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Abstract—Miniature magnetic tools have the potential to en-
able minimally invasive surgical techniques to be applied to space-
restricted surgical procedures in areas such as neurosurgery.
However, typical magnetic navigation systems, which create the
magnetic fields to drive such tools, either cannot generate large
enough fields, or surround the patient in a way that obstructs
surgeon access to the patient. This paper introduces the design of
a magnetic navigation system with eight electromagnets arranged
completely under the operating table, to endow the system
with maximal workspace accessibility, which allows the patient
to lie down on the top surface of the system without any
constraints. The found geometric layout of the electromagnets
maximizes the field strength and uniformity over a reasonable
neurosurgical operating volume. The system can generate non-
uniform magnetic fields up to 38 mT along the x and y axes and
47 mT along the z axis at a working distance of 120 mm away
from the actuation system workbench, deep enough to deploy
magnetic microsurgical tools in the brain. The forces which
can be exerted on millimeter-scale magnets used in prototype
neurosurgical tools are validated experimentally. Due to its large
workspace, this system could be used to control milli-robots in
a variety of surgical applications.

Index Terms—Electromagnetic System, Magnetic Actuation,
Microrobotics, Workspace Accessibility, Medical Application.

I. INTRODUCTION

EDICAL microrobots have been explored in the past

two decades for their potential to operate wirelessly
within small areas of the body where conventional tools strug-
gle to reach. This ability to control objects at very small scales
has applications in a variety of fields. In particular, these newly
developed devices show potential to push the boundaries of
medicine in applications such as disease diagnostics, biopsies,
targeted drug delivery, and minimally invasive microsurgeries
[1]. Challenges in fabrication, high friction and energy stor-
age lead to micro/milli robots which are relatively simple.
Magnetic fields are often used to drive such microrobots
for medical use, as low-frequency magnetic fields can safely
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penetrate deep into the human body without distortion or
attenuation by tissue, without causing heat generation in tissue.
These magnetic fields are used to apply forces and torques to
small magnets embedded inside a microrobot, which serves as
an untethered end effector of the system.

Magnetic fields for actuating magnetic devices are of-
ten generated in labs using a Helmholtz coil system [2],
which surrounds the workspace and can generate a uniform
magnetic field. Such electromagnetic coil arrangements typ-
ically generate only low magnetic field magnitudes. There
are several solutions to increase the magnetic field that all
involve increasing the strength of the magnetic actuator. Large
permanent magnets can be employed to generate strong fields
with relatively simple supporting structures, but they present
a safety hazard as their magnetic field cannot be turned off
in case of emergency. For electromagnetic systems, adding a
soft-magnetic core material and operating at a higher current
can improve the output magnetic field flux. These changes
can be seen in the clinical scale actuation system developed
by Philips GmbH [3] as well as in the OctoMag system
[4]. These systems, however, suffer from poor access to the
workspace. Dynamic (movable) systems such as BigMag [5]
or the Stereotaxis Niobe System [6] have large workspaces
thanks to their magnets’ mobility. However, they are typically
cumbersome and need complex motorized actuation, reducing
their adaptability to operating rooms.

For use in a surgical setting, an open workspace is highly
desirable. Here we introduce a metric to define workspace
accessibility for electromagnetic navigation systems. We de-
fine workspace accessibility as the physical space available
and not occupied by coils, as measured by solid angles, in
a manner similar to Pourkand and Abbott [7]. We define
the maximum workspace accessibility as the single largest
solid angle of open space for the whole system. From the
microrobot location, the solid angle ® is defined by the angle
of a conical view projecting out of the system through the
largest opening between actuators. In comparison to Pourkand
and Abbott [7], we only consider the single largest solid angle
since including all the gaps in a system, such as a spread-
out or exploded square-antiprism design, would yield a high
workspace accessability when in reality this system does not
readily accomadate a large patient.

The maximum workspace accessibility for a number of
relevant magnetic actuation system by this definition is shown
in Table I. Only systems that have 8 magnetic actuators are
surveyed, since this is the minimum number of actuators
needed to achieve full control over all 8 magnetic field



TABLE I
RANKED WORKSPACE ACCESSIBILITY OF EIGHT-COIL
MAGNETIC ACTUATION SYSTEMS

Magnetic Actuation System Workspace Accessibility ®

This Work 222°

Rahmer et al. [3] < 90°?
OctoMag [4] 120°
Open-asymmetric OctoMag [7] 100°
CardioMag [9] < 90°
MiniMag [10] 220°
Salmanipour et al. [11] 90°

BatMag [12] < 90°b
Square Antiprism [13] 48°
Square Prism [14] 40°
Hwang et al. [15] 120°

2 We assume that the cylinder the patient fits into is at most the
same length as diameter although it looks longer in the figures.

b Adequate information is not given about the orientations of the
magnets in this system, but the system resembles a square prism
layout with more actuators so the accessibility is at most twice the
accessibility of a square prism design.

degrees of freedom (DOF) to allow full control of sophisticated
magnetic robotic end effectors [8]. Thus, systems such as
NavionMag [9] with only three magnets are not included.

It is clear from Table I that the MiniMag system and the Oc-
toMag system are the systems that have the highest workspace
accessibility. Since all the surveyed electromagnetic systems
shown here either completely surround the operating space,
or partially surround the operating space in a hemispherical
manner, almost all of the workspace accessibility values are
less than 180°. Furthermore, lower accessibility values require
the system to be scaled more dramatically to accommodate
objects of larger size, such as a patient, within the workspace.
A magnetic actuation system with all the actuators below a
plane would have much higher accessibility than a system
whose actuators partially surround the operating space in a
concave manner. This will be beneficial in a clinical setting in
terms of flexibility in patient positioning and surgeon access
to the patient from any angle above the plane. Surgeon access
is crucial if, for example, something goes wrong during a
procedure and the surgeon needs to switch to manual tools.

Table-like magnetic actuation systems exist in the literature,
but they are not designed for the purpose of manipulating the
magnetic field over large distances. The work of P. Berkelman
et. al [16] and MagTable [17] consists of many magnetic
actuators that generate localized fields to translate a microrobot
along a plane instead of manipulating it in one place. Its
actuators are not strong enough to generate fields over large
distances for medical applications. A highly reconfigurable
magnetic actuation system that fits the table-like design is
the OmniMagnet [18]. This actuation system consists of tri-
nested electromagnets with a spherical core. This system
does not have enough magnets for full control over the field
components, but additional duplicates of the system can be
used in tandem to effectively achieve the desired control. The
downsides to this device are that the fields of 3 mT at 120 mm
are relatively weak. The compact design would make thermal
management for higher current densities difficult. Systems like
the DeltaMag [19], the ARMM system [20], and the system
developed in [21] do not have a readily-defined workspace

because the actuators are mobile. Such systems have variable
accessibility which one could state as either very high (any
position in space could be free of the actuation system) or
zero (no position is always free of the actuation system). These
systems allow for a lot of freedom in where the magnetic field
can be applied over a large volume if the robot can reach it.
The downsides are that these actuation systems do not consist
of many magnetic actuators which limits the control over the
microrobot, and that the moving components are operating in
the vicinity of the surgical team in the operating room.

In this paper, we aim to demonstrate that a magnetic
actuation system can be designed to maximize workspace
accessibility without seriously compromising on field strength
by utilizing non-uniform magnetic fields for control, which is
supported through experimentation and the development of a
new magnetic actuation system. We show how a magnetic ac-
tuation system can be designed without optimizing for isotropy
in its magnetic field generation as is typically done in the
literature. Additionally we demonstrate how this system can
be used to increase the maximum magnitude of the magnetic
field by a factor of 2-3 by allowing non-uniform magnetic
fields as opposed to requiring uniform magnetic fields for
controlling the microrobot. Due to the control methodology
used, these design choices are beneficial to the actuation if
the microrobot is tethered and solely actuated by magnetic
torques, and benefits further if it is not necessary to have
equal strength actuation in all directions in space. The work
by D. Son et al. [22] used non-uniform magnetic fields for
the control of a soft capsule endoscope, however, its focus is
not the electromagnetic actuation system itself and little detail
were provided on the system’s design.

The novel work of this paper contributes to the field of
magnetic actuation of medical microrobots by:

o Defining the workspace accessibility angle for electro-
magnetic navigation systems and using it to compare a
variety of existing work.

« Developing a magnetic actuation system with the largest
unobstructed workspace and full magnetic rank by using
a new design methodology that aims to maximize non-
uniform fields.

o Designing three optimization functions to determine the
coils’ layout with the consideration of the coils’ field
distribution, height, and proximity.

II. MAGNETIC METHODS REVIEW

This section provides a review of the mathematical back-
ground for controlling the magnetic fields produced by var-
ious magnetic actuators [23]. In this paper, any matrix with
a T represents the pseudoinverse of the matrix. The gradient
operator represents partial derivatives in each of the three
basis directions of a given frame, which takes the form
V = [%, 8%7 8%]T The hat notation indicates a vector that
is unit length (e.g., ¥ = v/||v])).

Electromagnets only generate a magnetic field when en-
ergized with an applied current. Since the field is produced
by applying current, the strength and direction of the electro-
magnet’s magnetization can be altered by changing the mag-
nitude and direction of the current flow, respectively. When



a current ¢ is passed through a conductor, such as a copper
wire, a magnetic field B at any position P is produced. The
field will induce torques in magnets onboard the microrobot,
while spatial gradients of this field induces forces.

The field at every point in space can be assumed as linear
with respect to the current (for air-core electromagnets). An
electromagnet’s field distribution induced by a current ¢ can be
approximated by a dipole model, at distances slightly removed
from the magnet. In a magnetic actuation system consisting
of several electromagnets, the magnetic field at any position
in the workspace is the linear superposition of all dipole field
contributions as

i /J/() ~ T —_—
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where P, is the electromagnet position, r; = P — Py,

m; is the coil dipole magnetic moment, and n denotes the
number of the electromagnets. When the magnetic field is
solved for at one point for a static geometry, the magnetic
field is straightforward to calculate for all applied currents by
simple scaling. This linear dependence based on calibrations
can be simply written for a single electromagnet as

B(P) = Bi, 2)

which can be extended to multiple electromagnets as
B(P) =) B;i; =B(P)L 3)
j=1

A similar method can be followed to formulate the magnetic
field spatial gradients in terms of the input current(s) as

GP)=¢(P)L 4

These cases have only concerned air-cored electromagnets,
where it is valid to assume that the fields contributions of
each electromagnetic actuator linearly superimpose. To in-
crease the magnetic flux produced by an electromagnet, it is
advantageous to insert a ferromagnetic core into the design.
The assumption that the magnetic field components B(P) and
G(P) will consist of the linear superposition of all individual
electromagnetic field contributions still holds true if the core
material behaves as an ideal soft magnet (has low coercivity),
and the core does not reach its saturation magnetization for
the current densities applied [17].

For electromagnets with a linear relationship between coil
current and outputs, the problem can be written as

RetsIR

where the currents necessary for producing a desired field can
be determined by inverting U(P)

Baes(P) } _

} 1= UL, )

6
Gdes (P) ( )
In this manner, with 8 well-conditioned magnetic actuators, a
desired uniform magnetic field can be generated by setting
Gades(P) = 0. Using (6) in this way is referred to as a
uniform control methodology throughout the paper.
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Fig. 1. (a) Magnetic actuation system in its target application setting. The
working distance, 120 mm, starts from the coils’ top surface origin. The coils
are integrated into the assembly surface plate. (b) Diagram for deriving the
height relationship to electromagnet orientation. The electromagnet’s frame is
relative to the center of the magnetic actuator. (c) Simulated magnetic field
streamlines showing that the field is controlled to be unidirectional at the
system origin.

Even if the number of actuators allows U (P) to be square
and invertible, if we only care about controlling the magnitude
of the magnetic field and do not care about the gradient
components, the pseudo-inverse can be used to determine the
best inputs to achieve this field.

I = B(P)'Baes(P). (7

Throughout the rest of the paper, this approach to controlling
the magnetic fields will be referred to as the non-uniform
control methodology as the gradients can take on any value
that would maximize the desired fields.

A magnetic  object with  magnetic = moment
m = [m,,m,, m,]" experiences a force f and torque T
when a magnetic field B is applied as

f=V(B-m), and 8)

T=m x B. 9)

III. SYSTEM GEOMETRIC DESIGN
A. Design Objectives

A concept rendering of the coil system design is shown
in Fig. 1(a). The neurosurgeons we consulted with requested
that the magnetic actuation system not surround the workspace
or obstruct the view of the patient. This requirement was
motivated by patient safety: when an operation is underway,
the surgeons may easily step in and take manual control of the



surgery if anything were to go wrong. In order to be as unob-
structed to the neurosurgeon as possible, the design should
avoid surrounding the patient with actuators. To maximize
usable space, we chose to locate the magnets in the unused
dead space that the surgical table occupies below the patient.
This would allow the surgical environment to remain virtually
unchanged from its current form. This design shows the
most accessible workspace of any published electromagnetic
navigation system with stationary electromagnets showing full
control over all magnetic field components.

For the target application of neurosurgery, the workspace
of the system must be large enough to fit a human head. We
approximated this requirement as a spherical volume with a
240 mm diameter based on the maximum adult head width of
239 mm reported in a study of 105 adult males in the United
States [24]. We assume the working distance to be the center
of this sphere, or 120 mm from the surface of the table.

B. Electromagnet Geometry

We conducted numerical simulations in MATLAB and
ANSYS to determine the magnetic field output at a working
distance of 120 mm for different electromagnet arrangements.

For the numerical simulations in MATLAB, we set the
aspect ratio (the ratio of length to the core radius) of each
electromagnet to () > 8, as this choice of aspect ratio
allows us to use an infinite solenoid model to predict the
magnetic field at the center of the electromagnet core with
a relative error of less than 6.13% [25]. Furthermore, for a
VACOFLUX 50 alloy core, it was shown through FE simulation
that electromagnets with a smaller aspect ratio require a higher
current density to saturate. For every size of electromagnet
studied, the maximum current density for a constant input
power of 1.8 kW was calculated and used to simulate the
maximum magnetic field for a constant amount of available
electrical power in our laboratory. We considered copper wire
of thickness from 6 AWG (4.1 mm) to 28 AWG (0.3 mm).

The electromagnet size which creates the largest field given
these constraints is a cylinder with the core radius of 45 mm
and the length of 360 mm. This electromagnet geometry with a
VACOFLUX 50 alloy core is able to produce an axial magnetic
field of 63.8 mT at a distance of 120 mm when a current
density of 6 A/mm? is applied. It also has an approximate
mass of 38.7 kg. This electromagnet is used in the subsequent
layout optimization process.

IV. ELECTROMAGNET LAYOUT OPTIMIZATION

This section outlines the process used to design an elec-
tromagnetic actuation system that aims to maximize the
non-uniform magnetic fields that can be generated, without
consideration of the isotropy of the system. For all of the
following simulations, the electromagnet will be modeled as
a single-point dipole moment located at the centroid of the
electromagnet core.

A. Objective Function and Gradient Descent

The electromagnetic actuation system will have 8 elec-
tromagnets all subject to the same geometric constraints.

Firstly, the electromagnets should all be located below the
plane that defines the surface of the operating table at height
z = —0.120 m (the center of the workspace is at the origin).
The actuators should be located as close to the table surface
as possible to minimize their distances from the workspace
center, which will maximize their magnetic field contributions.
The second constraint applied requires that all electromagnets
be adequately spaced apart to be able to realize the design
given requirements for sturdy mounting. These constraints will
be implemented through penalty functions in the optimization
algorithm.

Each electromagnet is modeled as a cylinder with 5 free
location parameters expressed in spherical coordinates: 3 po-
sition parameters x, y, z and 2 orientation parameters (3, ~y. For
n = 8 actuators there are thus bn = 40 free parameters over
which to optimize. These design parameters are loaded into a
single vector of length 40:

iz[xh"'wrna Y1, 3 Yn, 21y
ﬂla"' 7Bny Vi, afYn]

For the optimization algorithm, we want to maximize the
magnetic field that can be generated without enforcing the
produced field to be isotropic (equal field generation capability
in all directions). This is because we hypothesize that with all
the electromagnets on one side of the system, the magnetic
field will naturally favor the direction in which the electro-
magnets point, resulting in an imbalance in the maximum
magnetic field for different principle axes. We have noted that
the actuation of many magnetic tools actually requires strong
fields in only certain directions. An optimization algorithm
was run to optimize two different control scenarios (uniform
control and non-uniform control) with this imbalance in mind.

The associated functions are a set of penalty and opti-
mization functions that make up the basis of the objective
function. We divided the associated functions into 3 sets of
governing functions_referred to as the magnetic field opti-
mization functions M(X), the electromagnet height penalty
functions H(X), and the electromagnet proximity penalty
functions P(x). The magnetic field optimization functions
M(x) are responsible for maximizing the magnetic fields
produced. The electromagnet height penalty functions H(X)
attempt to enforce the height constraint as a penalty which
returns a minimum when the electromagnet is in contact with
the upper bounding plane. The proximity penalty functions
P(X) keep each electromagnet away from its neighbours and
avoid overlap in space. All of the associated functions are de-
scribed in detail in the Supplementary File. These optimization
functions are combined into one vector as

7Z7747
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where the total number of functions is N = 3 + §(n + 1)
for n electromagnets. For the n = 8 electromagnets we are
simulating, we will have 39 associated functions to match the
40 optimization parameters. These associated functions will be



minimized by the gradient descent algorithm. For metrics that
we wish to maximize, the inverse of the quantity will make
up the associated function. _

The set of associated functions G(X) make up the objective
function F'(X). The objective function is chosen as one half
of the sum of squares of G(x) as

FR) = %(N;(ﬁ)Té(i’). (12)
A gradient descent method with randomly chosen input
parameters T, is used to minimize this objective function,
where the next set of parameters is chosen as
Tjp1 = T; — WAF(R)) = T; — mde (X)) G).
A step size 7 is set arbitrarily small to 0.001 which ensures
convergence at a reasonable pace. Additionally, the gradient
of the objective function can be rewritten as J(7;)TG(X;)
where Jo(X) is the Jacobian matrix of the associated func-
tion G(X) which can be determined numerically due to the
complexity of the formulas with a AX value of 0.0001 for
finding the numerical derivative with respect to any of the
optimization parameters. The optimization stops at the con-
dition of the objective function not descending significantly
(|F(X)j+1 — F(X);]| < e, with € set as 1e7?).

13)

B. System Optimization Results

A number of different initial configurations for the elec-
tromagnets were chosen to perform the optimization, each of
which results in a different local optimum at convergence as
shown in Figure 2.

The predetermined starting configuration for Design A
consists of all actuators pointing in the vertical direction and
spaced out around the operating space below the surgical table
plane. Throughout the optimization simulation, the actuators
migrated a fair distance while retaining their symmetry.

Design B starts off in a configuration with half of the
actuators at a tilted angle to observe how the algorithm handles
actuators that are not pointing along a principle axis. The
actuators do move throughout the process, but not by much
relative to Design A.

Design C was initialized with all actuators horizontal and
parallel to the operating table and pointing towards the center
of the operating space. This initial configuration actually sees
the actuators slightly above the plane of the table, and it is clear
that the algorithm enforces the planar constraint and lowers the
electromagnets to reach the converged results.

In all these designs, the main geometric constraints are satis-
fied. The general trend seems to be that the actuators all move
closer to the operating space throughout the optimization.

Taking the final system configuration parameters, we com-
pared the performance metrics of optimized Designs A, B,
and C. For evaluation we used singular value decomposition
to calculate the singular values and condition number (CN)
for the control matrix of each design [7]. Table II reports
these singular values and condition numbers, in addition to
the fitness metric for each of the three studied designs. The
objective function F'(X) is recorded as a metric for the fitness
metric, where a lower number is a better score. The fitness

(a) Initial configuration (b) Converged result
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Fig. 2. Results of the optimization algorithm, showing the intial configurations
in (a) and the associated converged configuration in (b). The yellow sphere
represents the volume of the patient’s head and the potential maximum
workspace. The configuration was optimized while considering the field at
the center of this workspace only. Top row: the coils are placed in parallel.
Middle row: half of the coils are tilted, half of the coils are placed in parallel.
Bottom row: the coils are placed in a horizontal plane.

TABLE II
RESULTS OF THE OPTIMIZATION ALGORITHM FOR 3 INITIAL
CONFIGURATIONS

- Min Singular  Max Singular =~
Config. Value %73 Value cg;l CN F(2)
A 0.0053 0.0087 1.64  0.033

B 0.0049 0.0054 1.10  0.045

C 0.0044 0.0068 1.55 0.054

metric is not the best number to use to compare these systems
because it also accounts for values such as distance to the work
plane and the arbitrary distance between electromagnets.
Looking at these comparison results, Design B is the most
well-conditioned magnetic actuation system layout that was
simulated, which implies an ability to create fields in all
directions. Even though Design A is the worst-conditioned
configuration, it has the largest minimum and maximum
singular values. From these metrics it is reasonable to infer
that Design A will produce the largest magnetic fields, even
if some directions experience lower fields. Since o3 is the
largest for Design A then its weakest direction is still stronger
than the weakest direction of the other designs. However,
Design A’s weakest direction is not as strong as Design B
and C’s strongest direction. In fact, the maximum relative
magnetic field was also determined for each design and it
was found the value of Design A is 17.2% maximally higher
than Design B and 23.3% maximally higher than Design C.
Furthermore, when the singular values of the gradient field
components were calculated, Design A still has the largest
maximum and minimum singular values of all the designs.
Addtionally, Design A is the easiest to build given the parallel



TABLE III
POSITIONS OF THE CENTER OF EACH ELECTROMAGNET FROM
CONFIGURATION A RELATIVE TO THE WORKSPACE ORIGIN (UNIT: M)

EM1 EM2 EM3 EM4 EM5 EM6 EM7 EMS
X | -0.203 0.000 0.203 0.131  -0.131 0.203 0.000  -0.203
Y | -0203 -0.131 -0.203 0.000  0.000  0.203 0.131 0.203
Z | -0.300 -0.300 -0.300 -0.300 -0.300 -0.300 -0.300 -0.300

magnet orientations, and is the most compact design.

In real neurosurgical scenarios, pre-operative planning
would allow for knowledge of the microsurgical tool approach
direction. Magnetic microsurgical tools may need fields to be
produced in all directions generally, but the “bottleneck” on
actuation strength will typically be the field which can be
produced in a single direction (for example, the procedure
requires a strong cutting force when the tool is in a particular
location/orientation). Thus, Design A was chosen for the next
prototype electromagnetic actuation system because it can
result in a system with strong field in one direction could
be utilized effectively by choosing how to orient the patient
over the system to target the procedure actuation strength
“bottleneck”.This system configuration has all electromagnets
oriented in the vertical direction with the top faces parallel to
the surgical table surface. From a top-down view, the actuators
positions are located at the corners of two concentric squares
that are misaligned by 45° where the smaller inner square
has a sidelength of 186 mm and the large outer square has a
sidelength of 406 mm. Precise electromagnet center positions
are given in Table III.

V. SYSTEM IMPLEMENTATION

In this section we report the mechanical, electrical, and
software design aspects of the system as-built. The system
integration and calibration will also be covered to fully char-
acterize the system.

A. Mechatronic System

The mechanical components of the system consist primarily
of the table base, electromagnets, table top cover, and cooling
system, as shown in Fig. 3. From the simulation results
presented above, we fabricated eight identical electromagnets
each with a core diameter of 90 mm, length of 360 mm, and
coated with 22.5 mm thick copper coil windings.

The FEA simulations that were conducted in section III-B
were based on a core material of VACOFLUX 50: a cobalt-
iron soft ferromagnetic alloy from VACUUMSCHMELZE. In the
implementation, we chose the core material as cast iron due
to the limited supply and long lead times for such a large
quantity of VACOFLUX 50. Iron has the same permeability
as VACOFLUX 50 for low current densities (< 4 A-mm?).
However, VACOFLUX 50 maintains constant permeability into
higher current densities whereas iron’s permeability begins to
drop. This effect will be seen in the results presented in the
following sections.

Since the desired operating current density from the op-
timization simulation is J = 6 A/mm?2, an active cooling
system to circulate water was required to avoid overheating

Top surface
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Fig. 3. Developed magnetic actuation system: (a) without top surface, (b)
with the top surface installed.

the system. A soft copper tubing with 3/16” OD and 1/8” ID
was wrapped by hand around each electromagnetic actuator
and used for circulating the cooling water, as shown in Fig.
3(b). The whole system including the electromagnets and
the supporting structure is estimated to weigh 450 kg once
assembled.

Given the power requirements of a single electromagnet
being roughly 1.5 kW, a total power of at least 12 kW needs
to be supplied to the system to simultaneously activate all
actuators at max power. DC power supplies (XP Power) were
used to convert AC current to DC current. Eight servo drivers
(AB50A100 servo driver - Advanced Motion Controls) were
operated in current control mode where a voltage setpoint
determines the scaled output current. Closed-loop controllers
internal to the motor drivers ensure the requested current is
being delivered to each electromagnet. Each electromagnet
is equipped with a thermocouple probe placed between the
core and the windings which monitors the temperature in the
electromagnet during operation. A PCle Analog and Digital
I/O system (Sensoray Model 826) was used to send signals
from a desktop computer to the motor drivers and acquire
signals from the thermocouples.

B. Magnetic Field Calibration

To calibrate the control matrix of the system, it is necessary
to experimentally determine the relationships between the
applied currents and resulting magnetic field components. We
chose to calibrate the field only at the system origin (120 mm
above the center of the table). For each actuator, the current
was increased to a maximum positive applied current, reduced
back to zero, increased to a maximum negative current, and
finally reduced back to zero current while the magnetic field
components were measured. This directional sweep of currents
should reveal any hysteresis in the magnetic field produced by
the iron-core electromagnets.

Two example results of these sweeps are shown in Supple-
mentary Figure S1. From the calibration results it appears that
the core begins saturating towards the higher applied current
densities, marked by a drop-off in field linearity. Despite this
drop-off, when operating at the max current densities, the
actual field strength measured with the gaussmeter is only off



TABLE IV
CALIBRATED MAXIMUM MAGNETIC FIELDS (UNIT: MT)

max B, max B, max B,

. B 11.7 0.0 0.0
Uniform x

control y 0.0 11.4 0.0

B, 0.0 0.0 19.3

. B 38.0 0.0 0.0
Non-uniform v

control y 0.0 38.2 0.0

B, 0.0 0.0 47.8

by 1-3 mT from the simulated field, which is less than 10%
error.

To calibrate for the gradient components of the magnetic
field, a 3-axis motorized gantry system was used to take field
measurements at several positions near the center of the system
for a given applied current. The probe was moved a small
amount Az, Ay and Az sequentially with new measurements
taken at each position. The gradients were then numerically
calculated (e.g. for the z-component) as

9B,
0B S5 B(xzo + Az) — B(xg)
- = ol I ) (14)
Ox 58 Az

ox

where o = 0 is the value of x at the origin. With all of
the relationships between applied currents and the magnetic
field magnitude and gradient components, we update the
control matrix to control the field based on calibrated field
parameters using (5). The resulting control matrix is given in
Supplementary Table 1.

The system was further tested with the gaussmeter to de-
termine the maximum magnetic fields that could be produced
along each principle axis when using either the uniform control
methodology (6) or the non-uniform control methodology
(7). These system limits will be used to determine the best
operating magnetic fields to use to evaluate the magnetic
actuation system’s ability to control and actuate a micro-
gripper. These maximum fields are given in Table IV for
uniform and nonuniform field scenarios, respectively. This
table demonstrates the ability to increase the field by a factor
of 2-3 times by using a non-uniform field control methodology
over the uniform field control methodology.

VI. MAGNETIC MANIPULATION EXPERIMENTS

In this section, we will show the feasibility of the developed
coil system to manipulate small magnetic surgical tools.

A. Experimental Setup

Besides the developed coil system, the experimental setup
includes a magnetic microgripper developed previously by
our group [26], a customized fixture, a 6 DOF force probe
(Nano 17 ATI, USA), and laser cut support structures, as
shown in Fig. 4. The magnetic microgripper has three DOF
including gripper grasping and wrist bending in two directions.
An N52 grade magnet measuring 1 mm X 1 mm x 3 mm is
glued on each of the two gripper jaws and can achieve the
grasping motion when external magnetic fields are applied.
One additional small magnet is fixed on the wrist joint and
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Fig. 4. Experimental setup. (a) The custom fixture is made to set the spherical
orientation of the microgripper. The polar and azimuthal angles can be set by
hand-tightening the bolts on the fixture. This setup allows for 360° of rotation
about the z-axis and up to +90° of rotation about the y-axis using a ZY
Euler rotation. (b) The microgripper. It has a flexible joint connecting a pair
of grippers, and a base(wrist) magnet. The gripper’s total length from the base
to its tip is 18 mm and its thickness width is 6 mm when the gripper is fully
closed. (c) The microgripper is mounted on the force sensor.

used to bend the flexible wrist subject to the magnetic fields.
The custom fixture was designed and fabricated from laser-cut
acrylic to allow for control over the orientation of the force
probe and magnetic microgripper. This fixture allowed the
force probe and magnetic device to remain stationary relative
to each other, while allowing both to be rotated about the z-
and y-axes. The wrist of the microgripper is clamped down to
the fixture and the open “jaws” of the gripper grasp around the
force probe and a stationary restraint. The restraint is necessary
for the gripper to pull against or when a field is applied, the
gripper will grab the probe and the equal but opposite grasping
forces will result in force reading. When the gripper is in this
setup it needs to be opened slightly to fit around the jaws
around the probe. This pre-load is offset in the measured force
values.

B. Demonstrations

Three experiments were performed to demonstrate the sys-
tem’s ability to actuate the microgripper to apply a large
grasping force under different conditions, in which the first
two experiments were nearly identical with the orientation of
the device being the main difference between the two. This
is to determine if the microgripper’s orientation affects the
forces applied to it under actuation, as we believe there should
be extraneous forces due to the gradient components present
while applying non-uniform magnetic fields which will affect
the gripper differently depending on the orientation.

1) Experiment I: Gripper placed in horizontal orientation:
The purpose of this experiment is to determine the actuation
strength of the tool in the horizontal orientation with an
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Fig. 5. Results of grasping force vs applied magnetic field for a horizontally
oriented microgripper. Actuation strengths are reported by the slope relating
magnetic field to grasping force. These plots show a small increase in actuation
strength when using non-uniform fields.

increasing applied magnetic field. The horizontal orientation
chosen had the orientation angles set to § = 0° and ¢ = 0°
which corresponds to the microgripper magnets’ long axes
pointing horizontally parallel to the x-axis, and the magnets’
magnetization axis pointing upwards in the z-direction.

Before the experiment, ten datapoints were recorded while
the system was not applying any magnetic field to the device
in the workspace. The average of these values is used as a
relative offset. The experiment was conducted once with the
use of the non-uniform field control methodology using (7) and
repeated using the uniform field control methodology via (6)
to compare the performance of the tool when being actuated
differently. For the uniform field control methodology, a uni-
form magnetic field in the positive x-direction B, was applied
which increased by 1 mT at every datapoint to a maximum of
10 mT. For the non-uniform field control methodology a non-
uniform magnetic field B, was applied at intervals of 5 mT
from 0 mT to a maximum of 30 mT. For each magnetic field
applied, ten datapoints of the force and torque components in
each cartesian direction were recorded.

2) Experiment 1I: Gripper placed in vertical orientation:
This experiment aims to determine the actuation strength of
the microgripper in the vertical orientation to compare the
effects of using a non-uniform magnetic field instead of a
uniform magnetic field. To orient the magnets in the vertical
direction, only the y-axis carriage need to be rotated such that
the rotation angles corresponded to § = 0° and ¢ = 90°. In
this orientation, the magnets’ magnetization vector is pointing
along the z-axis and their long axes are pointing vertically,
along the negative z-axis.

Similar to the horizontal experiments, ten measurements
were recorded with zero applied field to establish a relative
offset, and two control modes were tested. For the uniform
control methodology experiment, a uniform field B, was
applied in the negative z-direction at 1 mT interval to a
maximum of 15 mT while ten datapoints of force and torque
readings were recorded at each interval. For the non-uniform
field control methodology experiments, a non-uniform field
B, was applied in the negative z-direction at intervals of 5
mT from 0 mT to a maximum of 40 mT with five datapoints
being recorded for each different applied field.

3) Experiment IlI: Pick-and-place demonstration: The final
experiments investigated the grasping effect of the micro-
gripper. The microgripper was fixed at the base and its tip
was located around the origin of the electromagnetic table. A
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Fig. 6. Results of grasping force vs applied magnetic field for a vertically
oriented microgripper. Actuation strengths are reported by the slope relating
magnetic field to grasping force. These plots show a small increase in actuation
strength when using non-uniform fields. The over-maximum grasping force
recorded was 14.3 £ 0.8 mN for non-uniform magnetic fields.

small piece of Styrofoam was placed below the gripper. In the
experiment, the microgripper was controlled to point down to
grasp and lift the cargo, and then place the cargo back on
the holder using the non-uniform control methodology. The
experiment process was recorded for qualitative evaluation.

C. Results

1) Experiment I: Gripper placed in horizontal orientation:
Figure 5 shows the measured relationship between an applied
parallel magnetic field and the resulting force the gripper
applies to the force-torque probe when the device is orientated
horizontally. The force results reported are the combination
of two force-torque readings. Since the force-torque sensor
measures the three force vector components and the three
torque vector components, the torque about the y-axis was
factored into the force in the x-direction using the following
formula:

T
_ Y
F, grip — F z+
Tgrip

5)

where 74, = 10 mm is the estimated finger beam length. In
these results, the addition of the torque component had a small
effect on the initial F, data, increasing the force measurements
by roughly 15%.

A linear trend was fit to both plots for uniform applied
fields and for non-uniform applied fields to quantify the
actuation strength as a force per applied magnetic flux den-
sity. For the applied uniform fields, the actuation strength
was 0.340 £0.010 N/T which is comparable to the actuation
strength of 0.309 N/T determined by Lim et al in [26] for the
same designed device. Furthermore, we can see that the actua-
tion strength achieved using a non-uniform control methodol-
ogy can increase the actuation strength to 0.397 + 0.004 N/T.
The maximum achievable grasping force for the uniform
control methodology was only 2.84+0.5 mN since the max field
only reached between 8-10 mT. In comparison, the maximum
grasping force measured in [26] was 6.1 mN or roughly twice
as large. However, when the system is controlled via a non-
uniform control methodology, a maximum of 10.6 + 0.5 mN
was measured which is a sizable improvement over previous
actuation forces.

2) Experiment II: Gripper placed in vertical orientation:
The measured relationship between an applied parallel mag-
netic field and the resulting grasping force when the device is
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Fig. 7. Frames from a video demonstrating pick-and-place operation with the microgripper. The distance from the gripper in the first frame to the table
surface is 110 mm. Timestamps are included on the frames, and the entire procedure took less than 45 s.

oriented vertically is shown in Figure 6. The same calculations
as before were performed to combine the torque and force
components into a single grasping force measurement.

In this dataset, the first three data points from the uniform
field control methodology were omitted because the probe did
not read any force or torques. In this vertical orientation case,
the gripper was not initially in contact with the probe and
needed to be actuated by the magnetic field to grasp the probe
before readings occurred. These datasets were fit with a linear
trendline to determine the gripper’s actuation strength in these
two different control scenarios. The uniform fields resulted in
an actuation strength of 0.367 & 0.006 N/T for the vertically
oriented magnetic device which is roughly the same as the
horizontal configuration for the same control method. The
non-uniform field control resulted in an actuation strength of
0.408£0.015 N/T which is again comparable to the actuation
strength found for the gripper in the horizontal configuration
for the same control methodology. Since the system is better
at generating a large magnetic field in the vertical direction
compared to the horizontal directions, the system was able to
apply a large magnetic field in these vertical experiments. This
results in a maximum grasping force of 14.3 + 0.8 mN being
measured which is the largest controllable force this design
has seen in an actuation system.

The results of the vertical and horizontal actuation strength
experiments for uniform and non-uniform control methodolo-
gies are summarized in Table V.

3) Experiment IIl: Pick-and-Place Demonstrations: This
demonstration showcases the openness of the tool control
where the gripper can be seen from almost all perspectives.
As shown in the supplementary video, the tool was actuated to
turn left and right (yaw) as well as in the up and down (pitch)
motions to demonstrate control over the wrist motions. The
gripper was able to lift it, move it side to side and upwards
before placing it back down. Frames from the recorded video
are shown in Figure 7 with timestamps. The whole demonstra-
tion takes place within 45 s, which is an acceptable actuation
speed for this device.

TABLE V
SUMMARY OF THE ACTUATION STRENGTH OF THE MICROGRIPPERS FOR
DIFFERENT ORIENTATIONS AND APPLIED FIELD CONTROL.

Uniform Fields
0.36 4 0.006 mN/mT
0.34 £ 0.010 mN/mT

Non-uniform Fields
0.40 £ 0.015 mN/mT
0.39 £ 0.004 mN/mT

Vertical Orient.
Horizontal Orient.

VII. CONCLUSION AND DISCUSSION

In this paper, we designed and built a large-scale magnetic
actuation system for controlling magnetic microrobots in a
mock surgical environment. We investigated the relationship
between magnetic actuator mass and the maximum magnetic
field that it can generate, and presented a design methodology
using a gradient descent-based approach to optimize several
constraints and parameters. We determined that the workspace
accessibility is 222° using the solid angle formulation we
defined in section I. This accessibility is greater than the
other stationary §8-electromagnet actuation systems found in
the literature, and qualitatively the operating space is less
obstructed than other systems as well. Using a gaussmeter, all
the control variables for the magnetic field and the magnetic
field gradient components were calibrated to fully characterize
the system and its performance. Post-calibration, the system
was able to generate non-uniform magnetic fields up to 38
mT in the z- and y- axes and 47 mT in the z-axis at a
working distance of 120 mm. This complete system was then
used to investigate its ability to control the microgripper under
different field control methodologies.

The experimental results highlight the advantages of using
a non-uniform field control methodology to increase the maxi-
mum grasping force of the microgrippers, for electromagnetic
navigation systems with a high degree of coil constraints. We
also show the potential increase in magnetic field magnitude
that can be achieved by using a non-uniform control methodol-
ogy over the conventional uniform field control methodology.
In the experiments, we selected a tethered microgripper for
tissue grasping as the agent to demonstrate our table-like coil
system’s actuation capability. However, the applications can
be extended to actuate and navigate a broad range of small-
size (millimeter scale) magnetic tools, for instance, magnetic
catheters and untethered cargo robots. The actuation of the
gripper is demonstrated in two representative orientations (hor-
izontal and vertical). However, the gripper can be controlled in
any pose by applying the field in the proper direction according
to (9).

Returning to our motivation for workspace accessibility, if
we only consider the actuators and not the support structure
as we did for the other systems, a solid angle of 222° is
measured from the perspective of the microrobot in the center
of the workspace. This metric is bounded by the outermost
electromagnets and will improve if we were to arbitrarily
set the workspace farther away from the actuation system.



This workspace accessibility metric is only 2° larger than
the estimate we determined for the MiniMag system [10] but
the operating space itself is significantly larger. Unlike the
actuation systems in the literature, it is clear from photographs
of this system that an object can be placed in the workspace
center from most angles above the table surface due to the ac-
tuators not being concave around the workspace. Furthermore,
if the support structure is included, this performance metric
only decreases to 208°. Regardless, since a patient can freely
fit in the operating space, this system has met its geometric
constraint goals.

In an ideal optimization simulation, the initial values for
the optimization parameters are not critical since there would
be only one global minimum that the function would reach.
With our simulation, this is far from the case. This simulation
converges to many different local minima depending on the
initial starting parameters, which could possibly be due to the
large number of DOF and optimization parameters. The fact
that we have more DOF than we do constraining equations
may also contribute to the multiple best solutions. To find the
best minimum solution, many different trials were conducted
with the results recorded. For the majority of simulations,
a random input would result in an equally random look-
ing output, which would be very difficult to fabricate and
whose objective function did not have a low final cost. When
predetermined starting configurations were set, the resulting
configuration also looked uniform and symmetric.

The dipole model is used to represent the fields of the
electromagnetic coils in our optimization process, as it is
commonly used to model magnets/electromagnets’ field and
can provide convenient analytical properties without losing
essential characteristics of the field distribution. We note
that the dipole model could result in non-negligible errors
when used to calculate the field close to the magnet [27],
which could result in the solution of the coils’ layout being
suboptimal. Future work employing a more comprehensive
field models (e.g., multipole expansion model or solenoid
model) in the optimization process could further refine the
optimal coil’s layout.

Currently we calibrated our system for the origin point,
which is adherent to our target application which is neuro-
surgery. However, since we used 8 electromagnets to develop
our system and reserved the opportunity for full 8 DoF field
control over a large workspace, in our future work, we will
calibrate the system for the whole workspace and analyze
the field distribution [28], [29]. We will investigate advanced
manipulations for the force and torque control of the magnetic
devices and move our system into the operation room for
animal experiments and seek clinical applications.

Our system is designed for neurosurgery applications with
potential tasks including brain tissue grasping, cutting, and
biopsy. In our work [30] we have analytically proved that
with the actuation of our electromagnetic system, a magnetic
gripper can generate sufficient operation forces to push and
grasp the brain tissue. In our other work [31], we have
experimentally demonstrated that a magnetic gripper can be
controlled by our electromagnetic system to perform a grasp-
ing task in a silicon brain phantom. For the applications of

our electromagnetic system in neurosurgery, we do not require
knowledge about the specific location of the microrobot as we
are not utilizing magnetic forces, so this level of tracking is
not required. To keep our system as unobtrusive as possible,
we would want to avoid the addition of sensors around the
workspace to sense the microrobot position and orientation.
In our current application, the microrobot acts as the surgical
end-effector and is always tethered to the insertion device. It
is also always viewed in vitro via an endoscopic camera, so
the operator can visually observe its movements. For medical
imaging tracking systems, an ultrasound probe would be
preferred as the tracking tool for our system. Other large and
occupying tracking systems for example a fluoroscopy C-arm
would need extra installation to fit the space of our system.

We developed our electromagnetic system with eight coils,
but in our implementation of the non-uniform control, we
mainly rely on 4 coils that are closer to the system’s origin.
In future works, the full system of eight electromagnets will
be used for other control methods to achieve full 8 DoF
control including torques and forces control. In addition, with
8 electromagnets, the targeted control point that was designed
to be at the system origin can be shifted to other places above
the system’s top surface without losing the field strength.
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