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Abstract— We demonstrate five-degree-of-freedom (5-DOF)
wireless magnetic control of a fully untethered microrobot (3-
DOF position, 2-DOF pointing orientation). The microrobot
can move through a large workspace, and is completely un-
restrained in the rotation degrees of freedom. We accomplish
this level of wireless control with an electromagnetic system
that we call OctoMag. OctoMag’s unique abilities are due to
its utilization of complex nonuniform magnetic fields, which
capitalizes on a linear representation of the coupled field con-
tributions of multiple soft-magnetic-core electromagnets acting
in concert. OctoMag was primarily designed for the control
of intraocular microrobots for delicate retinal procedures, but
it also has potential uses in other medical applications or
micromanipulation under an optical microscope.

I. INTRODUCTION

One approach to the wireless control of microrobots is

through externally applied magnetic fields. These untethered

devices can navigate in bodily fluids to enable a number of

new minimally invasive therapeutic and diagnostic medical

procedures. We are particularly interested in intraocular mi-

crorobots, which have the potential to be used in ophthalmic

procedures such as drug delivery and remote sensing [1].

With the goal of enabling less invasive and safer retinal

surgery, as well as providing an increased level of dexterity

desired by clinicians, we embarked on the design of a system

for magnetic manipulation of a fully untethered dexterous

microrobotic device inside the eye. A magnetic device is

fundamentally force controlled, with localization required for

closed-loop position control, as opposed to manual surgery

and existing robotic tools [2]–[4], which are fundamentally

position controlled with force sensing or visual feedback of

tissue interaction required for closed-loop force control. This

makes a magnetic tool a safer device for interacting with

the retina: we can impose limits on the system to make

irreparable retinal damage impossible, even in the event of

patient movement or system failure. Ophthalmic procedures

are also unique among minimally invasive medical proce-

dures in that they provide a direct line of sight for visual

feedback, making closed-loop position control of intraocular

microrobots possible.

The result of our design is an electromagnetic system

that we call OctoMag. The prototype system is shown

in Fig. 1, and a concept image showing how OctoMag

would be used for control of intraocular microrobots is
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Fig. 1. The OctoMag prototype contains eight 210-mm-long by 62-mm-
diameter electromagnets. The gap between two opposing electromagnets on
the lower set is 130 mm. The inset is the side-camera view, and shows a
2-mm-long microrobot of the type described in [5].

shown in Fig. 2. OctoMag enables five-degree-of-freedom

(5-DOF) wireless magnetic control of a fully untethered

microrobot (3-DOF position, 2-DOF pointing orientation).

The microrobot can move through a large workspace and

is completely unrestrained in the rotation degrees of free-

dom, which has not been demonstrated previously. Whereas

magnetic manipulation has typically relied on orthogonal

electromagnetic arrangements generating uniform fields and

so-called uniform-gradient fields, which are simple in terms

of modeling and control, OctoMag’s level of wireless control

is due to its utilization of complex nonuniform magnetic

fields.

The original goal of the OctoMag project was 5-DOF

wireless manipulation using stationary soft-magnetic-core

electromagnets configured to respect the geometry of the hu-

man head, neck, and shoulders for the control of intraocular

microrobots. We began our open-ended design problem by

first solving the control-system problem: Given an arbitrary

number of stationary electromagnets in an arbitrary configu-

ration, what is a viable control system for 5-DOF control of

magnetic microrobots? Using the developed control system,

we considered the performance of the resulting system to

optimize the design of the electromagnet configuration.

There is a large body of prior work discussing wireless

manipulation with magnetic fields, using a wide variety of

techniques. A significant portion of that work is aimed at

medical applications [6]. Some of the earliest systems were

designed to pull a magnetic seed through brain tissue using

incremental pulses [7], but were not capable of stable real-
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of every core) superimpose linearly. Thus, if we precompute

the field contribution of a given electromagnet in situ, we can

assume that the magnetic field at a point in the workspace

is the sum of the contributions of the individual currents:

B(P) =
n

∑

e=1

Be(P) =
n

∑

e=1

B̃e(P)ie (4)

This assumption is clearly also valid for air-core electromag-

nets. This linear summation of fields can be expressed as:

B(P) =
[

B̃1(P) · · · B̃n(P)
]







i1
...

in






= B(P)I (5)

The 3 × n B(P) matrix is known at each point in the

workspace and can be calculated online, or calculated offline

and then interpolated. It is also possible to express the

derivative of the field in a given direction in a specific frame,

for example the x direction, as the contributions from each

of the currents:

∂B(P)

∂x
=

[

∂B̃1(P)

∂x
· · ·

∂B̃n(P)

∂x

]







i1
...

in






= Bx(P)I

(6)

In the case of a microrobot moving through fluid, where

the microrobot can align with the applied field unimpeded,

we can simply control the magnetic field to the desired

orientation, to which the microrobot will naturally align, and

then explicitly control the force on the microrobot:

[

B

F

]

=









B(P)
M

TBx(P)
M

TBy(P)
M

TBz(P)















i1
...

in






= A(M,P)I (7)

That is, for each microrobot pose, the n electromagnet

currents are mapped to a field and force through a 6 × n
actuation matrix A(M,P). For a desired field/force vector,

the choice of currents that gets us closest to the desired

field/force value can be found using the pseudoinverse:

I = A(M,P)†
[

Bdes

Fdes

]

(8)

Full 5-DOF control requires a rank-6 actuation matrix A. If

there are multiple solutions to achieve the desired field/force,

the pseudoinverse finds the solution that minimizes the 2-

norm of the current vector, which is desirable for the mini-

mization of both energy consuption and heat generation. Note

that the use of (8) requires knowledge of the microrobot’s

pose and magnetic moment. If we ensure that the direction of

B does not change too rapidly, it is reasonable to assume that

M is always aligned with B, which means that we need not

explicitly measure the microrobot’s full pose, but rather, only

estimate the magnitude of M and measure the microrobot’s

position P. In addition, if we can generate a magnetic field

that does not vary greatly across the workspace, it may be

reasonable to assume that the microrobot is always located

at P = 0 for purposes of control, eliminating the need for

any localization of the microrobot.

There are a number of potential methods to generate the

unit-current field maps that are required for the proposed

control system. We may either explicitly measure the mag-

netic field of the final system at a grid of points or compute

the field values at the grid of points using FEM models, and

then use trilinear interpolation during run time. To generate

the unit-current gradient maps using either method, we may

either explicitly measure/model the gradient at the grid of

points, or numerically differentiate the field data. In this

paper, we choose to fit a simple analytical model—the point-

dipole model—to field data obtained from an FEM model of

the final system for each of the unit-current contributions.

The analytical field model also has a simple analytical

derivative. These analytical models are used to build the unit-

current field and gradient maps during run time.

Throughout this work, we use a constant |B| = 15 mT
at the location of the microrobot: a value chosen after pilot

testing because it results in low peak currents in the elec-

tromagnets during typical operation. Keeping |B| constant

keeps the control-system equations linear and enables (8) to

be computed in one iteration, but it is suboptimal. Allowing

|B| to vary would result in somewhat better performance, but

at the added computation cost of optimization in real time.

This is left as a topic for future work.

Traditional wisdom is that developing linear control sys-

tems requires air-core electromagnets, whose individual

fields linearly superimpose. However, soft-magnetic cores

are desirable here because they provide an approximately

20× increase in magnetic-field strength compared to air-

core electromagnets. Computing the linear contributions of

multiple electromagnets that have high-performance soft-

magnetic cores in situ is the concept that ultimately leads

to the system developed in this paper.

III. DESIGN OF THE ELECTROMAGNET CONFIGURATION

Once equipped with a general control system using n
electromagnets, it is possible to use this controller in the

design of the electromagnet configuration. The singular

values of the actuation matrix give information about the

condition of the workspace (i.e., points and configurations

where we lose control authority in certain directions). Since

the units for flux density and force are not the same, it

is difficult to characterize the system with some condition

number based on singular values [24]. When we consider

the practical requirements of the control system, it is more

important to accurately control force than field. Accurate

force control will be needed to levitate the microrobot against

its own weight in gravity, or to push on an object with a

specific force. Field, on the other hand, is only needed to

rotate the microrobot, and a low field applied in the correct

direction will ultimately result in the correct control effort,

with only the rise time of the controller being affected. With

this design specification in mind, we consider a modified

actuation matrix where the field equations are assumed to be
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electromagnets must uniformly surround the workspace in

order to create an isotropic behavior, but this is not the case.

With the hemispherical OctoMag configuration, we can push

downward, and pull upward and sideways, and we can do it

while maintaining any microrobot orientation.

IV. SYSTEM IMPLEMENTATION

Each electromagnet consists of a coil that has dimen-

sions di = 44 mm, do = 63.2 mm and l = 210 mm,

where di, do, and l are inner diameter, outer diameter, and

length, respectively. The coil carries 712 wraps of 1.6-mm
diameter, insulated copper wire. The electromagnet cores

are made of VACOFLUX 50, which is a CoFe alloy from

VACUUMSCHMELZE. Its saturation magnetization is on

the order of 2.3 T, the coercivity is 0.11 mT, and the

maximum permeability is 4500 H/m. The core has diameter

42 mm and length 210 mm. The maximum dimension of

the electromagnet tip is limited through geometry. Taking

this spatial limitation into consideration, the ratio of core

radius to core length was chosen such that a current den-

sity of ∼ 700 A/cm2 would suffice to saturate the core

while providing the required magnetic field strength. The

electromagnet has an inductance of 89 mH and a resistance

of 1.3 Ω.

The power supply for the system is an SM 70-90 by Delta

Elektronica BV. This supply is capable of providing 6 kW
to the system, and enables all eight channels to be simulta-

neously driven at 20 A. To reduce the power consumption

of the electronics, the current for the electromagnetic coils

is sourced through custom-designed switched amplifiers. The

switching frequency of these amplifiers is 150 kHz, which is

well above the frequency that would influence control of the

microrobot. The switched amplifiers are controlled through

two Sensoray 626 DAC cards with 14-bit resolution.

To prevent the temperature in the coils from reaching a

critical stage, a cooling system consisting of copper tubing

that surrounds each coil has been implemented. While run-

ning cooling water through the tubing, temperatures have not

exceeded 45 ◦C with prolonged application of the maximum

current the system is capable of exerting (which rarely occurs

in practice).

Two stationary camera assemblies provide visual feedback

from the top and side. The cameras are Basler A602f 100 fps

monochrome CMOS firewire cameras. The cameras are each

fitted with an Edmund Optics VZM 200i 2× zoom lens

with a working distance of 90 mm, a depth-of-field of

1.5 mm, and a frame size of 640 × 480 pixels with an

effective pixel size of 19.89 µm. Each camera assembly is

mounted on a Thorlabs DT25/M translation stage, which is

used for focusing. Position feedback is achieved with visual

processing using the OpenCV library. The simplified ex-

perimental environment—a transparent plastic vial—enables

successful tracking through the use of adaptive thresholding

and morphological operators such as erosion and dilation.

The tracking precision is primarily limited by the resolution

of the cameras and optics as discussed in Section VI. The

entire system is controlled through C++ by a single computer

TABLE I

MAX FORCE ON LARGE CONI MICROROBOT FOR VARIOUS

ORIENTATIONS.

Field
Orientation

Fup

(µN)
Fdown
(µN)

Flat,x
(µN)

Flat,y
(µN)

Flat,xy
(µN)

z 42 26 25 27 28
−z 66 42 36 42 44
x 43 43 72 62 79
xy 55 55 84 61 50

TABLE II

MAX FORCE ON SMALL NI MICROROBOT FOR VARIOUS ORIENTATIONS.

Field
Orientation

Fup

(µN)
Fdown
(µN)

Flat,x
(µN)

Flat,y
(µN)

Flat,xy
(µN)

z 2.1 1.3 1.1 1.3 1.4
−z 3.3 2.1 1.7 2.0 2.2
x 2.2 2.2 3.6 3.1 3.9
xy 2.7 2.7 4.1 3.0 2.5

with an Intel Core 2 Duo 2.6 GHz processor running Ubuntu

Linux.

V. FORCE GENERATION

We are interested in quantifying the maximum force that

can be developed with a microrobot, which is a function of

the size and geometry of the microrobot and the coil setup.

Throughout this paper we consider two assembled-MEMS

microrobots of the type discussed in [5]. The microrobots are

assembled from two electroplated, planar, nearly elliptical

pieces, resulting from the intersection of two circles with

their centers at a distance a apart. The dimensions are

aCoNi = 1.5 mm and RCoNi = 1.25 mm with a plated

thickness of 50 µm for the larger CoNi microrobot, and

aNi = 375 µm and RNi = 312.5 µm with a plated thickness

of 40 µm for the smaller Ni microrobot, with R denoting

circle radius. The volume of the microrobots are respectively

1.35 × 10−10 m3 and 6.60 × 10−12 m3. With the density

of CoNi and Ni being 8900 kg/m3, their weights are

1.18 × 10−5 N and 5.76 × 10−7 N. For both microrobots,

and for |B| = 15 mT, the maximum magnetic forces that

OctoMag can develop in a variety of microrobot configura-

tions are given in Tables I and II. The values all assume a

15 A saturation of the current amplifiers. They also assume

the microrobot is at the center of the workspace, but the

values are representative of the maximum forces throughout

the workspace. Because setting |B| = 15 mT is a suboptimal

choice made to linearize the controller, the values given in

Tables I and II represent a lower bound on the true maximum

force values.

Magnetic force is proportional to volume, if the geometry

is held constant. Because the microrobot’s weight is also

proportional to volume, the ability to levitate a microrobot

is unchanged with the microrobot’s size. However, because

fluid-drag effects are proportional to surface area, we see a

decrease in maximum velocity as we reduce the size of the

microrobot. It is also worth noting that the fluid environment

provides a buoyancy force approximately %14 of the weight.
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beyond medical applications. For example, the OctoMag

configuration could be scaled down and used to control

microdevices under a light microscope. Since the workspace

is designed to be isotropic, OctoMag can be operated upside

down or on its side. OctoMag can also be used to control

magnetic microrobots that were originally designed to be

controlled with uniform magnetic fields. Consider, for exam-

ple, microscopic helical swimmers designed to be controlled

by a rotating uniform magnetic field [10]. With OctoMag, we

can set the field to any desired value and simply set F = 0

to effectively generate a uniform field. However, if we apply

magnetic force to the microrobot as we rotate it, the magnetic

force will sum with the fluidic propulsive force, resulting

in higher manipulation forces. Considering the desirable

propulsive properties of helical magnetic swimmers as they

are scaled down [25], this may actually result in larger useful

pushing force than is possible with the type of microrobots

shown in this paper.

In order to use the OctoMag for the control of intraocular

microrobots, we must still determine for which vitreoretinal

procedures an untethered microrobot is appropriate. Micro-

robots can clearly be used for remote sensing applications,

as well as for targeted delivery of small quantities of concen-

trated drug. There are two potential drawbacks of magnetic

microrobots: their limited ability to apply large forces, and

their limited ability to carry large payloads.

VIII. CONCLUSION

We presented five-degree-of-freedom (5-DOF) wireless

magnetic control of a fully untethered microrobot, using an

electromagnetic system that we call OctoMag. The system

provides precise positioning under closed-loop control with

computer vision, but can also be used without any visual

tracking, relying only on visual feedback to the human

operator during direct teleoperation. OctoMag was designed

for the control of intraocular microrobots for minimally

invasive retinal therapy and diagnosis, but it also has potential

for use as a wireless micromanipulation system under a light

microscope.
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