ultraviolet resin (Photocentric, Peterborough, Eng-
land) using three-dimensional (3-D) stereolithography (SLA).
First, the mean diameter (dm) of the power screw is selected



1083-4435 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TMECH.2021.3092608, IEEE/ASME
Transactions on Mechatronics

ASME/IEEE TRANSACTIONS ON MECHATRONICS, VOL. XX, NO. XX, 2020 6

as 3.6 mm to fit inside the catheter shaft. The pitch size is
then determined by constraining the actuation to one single
rotation only. Substituting p = umax in (1) delivers a pitch
angle of α = 49.4°, which holds for constraint C3 (Table
I). The screw hub is designed with a length of 12.5 mm
and a free-running fit (h9-D9) tolerance, which is essential
for translational accuracy and high-speed actuation. Next, the
rotablades are designed. The ascending relation between the
maximum diameters of the blades are, respectively, defined as
dt, 2dt, and 2.6dt (Fig. 6(b)). Complying with constraint C2,
For an inner aorta diameter of 24 mm, dt is 8 mm.

Since the actuation cycle would differ in reality, we empir-
ically tune the duration of the positive and negative input cur-
rents. A side view high-speed camera (MotionBLITZ Cube4,
Mikrotron GmbH, Unterschleißheim, Germany) is used to
obtain footage of the rotablation catheter tip displacement for
three different actuation cycles (Fig. 7). It can be seen from
this footage that, as opposed to the cycle shown in Fig. 5(a),
the cycle that is on par with the simulated displacement, and
thus ensuring the total stroke distance occurs, is 60 ms for
each stroke. Using these cycles can also serve as a guideline to
actuate the rotablation catheter with varying stroke distances.

Plunger displacement versus input current
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Fig. 5: (a) Estimated unconstrained displacement (∆pu) of the
rotablation catheter tip for a single actuation cycle of 0.8 s. By
supplying a current input of 2 A to both coils at 0.2 s, the combined
electromagnetic forces on the permanent magnets cause a downward
stroke of the tip for a distance of 8 mm. This is followed by switching
the input current to −2 A for both coils at 0.4 s, which propels the tip
upwards. The total unconstrained displacement is 13.2 mm which is
the chosen pitch size (p) in (1) for the power screw. (b) The distances
between the Coil B and Magnet B (dB), Coil B and Magnet A (dP ),
and Magnet A and Coil A (dA) are determined at the minimum and
maximum stroke distance. Please refer to the accompanying video
for further details.
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Fig. 6: (a) The design of the prototype, according to scale (all
dimensions are in mm). The mass-spring-damper model is used to
determine the forces that act on the rotablade shaft unit with mass
(m) during operation. The single degree-of-freedom motion takes
electromagnetic forces due to Coil A (FA) and Coil B (FB) into
account that influence the tip displacement (u) and velocity (v) in
the positive z-direction. Finally, a damper and spring are added
with respective coefficients (c and k). (b) Three rotablades (top) are
designed and tested with the rotablation catheter prototype (below).
The minimum diameter (dt) is used to determine the ratios suitable
to treat stenoses of grades I, II, and III. (c) The final prototype.

IV. PROTOTYPE TESTS

This section describes the experiments conducted for es-
timating the clinical feasibility of the prototype. The crucial
factors to determine are the resistive heating of the electro-
magnetic coils inside a fluid, and the characterization of the
actuation forces of the rotablation catheter tip. This is followed
by an atherectomy procedure, where the rotablation catheter
is used to debulk calcified deposits from three different types
of artificial stenoses.

A. Resistive heating of the coils

At high input currents, the electromagnetic coils inevitably
experience resistive heating – a factor which is important to
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Fig. 7: High-speed (10, 000 frames per second) footage of the
prototype during actuation. The constrained displacements (∆pc) of
the rotablation catheter tip are measured for actuation cycles of 50 ms,
70 ms, and 120 ms. The maximum expected stroke displacement of
13 mm occurs during an actuation cycle of 120 ms. Indicated stroke
distances are in mm.

https://www.youtube.com/watch?v=GnvNdnoZgpc&feature=youtu.be&ab_channel=SurgicalRoboticsLab
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consider during catheterizations. In order to test whether the
rated current is suitable, we perform a heating experiment
using a K-Type Thermocouple Module (Pmod TC1, Digilent
Inc., Pullman, USA). Three thermocouples are connected to
the rotablation catheter shaft containing both coils. The shaft
is placed inside a water-filled container at room temperature
(measured as 20 ± 1.2 °C). The current supply to both coils
are turned on while the sample time and measurements are
recorded from each thermocouple. With a continuous current
of 2 A, the average measured temperature increase at sat-
uration is 17 ± 0.8 °C in 20 minutes (Fig. 8). According
to the limits mentioned above on temperature increase and
as indicated in Fig. 8, we should ensure that the rotablation
catheter is not operated continuously for durations that exceed
240 s.

B. Rotablation catheter tip force and torque tests

Next, two force tests are conducted on the setups shown in
Fig. 9. The axial test allows us to quantify the maximum thrust
force (FZ = FM + Fk − FW ) whereas, in the torque test, we
calculate MT = FT rT . Here, MT is the torque determined
by a tangential force (FT ) at a single point of contact. A 3D-
printed, L-shaped drill bit with a torque distance arm (rT ) is
secured to the rotablade mount. By comparing the axial forces
resulting from a non-threaded shaft with those produced by the
power screw, the friction (FW ) induced by the power screw
is determined experimentally. We also directly measure the
effect of the compression force (Fk) of the spring. In both
experiments, contact forces are measured using a 3-axis force
sensor (K3D40, Mesysteme AG, Henningsdorf, Germany).

Axial forces (FZ) are measured as follows: the rotablation
catheter is fitted with a conical drill bit and rigidly attached to
a steel frame (Fig. 9(a)). The force sensor is then positioned
co-axially, and the distance between the force sensor and tip
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Fig. 9: The measured axial thrust forces and torques generated by the
rotablation catheter. (a) The rotablation catheter is rigidly attached
with its z-axis aligned with a 3-axis force sensor. Tip forces are
measured in 1 mm increments for a stroke distance of u = 0−7 mm.
(b) A custom bit with a torque distance (rT ) is designed for the torque
measurements. The contact forces (FT ) are measured along the same
distance and increments, followed by calculating the torque (MT ) at
each increment. (c) Force-stroke graphs for the shaft, power screw,
and spring-loaded power screw. (d) Torque versus stroke graphs for
the screw and spring-loaded power screw. All measured data points
are fitted with a smoothing spline.

is incremented in a range (u = 0−7 mm). At each increment,
the rotablation catheter is actuated for 20 cycles according to
Fig. 5 and 3D force data are recorded and averaged. Torques
(MT ) are measured similarly, however, the force sensor is
fitted with a rigid beam (Fig. 9(b)). The contact point of the
bit is positioned at a stroke distance (u) on this shaft, and 3D
contact forces (FT ) are measured. The torque is then calculated
for each increment.

The axial force-stroke curve is shown in Fig. 9(c). It can
be seen that the presence of a spring substantially increases
the axial force. Specifically, a force of 2.63 N occurs at the
first increment after compression. Spring-loaded mechanical
advantage plays a less significant actuation role after 7 mm.
Fig. 9(d) shows the results of the torque tests. Again, the
inclusion of the spring significantly increases the torque. The
maximum torque is 5.69 mN-m and occurs at a 3 mm stroke.
These force results imply that the rotablation catheter tip
should be positioned as close as possible to debulk stenosis
(within a 7 mm range). The resulting forces induced by the
power screw thread are 0.07 N, which are relatively small
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Fig. 10: The experimental setup for the atherectomy procedures.
1 The ultrasound (US) transducer, (hard) artificial stenosis, and

silicone aorta are shown inside the phantom. 2 Close-up view of the
rotablation catheter being advanced to the target point in the phantom
at a distance (xm) from the external Advanced Robotics for Magnetic
Manipulation (ARMM) coil [13]. 3 Camera (left) and US (right)
images of the soft gelatine samples.

(6.6%) compared to the maximum achievable thrust forces.

C. Phantom fabrication

Next, we aim to demonstrate the working prototype in a
fabricated phantom that simulates perfusion through the aorta.
The phantom contains a silicone artery with an inner diameter
similar to that of an aorta (24 mm), and contains a removable
slot in which a segment of the (artificial) arterial stenosis
can be placed. Pulsating fluid flow is simulated through the
artery using a peristaltic pump (ISM 404, Ismatec, Wertheim,
Germany). The properties of the artificial stenoses are chosen
based on previous studies comparing their mechanical proper-
ties to gelatin-based phantoms [32], [33].

We prepare calcified arterial stenosis samples, with concen-
trations of gelatin and calcium carbonate dissolved in distilled
water. By varying the concentration of gelatin and calcium
carbonate, we test the feasibility of the prototype on both
soft and hard plaques. The ratios for the soft plaque samples
are 3% w/w chemical-grade gelatin added to distilled water
(97% w/w) [17]. The addition of CaCO3 (6% w/w) results in
a harder plaque [34]. The soft and hard solutions are heated on
a hot plate to 70 °C. A preservative (0.05% w/w benzalkonium
chloride) and a few drops of red acrylic dye are added. The
solutions are then poured into three pairs of segments (30
mm long) of the silicone artery, with each pair containing a

mold of the three different degrees of stenosis. The samples
are then cooled down for 8 hours at 6 °C, after which the
molds are removed. At this stage, the samples are ready and
the performance of the rotablation catheter can be tested on
each sample.

D. Experimental setup

The performance of the prototype is tested inside the
Advanced Robotics for Magnetic Manipulation (ARMM) sys-
tem [27]. The experimental setup is shown in Fig. 10. The
actuation system comprises of an external electromagnetic coil
(ARMM coil) and a linear ultrasound (US) L14-5 transducer
(SonixTouch Q+, BK Medical, Quickborn, Germany) that are
both positioned by serial-link manipulators (UR10 and UR5,
Universal Robots, Odense, Denmark). The current supply to
the ARMM coil is controlled using a XenusPlus EtherCAT
Master (XEL-230-40, Copley Controls, Canton, USA) ampli-
fier, whereas the current supply to each electromagnetic coil
is controlled and amplified using an EtherCAT servo drive
(iPOS4808 BX-CAT, Technosoft S.A., Neuchtel, Switzerland).
Both drives and the amplifier are connected to the ARMM
workstation (Intel® Xeon® processor E5-1650 v4, 6 GHz)
running Ubuntu 18.04 (Kernel 4.4.236) via an EtherCAT net-
work (control rate 500 Hz). The phantom is secured between
the manipulators, and the first segment of the artificial arterial
stenosis is placed within the phantom. A pulsatile flow is set
to 2.9 L/min, which is a realistic flow rate for the aorta [35].
Finally, the ARMM coil is aligned at a distance (xm ∈ R+)
from the dipole (on the core) to the face of the coil, in order
to stabilize the rotablation catheter tip.

E. Atherectomy procedures

The three pairs of soft and hard artificial stenoses samples
are inserted in the phantom on separate occasions, with each
representing an individual scenario (Fig. 10.3). This is fol-
lowed by the preparation of the rotablation catheter containing
the rotablade for the particular sample. Hence, the saw drill is
used to debulk deposits from the grade I soft and hard samples,
the countersink blade for grade II, and the rotary cutter for
grade III. The US transducer is employed to acquire 2D US
images before and after each procedure (Fig. 10.1). During
image acquisition, the UR5 positions the US transducer above
the site of stenosis on a silicone membrane. The position of
this membrane is known a priori. We also investigate the
total reduction of an additional grade III hard sample using
all three rotablades intraprocedurally. This results in a total
of seven different procedures. During each procedure, the
rotablation catheter tip is manually inserted into the phantom
aorta. Once the rotablation catheter tip is in the vicinity of
the lumen of the stenosis, the external ARMM coil is turned
on. Next, atherectomy commences for 20 cycles (Fig. 7).
For consistency between the procedures, only six instances
of these cycles occur. Subsequently, a US image is taken
of the stenosis, and the rotablation catheter is removed and
prepared for the next sample. The results of these procedures
are summarized in Fig. 11. The most efficient rotablade for
the soft sample (GL) stenoses is shown to be the countersunk



1083-4435 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TMECH.2021.3092608, IEEE/ASME
Transactions on Mechatronics

ASME/IEEE TRANSACTIONS ON MECHATRONICS, VOL. XX, NO. XX, 2020 9

Classification of stenosis: Sample-Grade-Treatment

Degree of stenosis before and after atherectomy

A
m

ou
nt

 o
f 

st
en

os
is

 (
%

)

36

30

24

18

12

6

0

R
ed

uc
ti

on
 (
%

)

Fig. 11: Results of the atherectomy procedures: Each ultrasound (US) slice is analyzed in Matlab R2020a (Mathworks, Natick, USA) by
tracing a region of interest (stenosis boundary) and creating a binary mask of the visible lumen surface. The amount of stenosis (%) is then
calculated by taking the area of the lumen and subtracting that from the cross-sectional area of the artificial aorta. The amount of stenosis
(%) is indicated above each column. Each circle between a column pair indicates the amount of stenosis reduction (%). The column pairs
represent each procedure and indicate the classification of stenosis as the calcification type (CA = hard CaCO3 sample, GL = soft gelatine
sample), the grade of the stenosis (I, II, and III) treated in one procedure, and the treatment phase (B = before, A = after) of a procedure.

blade (11.0% reduction), whereas hard samples (CA) were
treated more efficiently with the saw drill (7.4% reduction) for
one atherectomy procedure. The final procedure has resulted in
a reduction of the stenosis cross-sectional area by up to 35%.
Though there is no clear consensus in literature, clinicians
generally consider a 30-35% reduction as significant, assuming
that there is an additional PTA (and additional stenting) of
the stenotic segment. The measurement of a pressure gradi-
ent should in theory provide more precise information (5–
10 mmHg) [36]. This reduction also on par with that of
conventional devices, such as the JetstreamTM Navitus (Boston
Scientific, Marlborough, USA), which is reported to reduce up
to 30% stenosis [29]. Please refer to the accompanying video
that demonstrates these procedures.

F. Clinical feasibility

In this study, certain clinical aspects of the catheter, in-
cluding the feasibility of the actuation principle and the
prototype size, have been presented. Based on the type of
occlusion, the rotablade may be exchanged before the insertion
or intraprocedurally. The progressive stenosis which leads to
occlusion may in some cases result in several layers of addi-
tional thrombi. For example, during an early evolution of an
eventual acute occlusion of eccentric stenosis, an asymmetric
narrowing of the artery occurs. In this case, a directional
atherectomy can be performed with the rotary cutter. The
blade can be forced sideways against the plaque using the
ARMM coil, and the larger cuttings can then be collected
inside the catheter. During a more progressive narrowing of a
long-standing concentric stenosis, or a chronic total occlusion,
both areas with soft plaques, and with fibrosis (hard plaques)
will form. Here, the saw drill and countersink blade are
suitable to use. Notwithstanding, it is important to stress that
the current prototype can pass and debulk stenosis, and that
certain limitations should be addressed in order to improve
the design in terms of the complete removal of deposits. First,

the current prototype is only safe to use for uninterrupted
durations lower than 240 s at a continuous rated current of
2 A. However, each actuation cycle occurred in short bursts
as shown in the accompanying video, followed by a 10 s pause
after each actuation to maintain a low heat rise, resulting in
74.4 s duration per intervention. Any heat produced by the
coils should be monitored over longer interventional durations,
for instance, by fitting the catheter with Fiber Bragg Grating
temperature sensors at the distal section [37].

Second, the maximum catheter diameter and rigid length
(14 × 76 mm) indicate that the current prototype would be
suitable for direct surgical access and atherectomies within the
infrarenal aorta. This size is comparable to the 14 mm diameter
Impella (Abiomed, Tokyo, Japan) heart-assistive catheters,
which can be inserted percutaneously [38]. In order to insert
the current prototype via the iliac artery (10 mm), it would
have to be fabricated at half the current size, such that its
maximum diameter is 7 mm. This scaled diameter would also
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be on par with conventional atherectomy catheter diameters
(6.35 − 7.00 mm) [39]. Fig. 12 illustrates the simulated net
axial forces acting on the plunger in miniaturized versions of
this prototype. The maximum force of each scaled prototype
is compared to forces reported by Zheng et al. (0.22 N) [11]
and Leclerc et al. (0.06 N) [18]. The actuation forces of
all scaled catheters is expected to be higher. It is, however,
possible to scale the catheter magnetic elements down to a
size that is applicable in smaller diameter arteries without
losing actuation power, as demonstrated in our previous work
[30]. In this work, we have found that the distribution of a
scaled magnetic field remains constant, whereas the gradients
decrease by the same factor or ratio (r). This notion indicates
that the miniaturization of systems for magnetic actuation is
a valid way of increasing the magnetic gradients available for
actuating components with smaller coils.

The contribution of this prototype is that both its actuation
mechanism and means of control represent a departure from
conventional actuation and design. The majority of commer-
cial devices utilize tendon-driven actuators to be steered or
internally actuated [39]. This actuation deforms the entire
catheter inner-structure in order to generate motion, resulting
in complex dynamics. As the catheter is inserted deeper into
the vasculature, the clinician gradually loses the ability to
control the tip motions due to the interaction of the compliant
environment with the catheter body. With our prototype,
manual control is unnecessary, as the entire actuation is located
on the distal segment. According to an extensive review by Ali
et al. none of the existing commercially available systems is
known to be using the technique of internal magnetic actuation
due to its complexity [40]. However, our design approach
is simple and intuitive and the prototype demonstrated the
effective debulking stenoses of varying stiffness under pul-
satile simulated blood flow. Moreover, current screw-inspired
prototypes containing magnetic elements all require a rotating
magnetic field in order to function. These rotating fields are
induced by external Helmholtz coils that reduce the available
workspace to small sizes that are not suitable for any extremity
of a patient, such as a leg. This catheter does not require
Helmholtz coils to be actuated and, instead, can be stabilized
at a single position using the ARMM system.

V. CONCLUSIONS AND FUTURE WORK

This study presented the design and evaluation of a novel
magnetically-actuated rotablation catheter aimed at treating
arterial stenosis and occlusions. The rotablation catheter is
actuated by internal electromagnetic coils and spring-loaded
permanent magnets that are embedded on its distal end,
allowing for both rotational and transluminal atherectomies.
We have described the modeling of both the coils and magnetic
components to realize an atherectomy prototype. Finally, we
have demonstrated the feasibility of this prototype using a
feed-forward controller inside a phantom arterial model. The
rotablation catheter tip can exert a maximum axial force of
2.63 N and a torque of 5.69 mN-m. It can reduce a stenosis
cross-sectional area by up to 35%, indicating the potential
for the treatment of calcified lesions, which could prevent

restenosis. Further improvements and design considerations
are necessary to fabricate a clinic-ready rotablation catheter.

In our future work, we plan to utilize the current model and
miniaturize the prototype such that it is suitable for the treat-
ment of stenosis occurring in smaller arteries. Furthermore,
the complete debulking of atherosclerotic plaque is essential,
since any peripheral micro- and macro-emboli emerging from
the drilling process is considered a potential risk to the limb
and patient. Thus, the presented procedure will be extended
to include aspiration of debulked material into the rotablation
catheter head, or fragmentation of material into pieces small
enough to be aspirated into a suction chamber. To alleviate
additional risks, like dissection or localized rupture of the
artery, the catheter design will include a covered stent. The
design will also be optimized to investigate the dynamic
behaviour through an analytical model. Finally, a feedback
control strategy will be utilized to allow for the full 3D
control of the distal end of the rotablation catheter shaft by
utilizing the external magnetic field of the ARMM system
coil under real-time US imaging guidance. This would allow
for the debulking of stenoses on pre-operatively-specified
points inside the arterial wall, allowing for a more efficient
atherectomy procedure.
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