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A Critical Analysis of Eight-Electromagnet
Manipulation Systems: The Role of Electromagnet

Configuration on Strength, Isotropy, and Access
Ashkan Pourkand and Jake J. Abbott

Abstract—It is known that in the creation of isotropic magnetic
manipulation systems using a set of stationary electromagnets,
eight electromagnets are necessary to ensure that there are no
singularities in the workspace. A variety of eight-electromagnet
configurations have been proposed to date. In the first contribution
of this letter, we conduct a critical comparison of these proposed
configurations, and find that certain configurations are superior in
terms of field and torque generation, whereas others are superior
in terms of force generation due to the spatial derivative of the field.
All of the prior configurations comprise a high degree of symmetry,
yet access to the workspace varies widely between designs. In the
second contribution of this letter, we propose a new configuration
that does not comprise the symmetry seen in prior systems, and
also provides more open access to the manipulation workspace than
prior systems, yet still exhibits an isotropic workspace with com-
parable performance to prior systems. We conclude that designers
of isotropic eight-electromagnet manipulation systems should not
feel obliged to incorporate symmetry into their design.

Index Terms—Dexterous manipulation, haptics and haptic inter-
faces, medical robots and systems, micro/nano robots, optimization
and optimal control.

I. INTRODUCTION

THERE has been a great deal of activity over the past two
decades in the design of magnetic manipulation systems

that comprise a set of stationary electromagnets surrounding
a manipulation workspace. These projects have typically been
motivated by the manipulation of microscale objects under a
microscope [1], or by the control of medical devices—such
as catheters, capsule endoscopes, and microrobots—inside the
human body [2]. The OctoMag system [3] was the first to
demonstrate the dexterous manipulation of an untethered and
unconstrained magnetic dipole, with three-degree-of-freedom
(3-DOF) position control and 2-DOF torque control. The
OctoMag was so-named because of its use of eight electro-
magnets, and we now know that eight is the minimum number
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of stationary electromagnets required to ensure that there are
no singularities in the manipulation workspace [4]. Erni et al.
[5] considered a configuration of eight electromagnets all ar-
ranged in a plane, and found that it had singularities in the
workspace (unlike the OctoMag). However, a variety of other
eight-electromagnet manipulation systems have been developed
that have more well-conditioned configurations than a coplanar
configuration [6]–[10], yet there has been no published criti-
cal comparison of these configurations to each other and to the
OctoMag; this is the first contribution of our letter. We show
that there is no obvious best system, with a trade-off between
torque generation (proportional to the strength of the field), force
generation (proportional to the spatial derivative of the field),
workspace isotropy, and access to the workspace. We perform a
quasistatic analysis, and do not consider system dynamics (e.g.,
time response, mutual inductance).

We are particularly interested in the use of magnetic manipu-
lation systems for the application of untethered magnetic haptic
interfaces, wherein an untethered haptic stylus is equipped
with a magnetic tip, and the electromagnets are used to ren-
der forces and torques wirelessly to that stylus tip [11], [12].
One of the benefits of the OctoMag configuration over other
eight-electromagnet configurations is the relatively open ac-
cess to its workspace, due to the hemispherical arrangement
of the electromagnets, which provides unencumbered access to
the workspace from one side. However, with the need to pro-
vide access for a hand-held stylus, as well as two cameras to
localize the stylus in the workspace, we were forced to con-
sider other electromagnet configurations with even more access
to the workspace. We began by simply removing one of the
OctoMag’s electromagnets (which provided a great deal of ac-
cess from a new, orthogonal direction), and then moving the
other seven electromagnets just enough to accommodate the
reintroduction of the eighth (which only slightly compromised
access from the original direction). The result is a configuration
that we will refer to here simply as the open-asymmetric con-
figuration. We are not making any claims of optimality of this
new configuration for any specific cost function, but the con-
figuration has substantially more open access to the workspace
than prior configurations while maintaining manipulation capa-
bilities comparable to prior systems (even though the configura-
tion does not exhibit the degree of symmetry seen in prior sys-
tems). This is the second contribution of this letter. Although we
were motivated by the creation of an untethered magnetic haptic
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interface, this new configuration also seems promising for med-
ical applications.

II. BACKGROUND ON MAGNETIC MANIPULABILITY

When a magnetic dipole m{A·m2} is placed in a magnetic
field b {T}, the torque τ {N·m} and force f {N}, respectively,
generated on the dipole are:

τ = m × b (1)

f = (m · ∇)b (2)

where ∇ = [ ∂
∂x

∂
∂y

∂
∂z ]T . We can express the dipole and field

vectors with respect to their components:

m =

⎡
⎢⎣

mx

my

mz

⎤
⎥⎦, b =

⎡
⎢⎣

bx

by

bz

⎤
⎥⎦ (3)

It is well known that the cross-product operation can be ex-
pressed using a skew-symmetric matrix, which enables us to
express (1) as:

τ =

⎡
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0 −mz my

mz 0 −mx

−my mx 0

⎤
⎥⎦

⎡
⎢⎣

bx

by

bz

⎤
⎥⎦ (4)

In this representation, the roles of the dipole and the field on the
resulting torque are separated.

Petruska and Nelson [4] showed that it is similarly possible
to separate the roles of the dipole and the spatial derivatives
of the field on the resulting force, which enables us to express
(2) as:

f =

⎡
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mx my mz 0 0
0 mx 0 my mz

−mz 0 mx −mz my

⎤
⎥⎦
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(5)

If the goal is to create an isotropic magnetic manipulation
workspace, with full control over the torque and force gen-
erated, which should work with the dipole m in all possible
orientations, then [4] concludes that we must have at least eight
electromagnets in order to independently control the three in-
puts in (4) and the five inputs in (5). The field can be expressed
as the linear combination of the field due to each of the electro-
magnets:

⎡
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(6)

and the force can be expressed as the linear combination of the
field derivatives due to each of the electromagnets:
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(7)

The singular values (σi) of the 3 × 8 actuation matrix in (6)
and the 5 × 8 actuation matrix in (7) can be used to quantify the
torque-control and force-control authority, respectively, over a
magnetic dipole in any possible orientation. This is an improve-
ment over the related methodology of [3], since it no longer
requires that the to-be-manipulated magnetic dipole be explic-
itly considered in the analysis of the system’s manipulability.

III. CRITICAL COMPARISON OF EIGHT-ELECTROMAGNET

CONFIGURATIONS

In this section, we critically compare four eight-
electromagnet configurations used in magnetic manipulation
systems (Fig. 1). The first two configurations (square-antiprism
and OctoMag) have been highly utilized in the literature, and
the third configuration has been utilized in a commercial sys-
tem (Magnetecs CGCI). All three of these systems comprise a
high degree of symmetry. In the fourth system, we propose a
new configuration that substantially violates an assumption of
symmetry, and we find that its performance is comparable to the
other three. In each configuration, we quantify performance of
the workspace in terms of torque- and force-generation capabil-
ity (both magnitude and isotropy) and we quantify accessibility
of the workspace as a set of unoccupied solid angles. In each of
the configurations considered, we assume, in order of priority:
(1) that all electromagnets are cylinders of the same dimensions,
with outer diameter Do ; (2) that the axes of the electromagnets
all intersect at a common point, which is assumed to be the
center of the manipulation workspace; (3) that all electromag-
nets are the same distance from that common point; (4) and
that all electromagnets are as close as possible to the common
point, such that a collision between electromagnets has occurred.
In Section III-A we describe each of the configurations, in
Section III-B we describe the methodology used in our com-
parison, and in Section III-C we provide the results of our
comparison.

A. Electromagnet Configurations

1) Square Antiprism: With the knowledge that eight linearly
independent magnetic fields are required for full manipulability,
it is natural to attempt to place each of the eight electromag-
nets as far away from each other as possible so that their field
contributions are distinct, while still keeping them close to the



POURKAND AND ABBOTT: CRITICAL ANALYSIS OF EIGHT-ELECTROMAGNET MANIPULATION SYSTEMS 2959

Fig. 1. The four eight-electromagnet configurations considered. The upper set is indicated in red, and the lower set is indicated in blue. In the open-asymmetric
configuration, one of the upper magnets is removed, and a new magnet indicated in green is placed between the electromagnets in the lower set. (a) Square-antiprism
configuration. (b) OctoMag configuration. (c) Magnetecs-CGCI configuration. (d) Open-asymmetric configuration.

manipulation workspace. This problem is very related to that of
Thomson [13], who considered the equilibrium spacing of elec-
trons in an atom as they are attracted to the nucleus but repelled
from each other. For our problem, this is equivalent to placing the
electromagnets on and normal to a sphere, and as far as possible
from each other on that sphere. Thomson’s method proposes the
square antiprism arrangement as the solution to this problem for
eight objects. In the square antiprism, two square parallel plates,
separated by a distance equal to the sphere’s radius, are arranged
with a common central normal axis, and one of them is rotated
45° about that axis; the solution is then the eight corners of the
plates. Figure 1(a) shows electromagnets in this configuration,
which is created as follows: each electromagnet in the upper
set1 is rotated 60° from the common axis of symmetry; each
electromagnet in the lower set is rotated 60° from the common
axis of symmetry; and the lower set is rotated 45° about its axis
of symmetry, relative to the upper set. In this arrangement, if the
electromagnets are allowed to be placed as close as possible to
the center of the workspace before self-collision, the innermost
surfaces of the electromagnets are located at a distance 1.31Do

from the center of the workspace. Access to the workspace is
relatively restricted, with two 48° solid angles and eight 16°
solid angles that are all isolated from one another. This (ap-
proximate) configuration has been utilized in previous systems
[7]–[9], although the connection to the square antiprism has not
been discussed previously.

2) OctoMag: Kummer et al. [3] presented a configuration
known as the “OctoMag”. Figure 1(b) shows electromagnets

1Throughout this section we refer to the “upper” and “lower” sets of electro-
magnets in reference to Fig. 1, but there is no inherent sense of up or down in
any of the analysis in this letter.

in this configuration, which is created as follows: each electro-
magnet in the upper set is rotated 90° from the common axis
of symmetry, so that they lie in a common plane; each electro-
magnet in the lower set is rotated 45° from the common axis
of symmetry; and the lower set is rotated 45° about its axis
of symmetry, relative to the upper set. In this arrangement, the
electromagnets are arranged on a hemisphere, and if the elec-
tromagnets are allowed to be placed as close as possible to the
center of the workspace before self-collision, the innermost sur-
faces of the electromagnets are located at a distance 1.73Do

from the center of the workspace. Access to the workspace is
quite open from one side, with a 120° solid angle and four ad-
joining 10° solid angles, and with an additional five 30° solid
angles that are isolated from one another and from the large ac-
cess opening. As described in [3], the OctoMag design was the
result of a constrained optimization to maximize the worst-case
force generation, which is equivalent to maximizing the value of
σ5 in the actuation matrix of (7), using the rationale that forces
are more important than torques for the control of levitating un-
tethered devices that are free to rotate and align with the applied
field. Others have proposed small modifications to the OctoMag
configuration [6], including a small deviation of its symmetry
(see [14], Fig. 3).

3) Magnetecs CGCI: Magnetecs (Inglewood, California)
has created a system that they call the Catheter Guidance Control
and Imaging (CGCI) system. Based on photos and illustrations
available online, we estimate the configuration as depicted in
Figure 1(c), which is created as follows: each electromagnet in
the upper set is rotated 54.7° from the common axis of symme-
try; each electromagnet in the lower set is rotated 54.7° from
the common axis of symmetry; and the lower set is not rotated
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Fig. 2. The dimensions of electromagnets considered, with L/Do = {0.5, 1,
1.5} and Di/Do = {0.25, 0.5, 0.75}, shown in the same arrangement as the
results in Table I.

relative to the upper set. In this arrangement, if the electromag-
nets are allowed to be placed as close as possible to the center
of the workspace before self-collision, the innermost surfaces
of the electromagnets are located at a distance 1.41Do from the
center of the workspace. Access to the workspace is the most
restricted of the configurations considered here, with six 40°
solid angles that are all isolated from one another.

4) Open-Asymmetric Configuration: The proposed open-
asymmetric configuration that we consider here is depicted in
Figure 1(d), which is created as follows: each electromagnet in
the upper set is rotated 80° from the common axis of symmetry;
each electromagnet in the lower set is rotated 60° from the com-
mon axis of symmetry; the lower set is rotated 45° about its axis
of symmetry, relative to the upper set; and one of the electromag-
nets from the upper set is removed and relocated to correspond
with the axis of symmetry of the lower set. In this arrange-
ment, if the electromagnets are allowed to be placed as close
as possible to the center of the workspace before self-collision,
the innermost surfaces of the electromagnets are located at a
distance 1.73Do from the center of the workspace. This is the
same relative distance as the OcoMag system by design; we
chose the angles of the electromagnets to maintain that distance,
as well as the angular distance between neighboring magnets of
60°. It is nearly as easy to access the workspace from above as
with the OctoMag configuration, but it is also substantially eas-
ier to access the workspace from one side, creating a very open
configuration that can be described as a 100° solid angle, an
adjoining 60° solid angle, and four adjoining 30° solid angles,
with an additional four 18° solid angles that are isolated from
one another and from the large access opening. Unlike each of
the other three configurations, this proposed configuration does
not comprise a high degree of symmetry. In fact, another way of
thinking about the construction of this configuration is to create
a symmetric nine-electromagnet system similar in spirit to the
OctoMag, and then simply remove one of the electromagnets.

B. Methodology for Numerical Comparison

In this study, for each of the four configurations, we consider
five different electromagnets of varying lengths and inner di-
ameters (see Fig. 2) so as to not bias our comparison in favor
of one particular electromagnet design. For each of these five
electromagnets, we created a lookup table by calculating the

field in a cubic workspace of side length 4Do centered directly
adjacent to the innermost surface of the electromagnet, with a
discretization of 1600 points in each dimension, for a total of
4.096 × 109 points. This high number was chosen to avoid any
potential errors due to discretization. The magnetic field at each
point is calculated by the Biot-Savart law integrated over the
volume of the cylindrical coil, which is defined with respect to
a Cartesian coordinate systems attached to the coil’s innermost
face with x defined as the main axis of the coil:

b(p) =
μ0J

4π

∫ x=L

x=0

∫ r= D o
2

r= D i
2

∫ θ=2π

θ=0
βββ(p, x, r, θ)dθdrdx (8a)

βββ(p, x, r, θ) =

⎡
⎢⎣

0

r cos(θ)

−r sin(θ)

⎤
⎥⎦ ×

⎛
⎜⎝p −

⎡
⎢⎣

x

r sin(θ)
r cos(θ)

⎤
⎥⎦

⎞
⎟⎠

∥∥∥∥∥∥∥
p −

⎡
⎢⎣

x

r sin(θ)

r cos(θ)

⎤
⎥⎦

∥∥∥∥∥∥∥

3 (8b)

where p {m} is the point at which we are calculating the mag-
netic field b, μ0 = 4π × 10−7 T·m·A−1 is the permeability of
free space, J {A·m−2} is the current density, L {m} is the
length of the coil, and Di {m} and Do {m} are the inner and
outer diameters of the coil, respectively. In our simulation, we
exclusively considered Do = 0.1 m and J = 10−6 A·m−2 .

When evaluating the manipulability of each configuration, we
considered a cubic workspace of side length 0.5Do , centered
at the common intersection point of the electromagnets’ axes.
We consider the center of the cubic workspace, as well as the
corners of the cube and the centers of each of its edges and
faces, for a total of 27 points throughout the workspace. At each
of these points, we compute the singular values of the 3 × 8
actuation matrix in (6) and the 5 × 8 actuation matrix in (7).
From those values, we find the smallest singular values, σ3 and
σ5 , respectively, which we would like to be as large as possible
to maximize the strength of the system in the conservative worst-
case. We also compute the condition numbers of the actuation
matrices, κ = σ3/σ1 and κ = σ5/σ1 , respectively, which we
would like to be as close to unity as possible to maximize
isotropy. We compute each of the above metrics at each of the
27 points throughout the workspace.

C. Results

Table I shows the results of the comparison between the four
configurations. For each of the 3 × 8 actuation matrix in (6) and
the 5 × 8 actuation matrix in (7), we report the condition num-
ber and smallest singular value at the center of the workspace,
as well as their maximum and minimum values across all 27
points in the workspace. Each cell in the table contains five val-
ues, arranged to correspond to the electromagnets as depicted in
Fig. 2. In our opinion, σ3,min and σ5,min are the most important
parameters to consider, since they represent the location in the
workspace where control authority is the worst, thus they are
conservative metrics of manipulation capability. Note: the nu-
merical values reported for the singular values are for a system
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TABLE I
RESULTS OF THE COMPARISON BETWEEN THE FOUR ELECTROMAGNET CONFIGURATIONS OF FIG. 1, FOR THE FIVE ELECTROMAGNET GEOMETRIES OF FIG. 2. FOR

EACH OF THE METRICS, THE SUBSCRIPT O INDICATES THE VALUE AT THE CENTER OF THE WORKSPACE, AND THE SUBSCRIPTS max AND min INDICATE THE

MAXIMUM AND MINIMUM VALUES, RESPECTIVELY, FOUND ACROSS THE 27 POINTS IN THE WORKSPACE.

with a single (arbitrary) Do and J , so the absolute values are
only meaningful for that specific case, so these values should
only be used to make relative comparisons between configu-
rations. The condition numbers, however, are invariant to the
values of Do and J chosen.

As expected, larger electromagnets lead to higher values in
terms of both field (torque) and field derivative (force). However,
we find that the condition number is insensitive to the size
of the electromagnets. We also find that, with few exceptions,
the results of a relative comparison between configurations is
insensitive to the size of the electromagnets.

In terms of field-generation capability, which corresponds to
torque-generation capability, we find that the square-antiprism
and Magnetecs-CGCI configurations are the strongest, and the

OctoMag and open-asymmetric configurations are the weakest.
However, the weaker configurations are only ∼22% weaker
that the strongest configurations (using σ3,min ). We find that the
open-asymmetric configuration is the best in terms of workspace
conditioning (κmin ), but the correct interpretation of this result
is that the system is more-equally weak. We find that the square-
antiprism configuration is the second-best in terms of workspace
conditioning, and the correct interpretation of this result is that
the system is more-equally strong.

In terms of the generation of a spatial derivative in the
field, which corresponds to force-generation capability, we find
that the OctoMag configuration is the strongest, followed by
the open-asymmetric configuration (∼81% the strength of Oc-
toMag), then the square-antiprism configuration (∼63% the
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strength of OctoMag), with the Magnetecs-CGCI configura-
tion being the weakest (∼9% the strength of OctoMag), all
using σ5,min . We find that the open-asymmetric configuration is
best in terms of workspace conditioning (κmin ), and the correct
interpretation of this result is that the system is more-equally
moderate. We find that the Magnetecs-CGCI configuration is by
far the worst in terms of workspace conditioning, which when
combined with the results for σ5,min reveals that there are loca-
tions in that system’s workspace in which control authority (in
terms of force) is substantially reduced.

IV. DISCUSSION

From the preceding results, it is clear that there is no clear best
system overall. We must be aware of the intended application.
For systems in which force generation is not important (e.g.,
using torque-based control of helical swimming microrobots),
the square-antiprism and Magnetecs-CGCI configurations
seem superior to the other configurations considered. However,
even in this special case, the results should be interpreted with
caution. Those configurations allow the electromagnets to be
placed substantially closer to the workspace than the other
configurations considered, which is likely the primary reason
for the positive result, but that comes at the cost of restricting
access to the workspace. If the access could be equalized in
some way (which would almost certainly be application spe-
cific), we may find that the benefits of the square-antiprism and
Magnetecs-CGCI configurations are less pronounced. However,
although having a large access solid angle may be important for
some applications, utilizing multiple smaller access solid angles
with a variety of approach vectors may be a better for other
applications.

In our analysis, we chose to consider a fixed workspace
size across configurations (i.e., a cubic workspace of side-
length 0.5Do ). As an alternative, we could have considered
a workspace that scaled proportionally to the open volume be-
tween the electromagnets in each of the configurations. It is
unclear how such a choice would have affected the results.

In our analysis, we only consider coreless (i.e., air-core) elec-
tromagnets, due to the relative simplicity that it affords. Most
of the eight-electromagnetic systems in the literature utilize fer-
romagnetic cores, which could affect the generalizability of our
results. However, we believe that it is unlikely to significantly
affect our conclusions related to the relative comparisons be-
tween configurations, due to that fact that we found such an
insensitivity to the geometry of the electromagnet considered.
In addition, we only considered cylindrical electromagnets in
our analysis. However, we recently conducted a study that re-
vealed that cylinders (with the option of a tapered end at the
innermost surface) are less than 1% weaker that the electro-
magnet of optimal geometry [15]. Finally, we constrained the
axes of the electromagnets to all intersect at a common point
at the center of the workspace; it is possible that this arbitrary
constraint is suboptimal.

V. CONCLUSION

In the first contribution of this letter, we conducted a critical
comparison of the manipulability of three eight-electromagnetic
configurations that have appeared in the literature. We found that
certain configurations are superior in terms of field and torque
generation, whereas other are superior in terms of force gener-
ation (due to the spatial derivative in the field). In the second
contribution of this letter, we propose a new open-asymmetric
configuration that does not comprise the symmetry seen in prior
systems yet still exhibits an isotropic workspace with com-
parable performance to prior systems, and that also provides
more open access to the manipulation workspace than prior
systems. Finally, we conclude that designers of isotropic eight-
electromagnet manipulation systems should not feel obliged to
incorporate symmetry into their design.
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