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Attracting Conductive Nonmagnetic Objects With
Rotating Magnetic Dipole Fields

Devin K. Dalton
and Jake J. Abbott

Abstract—Recent research has shown that eddy currents in-
duced by rotating magnetic dipole fields can produce forces and
torques useful for dexterous manipulation of conductive nonmag-
netic objects. This control paradigm shows promise for application
in the remediation of space debris. However, the resulting force
from each field source always includes a repulsive component,
suggesting that the object should be surrounded by field sources
to some degree to ensure the object does not leave the dexterous
workspace during manipulation. In this letter, we describe the
ability of multiple field sources working together in a coordinated
fashion to attract conductive nonmagnetic objects that are not
surrounded, reminiscent of a tractor beam. This enables an object
to be pulled into a dexterous manipulation workspace. We explicitly
describe the nominal attractive force on spherical objects, serving
as an approximation for other object geometries, as a function of
the properties of the object and the field-generation system. We
perform experimental verification using a water-based micrograv-
ity simulator.

Index Terms—Space robotics and automation, manipulation
planning.

I. INTRODUCTION

AGNETIC manipulation has traditionally considered
M the manipulation of objects that comprise a large frac-
tion of magnetic material (i.e.,, permanent-magnet or soft-
magnetic ferromagnetic material) [1]. This limits the types of
objects that can be manipulated, since many common engi-
neering materials—including auminum, titanium, copper, and
somestainlesssteel s—aretypically considered nonmagnetic (al-
though they may have diamagnetic or paramagnetic properties
that are smply too weak to be practically useful for remote
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manipulation). However, these nonmagnetic materials are elec-
trically conductive, which means that time-varying magnetic
fieldswill induce eddy currentsin them [2], which producetheir
own magnetic fieldsthat interact with the applied magneticfield,
which induces forces and torques on the object.

We recently showed that six-degree-of-freedom (6-DOF) ma-
nipulation of conductive nonmagnetic objects is possible using
multiple static magnetic field sources generating rotating dipole
fieldsabout controllableaxes[3]. Themagnetic field sourcescan
be electromagnets (e.g., [4]) or permanent magnets (e.g., [5],
[6]), athough to date we have focused on the use of elec-
tromagnets. We focused our force-torque modeling and initial
manipul ation experiments on conductive spheres[3], which we
hypothesized could serve asfirst-order approximationsfor other
objects. We then actively adapted the sphere’s radius based on
the observed object motion to enable manipulation of unknown
and non-spherical objects[7].

We are primarily interested in applications of this
phenomenon in the microgravity environment of space,
for which eddy-current-based actuation has received substantial
attention in recent years [8]-{18]. The motivation for
eddy-current-based magnetic manipulation in this application
isthe reduction of the chance of destructive collision compared
to traditional contact-based methods for the large quantities
of aluminum in engineered space objects [19]. Importantly,
the relatively weak induced forces and torques of the eddy
currents are potentially sufficient in microgravity, as they need
not overcome object weight. The induced accelerations may
be small, but long time scales may be acceptable for certain
applications.

Inour prior modeling efforts[3], [ 7], wefound that each active
field source always generates a repulsive force component,
regardless of any other force and torque components, suggesting
that the object must be surrounded by the field sources to some
degree to effectively cage it during manipulation. In this letter
we describeand characterizethe ability of multiplefield sources,
working together in a coordinated fashion, to attract conductive
nonmagnetic objects (Fig. 1). Our method resultsin a capability
that is reminiscent of a tractor beam—although not a tractor
beam in the truest sense (i.e., a collimated beam that is able
to attract one object without affecting neighboring objects)—
enabling field sources to reach out and pull on objects that are
not surrounded by field sources. We use dimensional analysisto
characterize the method using a minimal parameterization. We
explicitly consider spherical objects, asin [3].
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Fig. 1. Schematic depicting a conductive nonmagnetic object outside of the
convex hull of a manipulation workspace being pulled into the workspace by a
force f induced by multiple magnetic dipole fields rotating with frequency w.

Fig. 2. Eddy-current-induced forces and torques shown in aspherical coordi-
nate system to describe arbitrary positions of a conductive nonmagnetic object
relative to a rotating magnetic dipole (with the dipole field depicted at a given
instant). Notethat 7, = 7,, x 1. The three canonical positionsin [3], and their
respective forces and torques, are recast in the spherical coordinate system as
in [7]. The arrowhead on 7, a 6 = 180° depicts the positive sign convention,
which is opposite to the actual torque direction for the w shown. All other
force/torque arrowheads depict both the positive sign convention and the actual
force/torque direction for the w shown.

Il. REVIEW OF THE FORCE-TORQUE MODEL

In this section, we summarize our model of induced force-
torque on a solid spherical conductive object. It begins with the
model from [3], which considered the object in three canonical
positions relative to a rotating magnetic dipole field source. It
then incorporates the extension of [7], which considers other
locations of the object with respect to the rotating magnetic
dipole field source, using spherical coordinates (Fig. 2).

The magnetic dipole can be abstracted as a point dipole m
at position &,,, rotating with angular velocity w, such that
m is orthogonal to w. We can describe the position of the
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TABLE|
INDUCED FORCE AND TORQUE, AND THE SIX INDEPENDENT PARAMETERS
THAT AFFECT THEM, ADAPTED FROM [3]

Parameter | Units IT group
7 N o= frip m?
T N-m My =trp 'm?
o AZsN L. m2(@Sm | I, = G;La)rz
p m I, = pr!
r m
m A-m?
o s™! (Hz)
u N-A—2

center of the conductive object as &2, and construct a relative
displacement vector p = &, — £,,. The relative position of
the conductive object is described by three coordinates with
respect to the rotating magnetic dipole: a distance p = ||p||, a
polar angle # measured from the dipol €' s rotation vector w, and
an azimuthal angle ¢ measuring a right-handed rotation about
w. In this coordinate system, the three canonical positions are
described by 6 = 0°, 8 = 90°, and § = 180°.

The steady-state time-averaged eddy-current-induced force f
and torque T weremodel ed parametrically, at thethree canonical
positions, as a function of the electrical conductivity o of the
conductive sphere, the distance p from the dipole (modeled as
a point, which would be at the center of a physical source)
to the center of the conductive sphere, the radius » of the
conductive sphere, the magnetic dipole strength m = ||m/||, the
dipole rotation frequency w = ||w||, and the permeability of the
environment p. Using the Buckingham 11 theorem, we found
that each of the forces and torques could be characterized using
just two independent dimensionless IT groups (see Table).

The resulting dimensionless model took the form

(COHl )c1H1 c2 103
e M

for each of theforce and torque components. The coefficientsfor
thed = 0° and 6§ = 90° positions—whichisall that wewill need
going forward, due to the symmetry of § = 0° and 0 = 180°—
areprovidedinTablell. Themodel (1) isafar-field model, which
underpredictsthe magnitude of force and torquewhen p < 1.5r,
approximately. The model was also developed using datain the
range 0 < II; < 20, so extrapolation beyond this range should
be donewith caution. Themodel can also be expressed inamore
intuitive form

IIy =

c (O’L wrz)m"
(coopowr?)™ Ho 10% (pom?)

& 2
Oie ?

r

[ =

where iy = 47 x 1077 N - A~2 isthe permeability of free space
(1o isthe only value of . of any practical interest).

Given the force and torque values at # = 0° and 6 = 90°, we
are able to construct the force and torque at other values of 6
using a set of simple trigonometric functions, which embody
the type of symmetries that we might expect. The equations
that describe the force and torque components in spherical
coordinates—at arbitrary values of p and 0, and not requiring ¢
due to symmetry—which call the canonical-position model (2),
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TABLEII
COEFFICIENTS FOR THE MODELS IN (1) AND (2) FOR TwO CANONICAL
POSITIONS, BASED ON FINITE-ELEMENT-ANALYSIS (FEA) SIMULATIONS AND
EXPERIMENTS AS REPORTED IN [3], RECAST IN SPHERICAL COORDINATES

ASIN [7]
FEA Simulations
0 £t Coefficients
co c1 (o) c3 cq | C5
0° fp 430 | 2.95 —0.101 —9.26 | 7 4
0° T 6840 | 3.00 | —0.0986 | —13.2 | 6 3
90° Ip 266 | 2.60 | —0.101 —-7.65 | 7 4
90° fo 6040 | 3.45 —-0.102 | —14.3 | 7 4
90° To 8100 | 3.60 | —0.0985 | —15.7 | 6 3
Experimental
0 fT Coefficients
o cl ) 3 cy | cs
0° Ip 467 | 2.81 | —0.0969 | —9.75 | 7 4
0° T 6900 | 3.35 | —0.0990 | —149 | © 3
90° fp 282 | 3.20 | —0.0980 | —9.41 | 7 4
90° fo 5870 | 3.49 | —0.0973 | —14.6 | 7 4
90° Tg 8000 | 3.40 | —0.0928 | —15.0 | 6 3
are asfollows:
f (p7900) _f (p,Oo)
folon) = — (LA TI0CD) costan)
,90° ,0°
2
fo(p,0) =0 4
Fo(p.60) = Folp.90°) sin(6) (5)
7a(p,8) = 7,(p, 0°) cos(6) ®)
7a(p, 0) = <p, 90°) sin(9) @
75(p,0) = 8

Inthisletter, wewill only consider theforces(3)—(5), but wehave
included the torques (6)—8) to acknowledge that there may be
induced torques that contribute to the object’s dynamics during
the attraction maneuver described herein.

I1l. CHARACTERIZING NOMINAL ATTRACTION OUTSIDE THE
MANIPULATION WORKSPACE

When we consider a manipulation workspace in which the
object is surrounded by field sources (i.e., such that it would
be caged by repulsive forces), it is natural to consider the
convex hull formed by the field sources. For example, consider
the workspaces for four and six field sources that have been
optimally distributed on the surface of a sphere (i.e., solving
the Thomson problem [20]), depicted in Fig. 3. The convex
hulls comprise equilateral-triangle facets formed by three field
sourcesin aplane (different numbers of field sources can lead to
different equilateral-polygon facets) and edges formed by two
field sources.

Let us now turn our attention to objects that are outside
of the manipulation workspace. The fundamental conjecture
of this letter is that there exist locations where we can till

|IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 7, NO. 4, OCTOBER 2022

Fig.3. Manipulation workspaces (transparent gray convex hulls) in which the
object is surrounded by optimally distributed field sources (copper cubes). The
convex hulls comprise edges and facets. Four field sources form a tetrahedron.
Six field sources form an octahedron.

Fig. 4. Nomind attractive configurations of three field sources (without loss
of generality) on afacet, and two field sources on an edge. Each field sourceis
at adistance of A (unitsm) from the nominal attraction axis. Although each field
source is depicted with an w vector, in practice we duty cycle them so that only
onefield sourceis active at any given instant.

exercise control authority to pull an object into the manipulation
workspace, even though the object is not surrounded.

For facets, we will characterize the behavior along the sur-
face norma passing through the centroid of the facet, which
we will consider the nominal attraction axis of the facet. In
Fig. 4(a), we depict this nominal attractive configuration of an
equilateral-triangle facet. Each of the three field sources creates
a rotating magnetic dipole field with an axis of rotation w that
isin the same plane formed by the field sources and orthogonal
to the line from the centroid of the facet to the field source.
Although we have explicitly described an equilateral-triangle
facet comprising three field sources, we can generalize this
problem formulation to equilateral-polygon facets comprising
an arbitrary number of vertices (i.e., field sources).

For edges, we will characterize the nominal attraction axis of
two field sources as being along any normal vector that passes
through the center of the line connecting the field sources, as
depicted in Fig. 4(b). Each of the two field sources creates a
rotating magnetic dipole field with an axis of rotation w that is
mutually orthogonal to both theline connecting thefield sources
and the normal vector.

Since our force-torque modeling of Section | does not cur-
rently allow for superposition, wewill not actually actuateall N
field sources simultaneously. Rather, we will duty cycle them
such that they are each actuated for 1/N™ of the time. The
result isthat the nominal attractive capability of edgesand facets
comprising any number of dipole sourcesisthe same. Consider
Fig. 5, which depictsthe case of two field sources(i.e., N = 2),
but which generalizes to all of the cases that we consider. The

Authorized licensed use limited to: The University of Utah. Downloaded on September 22,2022 at 23:13:32 UTC from IEEE Xplore. Restrictions apply.



DALTON et al.: ATTRACTING CONDUCTIVE NONMAGNETIC OBJECTS WITH ROTATING MAGNETIC DIPOLE FIELDS

oo Jor
N N
B, ) :
S A
X&, N ly N
.
0)\/ J
w

1 2

Fig.5. Model showing the induced forcesin the i, and 4, directions of the
respective field source, on an object at position y on the nomina attraction axis,
due to N rotating dipole fields that are each duty cycled 1/N™ of the time.
The resultant force F', when positive, isin the —y direction. N = 2 isdepicted
without loss of generality.

conductive nonmagnetic objectisalwaysat = 90° (seeFig. 2)
asit moves along the normal vector. Each field source generates
both aradial repulsive force of magnitude f, = f,1 = f,2 and
an orthogonal force of magnitude f4 = f41 = fs2, Which are
each scaled by N due to the duty cycle. From symmetry, force
components orthogona to the nominal attraction axis cancel,
leaving only a resultant attractive force along the nominal at-
traction axis:

F = fycos(¢) — f,sin(¢) ©)
We see that the role of N has disappeared. We also note that
induced torques will sum to zero.

We can form a new nondimensional dependent parameter
Iy = Fr*p~tm~2, analogousto how we previously nondimen-
sionalized forces. We must also introduce anew nondimensional
independent parameter to characterize attraction along the nom-
inal axis, based on some combination of A, ¢, and y (given that
II, = pr~! aready represents p in our nondimensional force
model). We decided to include I3 = y/A = tan(¢), which we
will show below leads to elegant results. 113 can take on any
positive value.

WhenIlz = 0(i.e., ¢ = 0, ontheboundary of the workspace)
there will be a force equal to f,;(x,90°) (see (5)) pulling the
object into the workspace.

As we increase 113, the resultant force will decrease and
eventually transition from attraction to repulsion. Thistransition
isdefined by F' = 0, which, occurs at the ¢ at which

¢ =tan ! <f¢> (20)
fo
with a corresponding distance
Yo = Atan(@) = k& (11
fo

Attraction and repulsion occur when y < yo and y > yo,
respectively. Both f4 and f, areafunction of 11, (i.e., afunction
of p = 1/ cos(¢) = y/sin(¢)), but their ratioisnot; itisonly a
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Fig.6. Maximum normalized attraction distancells (i.e., yo /1) asafunction
of (a) II; and (b) dipole rotation frequency w for aluminum (Al), copper (Cu),
and titanium (Ti) spheres of two different sizes.

function of II;:

& _ (CO¢H1)61¢H;2¢ 1039

“2p (12)
f/) (Copnl)clpnlz 10¢30

Asaresult, it is possible for us to determine the value of 1T, —
which, for agiven object, is equivalent to determining the value
of w—to maximizethe distance at which we can attract an object
(i.e., maximize the value of 113 at which ITy = 0). This occurs
a I, =3 x 107%, resulting in yo/A = 73.19 (see Fig. 6(q)),
using the “FEA Simulations’ coefficients from Table Il (which
we use throughout this section as well as Section V). If we
look further into the construction of II; (see Fig. 6(b)), we
see that the optimal frequency increases as an object becomes
lesselectrically conductive (e.g., titanium vs. copper) or smaller
(r =25 mmyvs. r = 50 mm).

However, we have found that optimizing to maximize the
distance at which we can attract objects does not lead to de-
sirable results, since it does not account for the magnitude of
the forces that are generated, and the resulting accelerations
that can be generated to pull an object into the workspace in
areasonable amount of time. Consider Fig. 7, which depictsthe
nondimensional magnitude of the attractive force as a function
of 11, at different combinations of 11, and I3 (which corre-
spond, approximately, to values in our experiments to follow).
At II; = 3 x 1074, the forces are negligible. Forces (i.e., I1o)
are maximized at I1; valuesthat are orders of magnitude higher
and dependent on the rel ative position of the object. We find that
the optimal choice of 11, isonly afunction of 113, although the
resulting 11, is afunction of both 11, and 113, with increasesin
either leading to decreasesin I, asexpected. Fig. 8 providesthe
optimal value of IT; as afunction of II3: low values of II; are
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Fig. 7. Magnitude of nondimensional attractive force (I1p) as a function of
11, for different combinationsof 11, and I13. A negative IT indicatesrepulsion.
Note: I3 = 0 correspondsto ¢ = 0° and II3 = 1 correspondsto ¢ = 45°.
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Fig. 8. The optimal 1I; value (i.e., that maximizes attractive force) for any
given I13 value. Multiple parameter sets are shown to demonstrate that for any
given object radius or system characteristic length this relationship between the
optimal IT; and I3 holdstrue.

optimal when the object isfar away, and the optimal I1; — 3 as
the object is pulled into the workspace. It is interesting to note
that [3] proposed 11; =~ 3 as a near-optimal value for selecting
w to use during dexterous manipulation.

For a more intuitive understanding of optimal attraction, let
us consider a case study with m = 40A - m?, A = 0.2 m, and
copper spheres (conductivity o = 5.87 x 107 S- m~!, density
8960 kg - m~?) of two radii (r = 0.025 mand r = 0.05 m). In
Fig. 9(a) we show the maximum achievable attractiveforce F' as
afunction of thelocation i on the nominal attraction axis, andin
Fig. 9(b) we show the dipole frequency w that inducesit. Using
these optimal forces, in Fig. 9(c) we show the amount of time it
would take for the sphere, starting at rest at a given y location,
to be pulled to y = 0 in microgravity. We find that the optimal
w decreases with object size, and the resulting accelerations are
invariant to object size.

IV. BEYOND THE NOMINAL ATTRACTION AXIS

In Section I11, we explicitly considered the nominal attraction
axis of facets and edges of amagnetic manipul ation workspace,
which exhibit a high degree of symmetry, facilitating rigorous
analysis. However, we are also interested in object positionsthat
are not on thisaxis of symmetry, in which we would not assume

|IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 7, NO. 4, OCTOBER 2022
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Fig. 9. (a) The maximum achievable attractive force F" induced by two m =

40 A - m? rotating dipole fieldswith A = 0.2 m on copper spheres of different
radii at each location y along the nominal attraction axis, (b) the frequency w
that creates the maximum achievable attractive force, (c) and the time it takes
for the sphere to be pulled to y = 0, starting at rest at each y.

that the object would experience forces that are exclusively in
the nominal attractive direction (i.e., the —y direction). Let us
consider the (net) force vector field in the z-y plane corre-
sponding to Fig. 5. Fig. 10 shows two such force vector fields
for the specific system parameters described in the preceding
case study, where the value of w is varied. As expected, the
induced forces are greatest near the field sources, and they are
entirely inthey direction onthe nominal attraction axis (i.e., the
axis of symmetry). We see that the point at which the resulting
force transitions from attraction to repulsion (i.e., yo) along the
nominal attraction axis (i.e., z = 0) isafunction of w, moving
toward y = 0 asw increases, as described in Section I11. There
is clearly a region in which objects would be pulled between
the two field sources, there are clearly regions in which objects
would be pushed away, and there are regions for which an
object’s eventual fateislessclear.

These force vector fields are helpful visualization tools, but
they do not take into account an object’sinertia. Thiswas not a
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Fig. 10. Force vector field induced by two m = 40 A - m? rotating dipole
fieldswith A = 0.2 m, at two frequencies, on acopper spherewith» = 25 mm.
See Supplemental Video 1. (8) w = 13 Hz: yo = 0.36 m. (b) w = 26 Hz: yo =
0.21m.

critical factor along the nominal attraction axis, since the forces
alwaysresultinastraight trajectory. In order to better understand
how an object within this force vector field would actually
move, we created a numerical simulation that takes as inputs
a spherical object’s size, material properties (including density
and electrical conductivity), and initial location (initial velocity
was assumed to be zero), as well as the rotating dipole fields
locations, strength, and rotationa frequency. The simulation
outputs the resulting trajectory of the object. This simulation
was then used to find the attraction/repulsion boundary for our
specific system parameters. Fig. 11 shows this boundary, along
with some sample trajectories for various starting locations, for
the same two frequencies that are shown in Fig. 10. We see a
cone-shaped boundary with straight sides up to a rounded tip
at yo. Starting within this boundary, the copper sphere will be
pulled between the field sources, and starting outside of this
boundary, the copper sphere will be pushed away. The shape of
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Fig.11.  Attraction/repulsion boundary and sampletrajectoriesinduced by two
m = 40 A - m? rotating dipole fields with A = 0.2 m, at two frequencies, on a
copper spherewith » = 25 mm. The samefiveinitia conditions are considered
at both frequencies. See Supplementa Video 2. (a) w = 13 Hz: yo = 0.36 m.
(b) w = 26 Hz: yg = 0.21 m.

the boundary is afunction of w, shrinking as w increases. Both
w valuesin Fig. 11 consider the samefive starting locations. We
selected one starting location that is attractive at w = 13 Hz, but
isrepulsive at w = 26 Hz.

V. EXPERIMENTAL VERIFICATION

For an experimental verification of the phenomenon de-
scribed above, we created an experimental setup comprising two
Omni-magnets [4] of the design originally described in [21];
these are the same Omnimagnets used in our previous works
on thistopic [3], [7]. We placed the Omnimagnets 0.4 m apart
(» = 0.2m), adjacent to apool of water, asshowninFig. 12. We
placed a solid copper spherewith aradiusr = 0.02 m and mass
0.290 kg in a 3D-printed (nonmagnetic and nonconductive) raft
of diameter 88 mm floating on the surface of the water, which
has a depth of 100 mm. The raft itself adds another 0.055 kg
to the object’s mass. The pose of the raft, and thus the copper
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(b) Repulsion experiment over 85 seconds.

Fig. 12. Example attraction and repulsion experiments, with initial (left) and
final (right) conditionsshown. The experimental setup comprisestwo Omnimag-
nets placed 0.4 m apart and a pool of water with araft, equipped with afiducial
marker, carrying a 20-mm-radius copper sphere. See Supplemental Video 3.
Note: the fiducia markers on the two Omnimagnets are not being utilized
here. (a) Attraction experiment over 218 seconds. (b) Repulsion experiment
over 85 seconds.

sphere, wastracked using afiducial marker. This setup provides
a 3-DOF simulation of microgravity (2-DOF translation in the
horizontal plane and 1-DOF rotation about the vertical axis).
The center of each Omnimagnet, which is the location of the
magnetic dipole that it creates, was placed at the same vertical
height asthe center of the copper sphere, whichisjust below the
surface of the water, such that experiments are conducted in the
z = 0 plane depicted in Fig. 5.

A frequency of w = 15 Hz was selected because it is the
maximum frequency that we can generate while generating
our maximum dipole strength of m = 40A - m?, given our
system’s power supply and current drives. Weran thisfrequency
constant throughout the experiments; as a result, the results are
likely suboptimal. We alternated actuating the field sources for
a somewhat arbitrary duration of 2 s (i.e., each with 50% duty
cycle). For each experimental run we attempted to start the
trajectory at rest by gently placing the raft on the water, then
waiting 10 minutes to allow any ripples or starting velocities
to dampen. Multiple initial positions were tested, within both
the attractive and repulsive region of our system. For attraction
runs, the experiment was stopped when the center of the copper
spherereachedy = 0. For therepulsionruns, theexperiment was
stopped when theraft collided with the side of the pool. The pool
was repositioned to facilitate the raft’s trajectory, based on pilot
runs. Two of the experimental runs are shown in Fig. 12, and
four are shown in Fig. 13.

Thewater in our experimental environment addsboth drag and
additional inertia that would not be present in microgravity. To
estimatethese effects, we conducted an additional study inwhich
we replaced the copper sphere with a permanent magnet with
its dipole pointed downward and additional small plastic beads
to match the mass of the copper sphere. We then commanded
one Omnimagnet to have a constant dipol e pointed upward that
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Fig. 13. Experimental and simulated trajectories. Initial positions are shown
as dots. The Omnimagnets are depicted as copper squares. For the attrac-
tion experiments, the time (in seconds) to reach y = 0 is indicated. For the
repulsion experiments, the simulation was run for the same amount of time as
the respective experiment, which is indicated.

resulted inapurely attractiveforce on the permanent magnet [1],
causing the raft to attract along a straight line. We tuned the
strength of the Omnimagnet’s dipole such that the raft moved
with vel ocities comparabl e to our experiments described above.
We used linear regression to fit an effective inertia, as well as
a damping coefficient on velocity entering both linearly and
quadratically; we found a significantly better fit using quadratic
velocity, which is expected since the Reynolds number of our
experiments is still relatively high, even at our slow velocities.
The resulting best-fit model was 0.617 + 5.4v? = f. The effec-
tive mass of 0.61 kg, compared to the measure raft-sphere mass
of 0.345 kg, indicates that the inertia of water is not negligible;
neither is the hydrodynamic drag. Thislumped model of thein-
ertial effectsof water is, of course, only acoarse approximation.

Using the above model, we simulated what we would an-
ticipate compared to our experimental results, starting from the
sameinitial conditions. We used the“ Experimental” coefficients
from Tablell. Theresultsareincluded in Fig. 13. We seethat our
model-based results are qualitatively and quantitatively similar
to what we observed experimentally, with our experimental
attraction runs taking just 13% to 23% longer than what we
anticipated from our model.

If we use a true numerical simulation of microgravity that
ignores drag and inertial effects of water (as well as the added
mass of a raft), starting with the same initial conditions in
Fig. 13, the trajectories are qualitatively similar to the results
in Fig. 13, but the velocities and accelerations are increased.
The time to reach y = 0 for the simulated attractive run than
took 104 s in water would be expected to take only 66 s in
microgravity. The simulated attractive run that took 193 sin
water would be expected to take only 128 s in microgravity.
For each of the repulsive runs, the object would be expected
to travel farther in the same amount of time without the water.
Theseresults suggest that, although our water-based experiment
does add some parasitic effects, it is still good at approximating
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microgravity, as results are on the same order of magnitude as
what would be expected in microgravity.

V1. DISCUSSION

Our nondimensional study considered each of theindependent
variables that affect our ability to attract an object using the
proposed physics. However, the electromagnets’ dipole strength
m was selected as one of those parameters, and it must be gen-
erated using electrical power (which, fortunately, isarenewable
resource for applications in space). For a given electromagnet,
the dipole strength is linearly proportional to the current i (i.e.,
m ) [1], and the consumed power P isquadratic with respect
to current (i.e., P = iR for coil resistance R). Therefore, the
power is quadratic with respect to the dipole strength (i.e., P
m?). Finally, since induced forces are quadratic with respect to
dipole strength (i.e., f o< m?, see(2)), we can conclude that the
induced forces are linear with respect to power (i.e., f « P).
The design of the electromagnets and their associated power
system will be acomplex design problem with many competing
factors, which is beyond the scope of this letter. However, for
Omnimagnetsin particular, [4] providesaset of design equations
that can beincorporated into such designsand feasibility studies.

Constructing the attraction/repulsion boundaries in Fig. 11
required exhaustive dynamic simulations. The result was a
straight-sided, rounded-tip conewithitstip at theposition (0,y).
Onecould simply assume astraight-sided, pointed-tip conewith
itstip at the position (0,y) to provide a conservative attraction
boundary, in the sense that certain locations that are actually
attractive would be considered repul sive, which does not require
any simulations.

Asinour prior works, welimited our analysisto solid spheri-
cal conductive nonmagnetic objects, serving as afirst-order ap-
proximationfor other geometries. Future studiesshould consider
thin-walled objects, which are likely more applicable for space
debris, and which we hypothesize will have more favorable ac-
celeration properties, with a reduction in eddy-current-induced
forces that is more than offset by the reduction in mass.

VI1I. CONCLUSION

We have demonstrated that rotating magnetic dipole fields,
working together in acoordinated fashion, are capabl e of attract-
ing (i.e., pulling on) conductive nonmagnetic objectsin spite of
the fact that each field source always induces a repulsive force
component. This was accomplished by using our previously
created model of eddy-current-induced force on conductive non-
magnetic spheres. We analyzed this attraction capability using
an arbitrary number of field sources that are equally spaced in
a plane around an axis of symmetry, which we consider the
nominal attraction axis, and we determined the optimal dipole
rotation frequency for a given position of the object aong
this axis. We also considered the behavior of objects that are
not on the axis of symmetry, and determined that there are
regions in which objects are eventually either pulled between
thefield sourcesor pushed away. Through experimentswith two
electromagnetic field sources and a water-based microgravity
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simulator, we verified that our model-based results are a good
prediction of what is observed in practice.
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