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Automation of flexible surgical instruments requires the development of robotic technologies capable of small-scale power
transmission. Magnetic actuation has successfully been used for that purpose. Nevertheless, current systems for magnetic actuation
suffer from small workspaces or poor bandwidth of magnetic field control. In this work, we design, develop, and test a novel
magnetic actuation system called Advanced Robotics for Magnetic Manipulation (ARMM). The ARMM system employs a 6 DoF
mobile electromagnetic coil capable of generating prescribed magnetic fields and gradients. The mobile coil approach allows for
easy scaling of the actuation workspace, which depends on the range of robotic arm, and in our case spans up to 1.3 m. Due to
limited end-effector payload of the robotic arm used in the ARMM system, the mobile coil has been designed using an optimization
routine. For a given mass and heat dissipation constraints, this routine provides the coil geometry that maximizes the average
magnetic field generated in the target region. Since the Vacoflux core of the fabricated coil saturates within operational conditions,
we propose an actuation strategy employing an online-updated iterative map technique. Using this map, the ARMM system allows
for precise generation of prescribed magnetic fields and gradients at the point of interest, while taking into account the effects of the
non-linearities due to core saturation. The strategy is validated experimentally, showing the average error of 2.34% for magnetic
field and 7.20% for the magnetic field gradient.

Index Terms— Magnetic devices, magnetic variables control, medical robotics.

I. INTRODUCTION

STEERING and positioning of flexible surgical instru-
ments, such as medical catheters in blood vessels dur-

ing endovascular interventions is a challenging task, which
may involve high-risk complications [1]. Although accessing
most target areas within the human cardiovascular system
is usually technically feasible, safe manual navigation of
catheters inside these areas is highly dependent on the abilities
of clinicians involved, requiring them to undergo expensive
and time-consuming training [2]. Automating the guidance of
catheters using the principles of surgical robotics can in the
future mitigate those problems, vastly expanding the range of
minimally invasive procedures, which can be safely realized
using such catheters.

Nevertheless, integrating surgical robotic technologies in
endovascular catheters still requires the development of new
actuation techniques, capable of transmitting power at small
scales [3]. A range of promising catheter designs employs
magnetic actuation for that purpose [4]. These catheters are fit
with ferromagnetic elements that, if subjected to an external
magnetic field, experience magnetic wrenches due to the
Lorentz force. These wrenches comprise of both torque and
force. The magnetic torque is dependent directly on the exter-
nal magnetic field, whereas the magnetic force is determined
by the spatial gradient of the field in the location of the
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magnetic element. These wrenches can be used for non-contact
steering of a catheter inside the body of a patient, provided
a system capable of controlling the field and its gradient
in adequate volume [5], [6].

Two principal classes of systems for magnetic actuation
are presented in the literature. The first class involves those
systems, which employ multiple electromagnetic coils orga-
nized into an array around a target volume [5]–[7]. These
systems offer strong magnetic fields, although they exhibit
poor workspace scalability, whereby increasing the target
volume negatively affects the maximum control bandwidth
of the system. Alternatively, several studies propose using
mobile permanent magnets [8]–[12]. Those systems are capa-
ble of operating in larger workspaces. Nevertheless, as the
strength of the field provided by permanent magnets cannot
be changed, they require complicated actuator design and
advanced motion planning algorithms for successful operation.
Furthermore, the presence of non-decaying sources of the
magnetic field poses danger to personnel in the vicinity of
the system, requiring safety protocol comparable to that of
magnetic resonance systems.

The first notion that the advantages of both classes of
magnetic actuation systems can be combined by using mobile
electromagnetic coils was proposed by Veron et al. [13],
suggesting that mobile serial-link robotic actuators may prove
to offer clinically relevant workspaces, while decreasing labor
costs, and improving ergonomics and workspace accessibility
for the surgeons performing magnetically guided procedures.
Several studies further explore the idea of using mobile coils
for actuation of various medical instruments; however, none
of them presents a formalized design and implementation
of such system [14]–[16].
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Fig. 1. Magnetic actuation systems can be used for non-contact actuation
of flexible catheters. In this paper, we present the design and development
process of the ARMM system. The ARMM system comprises 6 DoF mobile
electromagnet and is capable of providing magnetic actuation within a
spherical workspace with a radius of 1300 mm. Due to the limited payload
of the UR10 robotic arm (Universal Robots, Odense, Denmark) employed
in the ARMM system, we propose an optimization strategy to design the
electromagnet generating the largest magnetic field possible under a heat
dissipation constraint. Furthermore, we propose a strategy to generate a
prescribed magnetic field (B(I )) and its spatial gradient using the ARMM
system. The strategy employs an online-updated iterative map, which uses a
Hall effect sensor to account for the non-linearities of the field due to coil
saturation at high currents.

Drawing inspiration from these ideas, in this paper, we pro-
pose a novel system for magnetic actuation. The Advanced
Robot for Magnetic Manipulation (ARMM) system (Fig. 1)
employs a single, cored electromagnetic coil attached to a
6 DoF robotic arm. Due to coil mobility, it offers the benefit
of a much larger workspace than the one provided by devices
employing stationary electromagnets. Moreover, it alleviates
challenges induced by systems employing permanent magnets
as it provides a greater range of controllable magnetic fields,
including the capability to be switched off when necessary.

We begin this paper by presenting a detailed design of
the ARMM system in the context of a clinically relevant
catheter steering framework. We put particular emphasis on
the design of the electromagnetic coil. As the limited payload
of the robotic arm constrains the total size of the electromag-
net, we propose an optimization routine that determines the
composition of the coil resulting in the maximum magnetic
field generated for a given mass constraint. The routine takes
into account the fact that the cross section of the windings
of the coil must result in coil resistance resulting in heat
dissipation below a tolerable limit. Using the optimization as
a design tool has recently been proposed for linear, coreless
electromagnets [17]. To the best of our knowledge, this work
is the first study aimed at designing a payload-optimal electro-
magnet with ferromagnetic core for magnetic actuation inside
a clinically relevant workspace.

The presence of a ferromagnetic core significantly increases
the field generated by the mobile coil. Nevertheless, it com-
plicates the modeling of the coil at higher currents, as the

resulting field-to-current relation becomes non-linear once
the core reaches its saturation limit [18]. The use of Hall
effect sensors for on-line correction of the coil model has
been proposed to overcome this problem [19], [20]. However,
the approach presented therein neglects the fact that the
superimposed magnetic fields of the core and the windings
have different spatial distributions. This leads to a systematic
correction error. In this work, we propose an alternative, exact
approach for integrating Hall-effect sensors for on-line control
of the electromagnetic coil. Thus, we can use the ARMM sys-
tem for precise magnetic actuation past the saturation region.

Finally, we present an actuation strategy in which the
ARMM system is used to generate codirectional, prescribed
magnetic fields and forces with independently controlled
magnitudes. We test the strategy in a series of experiments,
whereby we control and measure the magnitudes of both the
magnetic field and its spatial gradient. The latter quantity
has been validated using a method previously applied in
micro-electromechanical systems, in which the spatial gradient
is measured indirectly, using magnetically compatible force
sensor [21].

II. DESIGN OF THE ARMM SYSTEM

In this section, we present the composition of the ARMM
system, which resulted from a cyclic process of material
prototyping, testing, and iterative analysis. This section intro-
duces the system integration of the ARMM system, including
the catheter insertion device and the tracking capabilities of
the system. Particular emphasis is put on the electromagnet
design, which results from an optimization routine taking into
account the limitations of the serial manipulator used in the
system. The design parameters for the electromagnetic coil
are determined by maximizing the average magnetic field in
the operational region, while constraining the possible solu-
tions, taking the tolerable coil temperature rise and payload
limitations into account.

A. System Composition and Magnetic Manipulation Strategy

We begin the development process by analyzing the prin-
ciples of magnetic actuation in the context of catheters. This
allows us to identify a set of requirements, which have to
be fulfilled by a successful system for magnetic actuation.
Magnetic actuation is used to exert a wrench (W ∈ R

3) on a
permanent dipole attached to a catheter. This dipole is located
at a point (p ∈ R

3) and is represented by a magnetic dipole
moment (μ ∈ R

3). The magnetic wrench relates to the external
magnetic field (B(p) ∈ R

3) and its spatial gradient as follows:

W =
[

Fμ

τμ

]
=

[∇(μT B(p))
S(μ)B(p)

]
(1)

where S(μ) denotes a skew-symmetric form of μ.
We identify three principal design requirements for a suc-

cessful magnetic actuation system. First, it should be capable
of deflecting a catheter in any direction by using magnetic
wrench (W). Furthermore, the magnitudes of torque and
force components of W should be controllable, and as large
as possible. Finally, a catheter used during an endovascular
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Fig. 2. A© ARMM system is a magnetic actuation system that is designed to guide flexible surgical instruments, such as endovascular catheters, in a
clinically relevant workspace. The framework supporting the operation of the ARMM system includes B© digital control network, C© assistive robotic arm
UR5 (Universal Robots, Odense, Denmark)—in this study, it is used for sensor positioning—and D© catheter insertion device. The workspace is surrounded
by E© truss structure, containing eight Optitrack Flex 13 (NaturalPoint, Inc., Corvallis, USA) cameras used for registering and tracking objects inside the
workspace. The magnetic actuation strategy employed in the ARMM system uses 1© mobile coil to steer 2© endovascular catheter by generating 3© magnetic
field. When exposed to this field, a catheter equipped with a magnetic dipole experiences magnetic force (Fμ ∈ R

3) and torque (τμ ∈ R
3). UR10 is used to

align the coil axis of symmetry (ZC ∈ R
3 : ‖ZC ‖ = 1) with the center of the catheter tip. Such configuration allows to control the values of Fμ and τμ by

varying the current (I ∈ R) in the coil and the distance (z ∈ R
+) from the dipole to the face of the coil, as measured in coil local reference frame (T ).

intervention needs to be navigated over large distances. Thus,
the successful magnetic-actuation system should provide pre-
cise steering capabilities at every point along the required tra-
jectory, regardless of the pose of the catheter inside the body.

The ARMM system, proposed in this paper, is presented
in Fig. 2. It implements a 6 DoF mobile coil approach,
which allows generating magnetic fields and gradients in
any direction in a scalable workspace, the size of which
depends on the reach of the robotic arm used [13]. We use
the UR10 (Universal Robots, Odense, Denmark), which has
a spherical workspace with a radius of 1300 mm and can
carry loads up to 10 kg with a 0.1 mm repeatability. Since it
is a collaborative robot, its design ensures safety in clinical
environments. The robot is located on the operative table
alongside a UR5 (Universal Robots, Odense, Denmark) serial
arm, used to position sensors or medical imaging devices, such
as ultrasound transducers.

The steering strategy employed for the actuation of a
catheter using the ARMM system assumes knowledge of the
point (p), at which the dipole (μ) attached to the catheter is
located. We fit a local reference frame ({T }) onto the front
face of the coil, such that the coil symmetry axis (ZC ∈ R

3 :
‖ZC‖ = 1) is coincident with the Z axis of {T }. Subsequently,
we assume that the UR10 robot is capable of positioning
the coil, such that p is coincident with ZC at all times
(Fig. 2). Thus, the magnetic field at p can be expressed as

follows:
B(p, I ) = ZC B(z, I ) (2)

where z ∈ R
+ is the distance of the dipole (μ) from the face of

the coil along the axis (ZC ) and B(z, I ) : R
+ ×R �→ R is the

scalar value of the magnetic field along the axis (ZC ). If the
rotational matrix (RT ∈ SO(3)) describes the orientation of
coil frame ({T }), (1) can be reduced to

[
Fμ

τμ

]
=

[
03×1 RT ∇B0RT

T μ

S(μ)ZC 03×1

] [
B(z, I )

∂ B

∂z

]T

︸ ︷︷ ︸
b

(3)

∇B0 = diag(
[−0.5 −0.5 1

]
). (4)

This choice of actuation technique is motivated by previous
studies involving steering of magnetic catheters. The magnetic
torques have been shown to have a higher impact on the
deflection than magnetic forces, and hence, the effect of the
latter is often neglected [6], [19], [22]. In the same time, our
technique ensures the presence of a force coincident with the
torque bending plane, improving the stability of the catheter
at larger deflections [23]. Furthermore, the UR10 robot can
reposition itself with speeds of up to 1 m/s, which is sufficient
to follow catheters that move significantly slower [24].
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Fig. 3. Model of coil geometry used in the optimization routine presented in
this paper. The coil comprises two individual parts: a cylindrical core and n
windings of copper wire with diameter (w ∈ R

+). The length (l ∈ R
+)

of both the core and the windings is the same. The core occupies the inner
portion of the coil, up to the distance (ri ∈ R

+), whereas the windings are
arranged around it into layers reaching up to the final radius of the core (ro ∈
R

+). The proposed optimization routine finds the combination of parameters
(w, ri , ro, l) resulting in the highest magnetic field in the desired workspace
while taking into account the temperature and payload constraints.

In previous studies, the torque (τμ ∈ R
3) has been identified

as the primary component of W used to deflect flexible mag-
netic catheters. As follows from (3), both the magnitude and
the direction of this torque are proportional to the magnitude of
the magnetic field (B(z, I )). Thus, designing an end-effector
electromagnetic coil for the ARMM system should aim at
maximizing the magnetic fields generated by it at a certain
distance (z) from its face. As the coil is positioned outside
the human body, we assume that the catheter at any instance
during the procedure is located between 5 and 20 cm away
from the coil. Thus, our aim is to design a coil that maximizes
the field generation within that region.

B. Payload-Optimized Design of a Mobile Electromagnet

In contrast to other systems, where stationary coils can
be made as large as possible to generate fields within the
desired specifications, the UR10 robotic arm used in the
ARMM system can carry a maximum payload (mm =
10 kg), which limits the maximum size of the coil. This
problem can be overcome by driving the coil with a larger
maximum current (I = Im), although this can lead to
excessive coil heat dissipation. Thus, we employ an opti-
mization routine, allowing us to determine the optimal design
of the coil, maximizing actuation capabilities of the coil
under payload and heat dissipation constraints.

We limit our investigation to ferrous-core solenoid coils, due
to their reliability and ease of manufacturing. The geometry
of such a coil (Fig. 3) can be described by a cylinder with
length (l ∈ R). The inner portion of the cylinder is occupied
by the ferromagnetic core with average density (ρc ∈ R

+)
and radius (ri ∈ R

+). The rest of the coil the coil comprises
of (n ∈ R

+) turns of copper wire, with average density
(ρw ∈∈ R

+), electrical resistivity (α ∈ R
+), and diameter

(w ∈ R
+). The turns are organized in as many layers as

possible, not exceeding the outer radius of the outer radius
of the coil (ro ∈ R

+). The maximum number of turns of the
wire (n), which can be assembled into a coil with certain
geometry depends on the filling factor. For the best case

Fig. 4. Optimization routine (10) is employed in the design of the
electromagnetic coil for the ARMM system. Since the full 4-D optimization
space is impossible to visualize, we reduce the number of variables to highlight
the main findings of the procedure. Selection of results for the final wire
diameter (w = 1.6 mm) (top). The results are generated for a selection of
coil lengths (l) and ratios of the and outer radii of the coil (ri /ro). The value
of the radii are computed using (6) such that the mass of the coil is as large
as possible for each ratio. Cross section of the results for the optimized length
(l = 110 mm) resulting in highest average value of average value of the field
β(B(z, I )) (bottom). The optimal ri /ro is 0.527, resulting in the inner radius.
However, seeing the neighborhood of the final solution, we notice that the
dependence of the solution on the ratio ri /ro is not significant. Thus, without
losing much performance, we select a smaller ratio of 0.425, which results in
the inner diameter of ri = 45 mm, corresponding to the size of the coiling
tool available to our manufacturer.

scenario (Fig. 3), n is given by given by

n =
⌊

l(h − 2w)
√

3

6w2 + l

2w
− (h − 2w)

√
3

6w
− 1

2

⌋
(5)

where (h = ro − ri ), and 	 
 is the flooring operator.
The two variables used to constrain the proposed optimiza-

tion are the mass (m ∈ R
+) thermal power (P ∈ R

+) of the
solenoid. They can be calculated as follows:

m = πl
(
ρw

(
r2

o − r2
i

) + ρcr2
i

)
(6)

P = I 2
mα

nh

w2 . (7)

Relation (6) determines directly the set of possible coil geom-
etry parameters constraining the mass of the coil below the
payload limit. Thus, (6) is used as a constraint in the used
as a constraint in the optimization scheme. On the other
hand, determining the maximum acceptable thermal power
of the coil is challenging, due to the complexity of models
describing heat dissipation within the material. Thus, in order
to convert (7) into a practical constraint, we decide to consider
a worst case heating scenario. We assume that the coil is
a closed thermal system, i.e., no heat is exchanged with
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TABLE I

SPECIFICATIONS OF THE ARMM SYSTEM ELECTROMAGNETIC COIL

the relate the thermal power to a predicted temperature rate
(Ṫ ∈ R) of the coil running continuously at Im as follows:

Ṫ = PCa (8)

where (Ca ∈ R
+) is the heat capacity of the coil approximated

by the following relation:
Ca = πl

(
cwρw

(
r2

o − r2
i

) + ccρcr2
i

)
(9)

using the specific heats of wire (cw ∈ R
+) and of the

core (cc ∈ R
+

R
+), respectively. Note that we disregard the

dependence of wire resistivity temperature. It can be ignored
as long as the total temperature increase of the coil is kept
within 25 °C–40 °C (resistivity increase of 10%–15%) [25].

Subsequently, the optimal geometry of the coil can be
calculated by solving the following maximization problem:

max
ro, ri , l, w ∈ R+ β(B(z, I )) (10)

s.t. m ≤ mm, Ṫ ≤ Ṫm, ri < ro (11)

where the function (β(B(z, I )) : R
+ × R �→ R

+
R

+) pro-
vides information about the optimality of the particular field
distribution depends on the design requirements. In case of
the coil designed for the ARMM system, we maximize the
average maximize the average field generated along the long
axis (ZC ) of the coil, between 5 and 20 cm away from the
face of the coil. Thus, the proposed β(B(z, I )) is as follows:

β(B(z, I )) = 1

0.15

∫ 0.2

0.05
B(z, Im)dx . (12)

Since B(z, I ) for a given coil geometry is challenging to estab-
lish analytically, it is usually approximated using simplified
models [26] or finite element (FE) simulations [6].

C. Final Coil Design

The optimization problem (10) is solved by taking into
account the constraints established in the process of designing
the ARMM system. The maximum mass (mm) was set to 8 kg

Fig. 5. Senis 3MH3A-500MT (Senis AG, Baar, Switzerland) teslameter
is used to measure the value of the magnetic field (B(z, I )) generated by
the coil of the ARMM system at the location (z = 10 cm) in the entire
operational range of current (I ). The results are compared to predictions from
the FE model used in the design process. The measurements and simulations
are performed for the coil with and without the Vacoflux core. The graph
shows that the coil produces more magnetic field than predicted by the
model. This is mostly due to the better magnetic properties of the core.
Furthermore, an additional fast sweep (green) across the entire operational
current range in 0.5 s. This was performed to investigate the presence of
hysteretic behavior during sudden current variations, as motivated by our
previous experience with similar electromagnets. Limited hysteretic behavior
is observed. However, since such sudden variations in current are unlikely to
occur during catheter steering tasks, we neglect this behavior. Nevertheless,
the coil exhibits saturation in the operational range. As this phenomenon
makes the actuation non-linear for any rate of current, it needs to be taken
into account while using ARMM for precise magnetic actuation.

to leave enough payload for fasteners and sensors. The maxi-
mum tolerable initial temperature rate (Ṫm) is set arbitrarily at
(0.1 K/s). A parametric model of the coil is developed using
COMSOL 5.2 (COMSOL, Burlington, VT, USA) FE solver
and linked with MATLAB 2017b (MathWorks, Natick, MA,
USA) routine using LiveLink utility. By solving the model,
we obtain the field distribution for a given set of parameters
(ro, ri , l, w). The average computation time for a solution
corresponding to a particular geometry is 2.7 s. Results of the
optimization are presented in Fig. 4, whereas the parameters
of the coil manufactured using the geometry calculated by our
optimization scheme are provided in Table I.

The prototype of the coil is assembled and characterized
by using a teslameter to measure the magnetic field (B(z, I ))
at a distance (z = 10 cm) generated at a full, operational
range of currents (I ). Subsequently, the same procedure is
performed without the Vacoflux core. The results (Fig. 5) are
compared to the outcome of the COMSOL model used during
the design. We observe that the total field generated by the
coil is larger than the model predictions. This is mostly due
to the magnetization of the Vacoflux core, as the difference
between the experimental data and the model for the magnetic
field of the coil windings without the core is negligible.
The field generated by the core exhibits non-linearities due
to saturation in its operational region (on the contrary to
predictions from the model). In the remainder of this paper,
we propose a novel magnetic actuation strategy, which takes
this phenomenon into account.

III. NON-LINEAR MAGNETIC ACTUATION USING

THE ARMM SYSTEM

In this section, we propose a non-linear, iterative technique,
for the precise, real-time generation of prescribed magnetic
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Fig. 6. ARMM system employs an iterative field map to generate ref-

erence magnetic field and its gradient br = [
Br (∂Br /∂z)

]T at p. The

information about the configuration (qm = [
z I

]T
) of the system, as well

as measurements from magnetic field sensor are used to generate an error
signal (e ∈ R2). The error is minimized using a Jacobian inverse scheme,
employing the derivation presented in (15). † denotes damped pseudo-inverse,
used in place of regular matrix inverse for improved stability [27]. The gain
(K ∈ R

2×2 : K > 0) of the scheme is tuned manually until satisfactory
performance is achieved.

fields and gradients using the ARMM system. This technique
employs an online-updated inverse map of ARMM to compute
the configuration of the system generating reference magnetic
fields and gradients. Our approach can be used to generate
mutually orthogonal magnetic forces and torques with inde-
pendently controlled magnitudes.

The task of the iterative map is to find the appropriate
configuration of the ARMM system (qm = [

z I
]T

), corre-
sponding to the reference magnetic variables (b) as defined
in (3). Since the coil used in the ARMM system exhibits
saturation in its operational region, we separately model the
magnetic field components generated by the windings and
by the Vacoflux core. Hence, the total field (B(z, I )) can
be modeled as a superposition of those two components as
follows:

B(z, I ) = I (Bw(z) + η(I )Bc(z)) (13)
∂ B

∂z
(z, I ) = I

(
∂ Bw

∂z
+ η(I )

∂ Bc

∂z

)
(14)

where η(I ) : R �→ (0; 1] is the saturation model of the core,
and Bw, Bc ∈ R

+ are the unit field maps of the windings and
the core at the distance (z).

Furthermore, we can relate the rates of change of b and qm

through a Jacobian matrix (J ∈ R
2×2)

ḃ = Jq̇m =

⎡
⎢⎢⎣

∂ B
∂z

∂ B
∂ I

∂2 B
∂z2

∂2 B
∂ I∂z

⎤
⎥⎥⎦ q̇m . (15)

Using the magnetic field model (13), (14), we derive the
entries of the Jacobian as follows:

∂2 B

∂ I∂z
= ∂ Bw

∂z
+

(
I

dη

d I
+ η(I )

)
∂ Bc

∂z
(16)

∂2 B

∂z2 = I

(
∂2 Bw

∂z2 + η(I )
∂2 Bc

∂z2

)
(17)

∂ B

∂ I
= Bw(z) +

(
I

dη

d I
+ η(I )

)
Bc. (18)

Fig. 7. Setup used to validate the iterative map proposed in Section III.
In this experiment, the ARMM system is used to generate prescribed magnetic
field/gradient trajectories for a selected point (p ∈ R

3). Initially, a Senis
3MH3A-500MT (Senis AG, Baar, Switzerland) teslameter is used to sense
the magnetic field at p for the duration of the trajectory. Following that,
the teslameter is replaced by a permanent dipole with known magnetic
dipole moment (μ) attached to a K3D40 force sensor (Meβsysteme AG,
Henningsdorf, Germany) and the trajectory is repeated. The measurements
from the force sensor are processed to recreate the magnetic field gradient
generated by ARMM. Both sensors are precisely positioned at p using the
UR5 robotic arm (Universal Robots, Odense, Denmark) to ensure that the
measurements are taken in the same location.

We use (15)–(18) in an iterative Jacobian inverse scheme
shown in Fig. 6. The unit field maps (Bc, Bw) and their spatial
derivatives are represented using rational functions of the form

B�(z) = A�

z3 + B�

z2 + C�

z
+ D�, � = {c, w} (19)

with coefficients (A�, . . . , D� ∈ R) fit to field measurements
at a set of discrete locations along z.

We estimate η using an MLX90393 three-axis Hall effect
sensor (Melexis NV, Ieper, Belgium) located at a point
(ps) (Fig. 7). First, we use the sensor to create unit field
maps (Bw(ps)) and (Bc(ps)) for windings and core at ps ,
analogously to ((13)). These field maps are subsequently
used during the on-line estimation phase, alongside the
real-time field measurement (B(ps)). In that phase, η is
calculated as follows:

η = ‖B(ps)‖ − I ‖Bw(ps)‖
I ‖Bc(ps)‖ , for I �= 0 (20)

η = 1, for I = 0. (21)

Equation (21) holds, since, for I = 0, we can readily
assume no saturation. Hence, we can use the relationship
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(‖B(ps)‖ = I ‖Bc(ps)‖+ I ‖Bw(ps)‖) to reduce (20). In prac-
tice, we extend the range of (21) to |I | < 0.1 A, since, for
low currents, the signal-to-noise ratio and the resolution for
both the current and field sensors are too low for accurate
on-line estimation. At the same time, the derivative (dη/d I )
is approximated using a backwards finite-difference scheme.

The presented iterative map constitutes only the innermost
cascade in closed-loop control of magnetic instruments. Real-
ization of actual position control is beyond the scope of this
paper since it requires substantial work related to modeling and
tracking of the catheter. In practice, our iterative map could be
implemented in a way similar to our previous approach [28].
ARMM could replace the actuator array used therein, which
is also driven by an inverse-map approach. Alternatively,
the Jacobian derived in (15), could be extended to account for
the direction of the field/gradient and coupled with a model
of the catheter dynamics, in a fashion similar to [5].

IV. IMPLEMENTATION AND EXPERIMENTAL RESULTS

The iterative map technique presented in Section III is
implemented in C++14 on a personal computer running Linux
Ubuntu 14.04. Ethernet communication is used to interface
with the UR10 robot using dual server/client socket system.
The system employs native URScript interface of the UR10 to
communicate with the embedded position controller. This
controller executes the motion of ARMM coil upon receiving
a pose command, expressed as a position (pC ∈ R

3) and
angle-axis orientation S

3) of the tool center-point (TCP) frame
of reference ({T }) (Fig. 2). This pose is retrieved as follows:

pC = p − zZC (22)

θC = acos(̂z · ZC ) N (̂z × ZC ) (23)

where ẑ = [
0 0 1

]T and N(α) = (1/‖α‖)α ∀ α ∈ R
3. The

current in the coil is controlled directly using XEL-230-40
(Copley Controls, Boston, MA, USA) amplifier connected via
EtherCAT (Fig. 2).

A. Performance and Limitations of ARMM

Several factors affect the effective workspace of the system,
in terms of its capabilities of generating desired magnetic
torques and forces. Our actuation method assumes that for
every p within the effective workspace of the ARMM, the coil
is capable of moving within a distance (z) along any Zc.
To make this assumption realistic, we impose bounds (z ∈
[zmin, zmax] minimum bound zmin is set at 50 mm such that
the position of the coil is always at a safe distance, safe
distance, since p is likely to be inside the body of a patient.
The maximum bound zmax is selected arbitrarily at 300 mm.
Furthermore, the realization of the ARMM system imposes
bounds on the maximum value of the current (|I | < 20 A),
due to the limitations of XEL-230-40.

Knowing these limits, the size of the effective workspace
can be coarsely approximated. We define it as the collection
of points for which the ARMM system can position its coil
between (zmin) and (zmax) in any direction. The workspace,
in which the UR10 can position its TCP in any direction,
is a sphere of 1300 mm. The face of the coil is at the

Fig. 8. Results of the simulation testing the accuracy of the iterative field
map (presented in Section III) for different magnetic field/gradient setpoints
(b ∈ R

2). The map is solved total of 106 different combination of b of the
magnetic field (B(z, I ) ∈ R) and gradient (∂B/∂z). The solution obtained
for each b is fed to the b is fed to the forward model (13), (14) to calculate
the actual field and gradient it produces. The percentage error between the
desired and actual b is calculated. The results show that imposing the bounds
on the set of possible qm does not result in a significant change to the ⊂ qm ),
which can be generated by ARMM system with errors below 10% (marked by
red lines). We expect that this is due to the effect of using a damped pseudo-
inverse. However, its detailed proof of lies beyond the scope of this paper.

distance of 217 mm from the TCP. Assuming zmax of 300 mm,
the effective workspace of the ARMM system can be approx-
imated with a sphere with a radius of 783 mm).

Nevertheless, these considerations are driven by a set of
simplified assumptions. The actual effective workspace of
the ARMM system depends on more factors, such as the
presence of obstacles or the limitations of the kinematics of
UR10. In order to define a procedure-specific workspace of the
device, extensive kinematic analysis needs to be performed.
Furthermore, by selecting a robotic arm with a larger reach,
the workspace can be easily scaled up to the desired dimen-
sions. We believe that this feature of the mobile coil systems
will, in the future, motivate their extensive use in procedures
requiring magnetic actuation.

The bounds relating to limitations of the ARMM system
are imposed on qm upon every iteration of the map. This
guarantees that, for every desired b, the iterative map pro-
vides configuration (qm), which falls within the limits of the
device, allowing for safe operation of ARMM. Nevertheless,
by imposing these bounds, we expect its accuracy to be
guaranteed only if b falls within a certain range of values.
To quantify that range, we develop a simulation using a com-
putational model of ARMM coil, with η being approximated
using offline measurements. The results (Fig. 8) confirm our
expectations, thus the accuracy of the device must be taken
into account when employing the ARMM system for the
steering of flexible surgical instruments.

Furthermore, Fig. 8 shows that the ARMM system can
generate fields of at least 20 mT and gradients of more than
0.6 mT/mm, similar to the ones used in previous studies
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Fig. 9. Results of the experiment presented in Fig. 7. The iterative map is used to generate magnetic field/gradients following three reference trajectories.
Trajectory (1) demonstrates the generation of variable gradient

(
∂ B
∂z ∈ R

)
under constant magnetic field value (B (z, I ) ∈ R). Its final part (Time > 58 [s])

shows the effect of bounds of current (I) on the accuracy of the solution. Trajectory (2) involves a converse situation with variable field and constant current.
In trajectory (3) sinusoidal functions were used to generate variation in both reference values. Disregarding the part of trajectory (1), which demonstrates the
current bound, the average error across all trajectories is 2.34% for the magnetic field and 7.20% for the magnetic field gradient.

on magnetic catheters [6], [22], [24], [29]. These values by
no means mark the upper limit of the system, as at a very
close distances (z < 50 mm), the maximum field generated
by the ARMM exceeds 80 mT. Thus, if collision avoidance
algorithms are employed to safely keep the coil close to the
skin of the patient at all times, actuation conditions comparable
with commercial systems can be achieved [4], [5].

B. Experimental Validation

We validate the implementation of the iterative map exper-
imentally (Fig. 7). We employ the ARMM system to generate
a series of prescribed field/gradient trajectories for a given
location (p). The magnetic field generated by the system is
measured using a Senis 3MH3A-500MT (Senis AG, Baar,
Switzerland) Teslameter, while the gradient is measured indi-
rectly by registering the force (Fμ) acting on a permanent
magnet with known magnetic dipole moment (μ). The magnet
is attached to a K3D40 force sensor (Meβsysteme AG, Hen-
ningsdorf, Germany). The force measurements are processed
using (3) to obtain the final value of the magnetic gradient.

Fig. 9 shows the results from three representative tra-
jectories. The data show good correspondence between the
reference and actual values of the field and gradient, except
for a region in trajectory 1, where the actual field diverges
from the reference due to the solution exceeding the bound of
the current (−20 A, visible on the bottom graph). This trajec-
tory has been selected purposefully, in order to demonstrate
the performance of the map in such situations. Remarkably,
the generated gradient still corresponds well to the prescribed
value (average error 5.57%).

Excluding the out-of-bounds region from the analysis,
the average percentage error across all trajectories is 2.34% for
the magnetic field and 7.2% for the magnetic field gradient.
There is no significant difference between the errors in the
linear (|I | < 15 A) and non-linear (|I | > 15 A) regions of
coil operation. Thus, the generation of prescribed magnetic
field and gradients with independently controlled magnitudes
can be achieved using the iterative map to drive the ARMM
system.

V. CONCLUSION

In this paper, the problem of achieving magnetic actua-
tion of flexible surgical instruments (such as endovascular
catheters) in large workspaces is addressed by the develop-
ment of the ARMM system. By employing a mobile coil
approach, the ARMM system provides magnetic actuation
in a large spherical workspace. The maximum radius of
that workspace (1300 mm) allows for steering magnetically
actuated catheters in every point of the human body without
the need of repositioning the patient. Moreover, the ARMM
system employs a UR5 robotic arm that is used as an assistive
device holding an ultrasound probe intended to be used
as a primary medical imaging modality. The electromagnetic
coil of the ARMM system employs a Vacoflux 50 ferrous
core and is designed using an optimization procedure to
maximize the magnetic field in the target region under payload
and heat dissipation constraints. The cost function used in our
procedure optimizes the geometry of the coil for the purpose
of our novel magnetic actuation strategy. This strategy involves
using the robotic arm to follow the position of the device in
real-time, which simplifies the magnetic field models and the
resulting actuation.

The results of coil characterization indicate that the opti-
mization procedure is effective in generating coil geometries
resulting in large magnetic fields, suitable for our actuation
strategy. In fact, the predictions of the FE model used in
the optimization routine underestimate the field generated by
the real device due to the lack of accurate material model
for a Vacoflux ferrous core. Since the Vacoflux core of the
coil used in the ARMM system exhibits saturation within
the operational range, the resulting relationship between the
coil current and the magnetic field becomes non-linear. This
phenomenon makes precise magnetic actuation a challenging
task. We address this issue by developing a novel iterative
map technique. This technique makes use of the overactu-
ation of the ARMM system, allowing to generate magnetic
fields and gradients with independently prescribed magnitudes.
Furthermore, it uses a Hall effect sensor to account for the



SIKORSKI et al.: ARMM SYSTEM 5600109

saturation of the Vacoflux core. The technique is validated,
showing an average error of 2.34% for magnetic field and
7.20% for the magnetic gradient.

In our future work, we plan to demonstrate the clinical
feasibility of the ARMM system in steering magnetically
actuated catheters. We will develop advanced control strategies
to magnetically navigate catheters and other flexible surgical
instruments in clinically relevant tasks under the guidance of
medical imaging modalities. Furthermore, we will design path
planning algorithms for the mobile coil to improve safety for
clinicians and patients during the procedures performed by the
ARMM system. Since procedure-specific considerations have
a decisive impact on the required actuation, we will develop
a tool for detailed kinematic analysis of the device and its
limitations (e.g., singularities) during a particular procedure.
Finally, we will expand the capabilities of the ARMM system
by studying advanced strategies for magnetic actuation, which
involve more than one optimally designed mobile coil, and
account for phenomena neglected in this work, such as coil
hysteresis or crosstalk between multiple cores.
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