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Abstract—This paper extends recent work in demonstrating
magnetic manipulation of conductive, nonmagnetic objects using
rotating magnetic dipole fields. The current state of the art
demonstrates dexterous manipulation of solid copper spheres
with all object parameters known a priori. Our approach expands
the previous model that contained three discrete modes to a
single, continuous model that covers all possible relative positions
of the manipulated object relative to the magnetic field source.
We further leverage this new model to examine manipulation of
spherical objects with unknown physical parameters, by applying
techniques from the online-optimization and adaptive-control
literature. Our experimental results validate our new dynamics
model, showing that we get comparable or improved performance
to the previously proposed model, while solving a simpler
optimization problem for control. We further demonstrate the
first physical magnetic control of aluminum spheres, as previous
controllers were only physically validated on copper spheres.
We show that our adaptive control framework can quickly
acquire accurate estimates of the true spherical radius when
weakly initialized, enabling control of spheres with unknown
physical properties. Finally, we demonstrate that the spherical-
object model can be used as an approximate model for adaptive
control of nonspherical objects by performing the first magnetic
manipulation of nonspherical, nonmagnetic objects.

|. INTRODUCTION Fig. 1: Example trajectory—the University of Utah “Block U"—
o ) produced using the proposed continuous-position force-torque model.
There have been signi cant advances on the topic of maghe red line represents position over time (72 minutes) traced by the
netic manipulation over the past decade, the vast majoritgnter of a 20-mm-diameter copper sphere. In this planar simulation
coming from the robotics community1[1]. Researchers ha@ microgravity, the copper sphere is placed in a raft that oats with
:ROF mobility on the surface of water, with four electromagnetic

developed methods to use sets of stationary electromagnge ' sources placed beneath the water tank. The pose of the raft is

or robot-controlled permanent magnets, to dexterously manjpscyed with a camera using a ducial marker. The positions of the
ulate both tethered and untethered devices without any diregdi sources and the copper sphere are rendered in the image at true
physical contact. However, the objects being manipulated hasgale and with perspective; they are obstructed in the actual video.
typically comprised a large fraction of ferromagnetic material
(soft- or permanent-magnet). This severely limits the types of
objects that can be manipulated using magnetic methods thddy currents produce their own magnetic elds, which then
are based on ferromagnetism, since ultimately a very limitéateract with the applied magnetic eld, inducing forces and
set of materials exhibit ferromagnetism. torques on the conductive object. A common commercial
Many engineering materials, although not ferromagnetic, aapplications of this phenomenon is material separation in metal
electrically conductive, including aluminum, titanium, coppergecycling plants([24].
and some stainless steels. It has long been known that wheithe use of eddy-current-induced forces and/or torques for
conductive objects are exposed to time-varying magnetic el@pplications in space is a particularly promising and active
(as opposed to static magnetic elds), a ow of electronarea of research. This arises in part by the benet of non-
known as eddy currents is induced in the matefial [5]. Thesentact actuation in reducing the chances of destructive col-



lision compared to contact-based approaches, and is furthvare accurately known. As a step toward manipulation of un-
motivated by the large quantities of aluminum in engineerdghown space debris, we propose an approach to manipulating
space objects [14]. For example, eddy-current-induced forcgszheres with unknown physical parameters (i.e., radius and
have been proposed as a method of traversing the extedonductivity) through the use of adaptive control. We leverage
of the International Space Station [20, 26] 27, 28]. We athe recently proposed view of adaptive control as online
particularly interested in contributing solutions to the problemptimization [19]. This enables us to more closely tie adaptive
of space debris [7, 21, 10, 11]. A study found that “even if noontrol to classical system identi cation![2], while also making
future launches occurred, collisions between existing satellitese of exciting advances in online optimizatiaon [4] such as
would increase the 10-cm and larger debris population fassmivers that are robust to noise while also handling constraints
than atmospheric drag would remove objects” [11]. Thiand injecting prior knowledge of system parameters.
will eventually lead to a phenomenon known as the Kessler4) Pham et al. [17] only physically manipulated copper
Syndrome [[6], in which Earth's orbit becomes clogged witepheres. Here, we use the adaptive controller to enable the rst
debris due to cascading collisions between objects, makiplgysical demonstration of manipulation of aluminum spheres;
it unusable. As such, there is a dire need for remediatiafuminum is the most commonly used material in engineered
strategies to remove or repair resident space objects in ordespace objects.
protect the fast-growing number of satellites that the world's 5) Pham et al.[[17] developed a model for induced force-
population has grown to rely on [11]. The majority of priotorque on nonmagnetic, conductive spheres, which was hy-
efforts have focused on eddy-current breaking for detumblipgpthesized to be a useful approximation for other geometries.
satellites [15[ 25, &, 13]. Here, we demonstrate that our adaptive controller can be used
We recently showed that full six-degree-of-freedom (&o manipulate nonspherical, nonmagnetic, conductive objects
DOF) dexterous manipulation of conductive, nonmagnetimy locally approximating the dynamics using the model for
objects (specically spheres) utilizing eddy currents is, ispheres. This constitutes the rst demonstration of magnetic
fact, possible[[1[7]. The method assumes that the objectnignipulation of nonspherical, nonmagnetic objects.
surrounded by static electromagnet eld sources capable Ofhe paper structure continues as follows. We review the
generating continuously rotating magnetic dipole elds abo%(isting state-of-the-art force-torque model in SE¢. Il. We
arbitrgry axes. It is noteworthy that the res.ulting.manipulatio&ovide an explanation of our proposed continuous-position
was in full 6-DOF, whereas 6-DOF manipulation of ferroso e torque model in Sec. Il. We discuss our manipulation
magnetic objects is only possible for complex geometties [Jgmework in Sed Y. We then detail our approach to object
with 5-DOF typical of most simple geometries, and only 353rameter optimization, both as system identi cation and
DOF achievable for soft-magnetic spheres [1]. The forces agfaptive control, in Sef-]V. We share our experimental design

torques induced on conductive, nonmagnetic spheres are smali results in Se€. VI before concluding in SEc] VI
compared to those due to ferromagnetism, but they have the

potential to be useful for applications in the microgravity || ReviEw OF EXISTING FORCETORQUEMODEL
environment of space.

In this paper, we make ve contributions relative to our In this section, we summarize the model of Pham et al.
earlier work [17], motivated by manipulation of space debri¢17]. However, we recast the model into spherical coordinates,

1) Pham et al.[[17] modeled eddy-current-induced forc#hich we have found enables an elegant way to extend the
torque at three distinct canonical positions of a nonmagnetixisting model to new, previously unmodeled locations.
conductive sphere with respect to a rotating dipole: along theThe magnetic eld source can be abstracted as a point
rotation axis of the rotating dipole (parallel and antiparalletjipole m (units Am?, with direction pointing from the south
and orthogonal to the axis of rotation. Here, we provide pole to the north pole) at its center of mass. The center of
single, continuous model of force-torque across all positiotise nonmagnetic conductive sphere is then described by a
of the conductive sphere relative to the rotating dipole. relative displacement vectqy, with both vectors expressed

2) Pham et al.[[17] used the canonical-position mod& a common frame of reference. Figre 2 shows the new
in a manipulation framework, which forced the conductivepherical coordinate system, where any given position can be
sphere to be cast into one of the three canonical positiomgscribed by three coordinates with respect to the rotating
during actuation. Although this method was sufcient tonagnetic dipole: a distange= kpk, a polar angl® measured
enable 6-DOF manipulation (provided there were enoudtom the dipole's rotation vectom, and an azimuthal angke
dipole- eld sources), it unnecessarily constrained the dipoteeasuring a right-handed rotation abautIn this coordinate
rotation axes that could be used, making the results sudystem, the three canonical positions framl[17] are described
optimal. Here, we modify the manipulation framework tdy 6 =0, 6= 90, and6 = 180.
use the new continuous-position model, and show improvedThe eddy-current-induced forcé and torquetr was em-
tracking performance to that of [17], while solving a simplepirically modeled, using both nite-element analysis (FEA)
optimization problem. Figurf]1 shows an example trajectoand experiments, at the three canonical positions as a function
experimentally generated with our improved method. of the magnetic dipole strength= kmk, the dipole rotation

3) Pham et al.[[17] assumed that object dynamics modétequency @ = kwk (units Hz), the radiug (units m) of



TABLE I: Coef cients from [17] for model in Eq. (1) for canonical
positions, recast in spherical coordinates; see Fig. 2
FEA Simulations

Coef cients

Co C1 C2 C3

0 fo 430 | 295 0.101 9.26
0 T 6840 | 3.00 0.0986 132
90 fp 266 | 2.60 0.101 7.65
90 fy 6040 | 3.45 0.102 14.3
90 Tg 8100 | 3.60 0.0985 157
Experiments
Coef cients

Co C1 C2 C3

0 fp 467 | 281 0.0969 9.75
0 Tp 6900 | 3.35 0.0990 149
90 fp 282 | 3.20 0.0980 9.41
90 fy 5870 | 3.49 0.0973 14.6

Fig. 2: Eddy-current-induced forces and torques shown in a spherical 90 o 8000 | 3.40 0.0928 150
coordinate system to describe arbitrary positions relative to a rotating
dipole source. Note thay = i, ig. The three canonical positions

in [17], and their respective forces and torques, are recast in %er_ eld regime) of a conductive sphere in a rotating dipole
spherical coordinate system. The arrowheadrgnat 180 depicts g p g dip

the positive sign convention, which is opposite to the actual torqu@ld- Our guiding hypothesis is that there will exist simple
direction for thew shown. All other force/torque arrowheads depicflikely trigonometric) functions of@ that will enable us to

both the positive sign convention and the actual force/torque directigfionlinearly) interpolate the modeling results in the three
for the @ shown. The model makes no estimate of force/torque ghnonjcal positions, such that no further modeling of the type
other positions, such as those denotedfByandz?. . . .

given in Eq. [(1) will need to be conducted.

We conducted new simulations of magnetically induced
forces using Ansys multiphysics FEA, following the speci-
cations provided in [17] (see Appendix A). We placed the
conductive sphere relative to the rotating dipole source from

cotooor? (o400 ? 1ps 2 6=10 to 6= 180 at 15 increments, as shown in Fidg. 3(a)
f,r= 5 g (1) and[3(c). Our simulation had a dipole strengilx 200 Am?,

r a dipole rotation frequencw = 10Hz, a conductive-sphere
whereuo= 4n 10 "N A 2 is the permeability of free space.radiusr = 50mm, a distance = 500 mm, and conductive-
The coefcients for the6 = 0 and 6 = 90 positions— sphere electrical conductivity af = 5.8 10’ S/m for copper.
which is all that we will need going forward, due to the The complete results of the FEA are shown in Hi@. 3,
symmetry of6 = 0 and 6 = 180 —are provided in Tablf] |. with the exception that components in tﬁﬁ direction are
Pham et al.[[17] recommended using both the experimentatipt depicted in Figs[]3(a) and 3(c). From these results, it
derived coef cients and FEA-derived coef cients to bound théecame evident that all six force and torque components can
estimates on the resulting force and torque. The force-torgoe expressed by simple trigonometric functions that provide
model is quasistatic, as it was empirically derived using a staicsmooth transition between the modeled forces and torques
conductive sphere. at the three canonical positions to arbitrary value® paind

The model in Eqg. (1) is accurate in a “far- eld” regime inthat also embody the symmetries that we would expect. The
which the center of the nonmagnetic sphere is approximat@guations that describe the force and torque components in
1.5 sphere radii or farther away from the center of the magnesipherical coordinates—at arbitrary values mfand 6, and
eld source p > 1.5r). This is not a particularly restrictive not requiring¢ due to symmetry—which call the canonical-
assumption, considering that the theoretical lower limitpon position model of Eq.[{1), are as follows:
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the conductive sphere, the distanpe and the electrical
conductivity ¢ (units S/m) of the conductive sphere:

is p = r (for a point dipole) and any actual magnetic eld f 90 f 0

source has its own nite dimensions. In the “near- eld” regime fo(p,0)= p(P: )2 p(p,0) cog20)

(p  1.5r), the model Eq.[(1) underpredicts the force-torque ¢ 90 ¢ 0

magnitude, and as such is in a sense conservative. In practice, + p(p,90)+ f,(p.0) 2)

the near- eld regime applies to scenarios in which the physical 2

magnetic eld source is close to a much larger nonmagnetic, fo(p,0) O 3)

conductive object. fo(p,0) = fs(p,90)sin(6) (4)

[1l. CONTINUOUS MODEL OF INDUCED FORCE& T ORQUE 7 (p,0) = 7(p,0 )CO§(9) %)
To(p,0) = T9(p,90 ) sin(6) (6)

In this section, we expand the force-torque model from _
the previous section to arbitrary locations (but still in the %(p,6)= 0 @)






The angled can then be found using knowledge @fand A
the p value for the electromagnet under consideration:

6 = atanqjjd@ pjj,® p) 9)

Let us rst consider the special cases whémr 0 or6= ¥
180, where only the radial force-torque components are non- '
zero. We construct a unit vector :

|
=" (o) | x4 W
LT y

and then use Eq. (1) to solve for the induced force and torque, - ~
on the conductive sphere:

(@2

fof 2 Fig. 4: Spherical coordinate systems describing the dipole rotation
- P(P7 9)'P (11) vector @ with respect to the world frame, and the conductive sphere

7= 1,(p,0)i, (12) with respect tow (as in Fig[?).

For all other values 0B, we can construct unit basis vectors

that are compatible with the model of Sectfor III: V. ADAPTIVE CONTROL SCHEME

2 > p

lp = kd pk (13) The model and control framework that we proposed in

. the previous sections expand the space of possible wrenches
lg=1p Ip (14)  that we can induce compared to previous work, but they still
wherefp is calculated as in EqO). The induced force anr&quire_that the o_bject being manipulated is a sphere of "”OV_V”
torque on the conductive sphere is then: propertle_s. We aim to explore to what ex_tent we can relax this
assumption through the use of an adaptive control framework.
f=f,(p,0)i,+ fo(p,0)ig+ fo(p,0)iy (15) Our hope is that, not only will this approach enable us to
T= 1,(p,0)i, + To(p,0)ip (16) identify the .parar'neters of spher!cal ob!ects, but. WI||. a!so
enable manipulation of nonspherical objects by identifying
For ease of notation, we refer to this as our wrench modghiine a spherical approximation that describes the observed
f,7=w(x,A,n), whereAd denotes a set of object parametergehavior of the object.
(e.g., sphere radius and conductivity) and= fi,m y.§g  We now formalize the system identi cation and adap-
denotes the control parameters. tive control problem, which aims to nd the optimal
No closed-form inverse exists for the wrench model. Irphysical parameters of a spherd, , given a discrete,
stead, for some instantaneous object pose and given seti€-varying sequence of object poses and input controls
object parameters we can solve the following constrain®d = (X[0],n,...,X[K],n[K]) with time horizonK. Unlike
optimization problem to select the dipole eld source anthe empirical model of wrenches induced in spheres, which
associated dipole strength and axis of rotation that producewas derived using wrench measurements, we now assume

wrench as close as possible to the desired wrench: at the time of deployment that we only observe the object
2 pose. Although many modalities (e.qg., lidar, radar, GPS) could
argmin faes f (17) be used to determine object pose in practice, we use visual
i,m & Tdes T o observations in our experiments. We use an online smooth-
st. i2fl, .ng ing formulation to track the object deriving less noisy pose
M2 [0, Mya] estimates as well as associated object velocik[&k In our
’ wrench model, the free model parametérare the spherical
¥ 2[0, 7] radius,r, and electrical conductivityg. We can estimate the
E2[ m,m) mass matrix M(A) of a solid sphere with radius given an
f. = w(XxA,fi,my, EQ) estimate of its densitp.

) o We can connect these observed data with our magnetic
where theQ-norm enables relative weighting between forcg,ench modelw, and thus our control inputs, by imposing

and torque (which have different units). Reformattiags the 5 rigid-body motion model on the object dynamics. Given
pair (y, §) lets us construct the optimization without needingr target domain of space debris, our motion model assumes
nonlinear constraints enforcing to be a unit vector. no friction and a simple linear mapping between the applied
We can efciently nd the optimal inputs using a paral-wrench and the resulting acceleration (i.e., Newton's second
lelized (two initializations for each of tha electromagnets) law). To solve for the parameters of our model as an op-
Newton-method solver. We handle bound constraints throutimization problem, we must de ne an associated loss (i.e.,
projection using a backtracking line-search 1[12]. For ouwrror) function over the observed data and dynamic object
system we seinmax= 40 A m2. parameters. We consider two loss formulations. The rst is



the inverse dynamics or acceleration-based loss formulationonstructing a microgravity simulation to physically validate
xk+ 1] XK > the ma_nipulatipn in 6-DOF was infe_asiblg. To de_mor?strate. the
L S ) M(A) 1W(X[k]7)nfl [k) , modelis suf ciently accurate on objects in quasistatic motion
ot g and under closed-loop control, Pham et al.l[17] constructed

, , ) (1,) a 3-DOF (2-DOF translation + 1-DOF orientation) physical,
where gt is the.controllers update period. The .second IS tr'ﬁﬁicrogravity simulation on the surface of water. As we focus
forward dynamics or force-based loss formulation on generalizing this prior work to more control actions and
x[k+ 1] x[K] 2 object types, we focus on physical experiments in the same
5t WKK.A.n[K) . microgravity simulator. We only use numerical simulation to
(fg) explore design decisions. In the next section we describe

In both cases we use nite differencing to estimate th&® physical microgravity simulation environment we use for
acceleration from the observed object velocities. The weightdel and control validation. Following that, we show manip-
used in the twaQ-norms would be different in general. Using!lation results using our novel continuous-position model of
either loss formulation, we can construct the batch systéhgnetically induced force and torque in conductive, nonmag-

Za(A, k)=

Zi(A, K= M(A)

identi cation problem [2] as the following optimization: netic objgcts. Our experiments show_results for b_oth copper
K1 and aluminum spheres. We t_hen _prov_|de comparat_lve ana_ly5|s

A =argmin  Z(A,K) (20) of our two propqsed systgm—ld_entl cqtlon Iqss functions using

A k=0 data collected in numerical simulation. Finally, we provide

We investigate this batch formulation as a baseline in Os%denswe results of our adaptive controller using the physical

. . . . Simulator, including with nonspherical objects. Code, data,
experiments below. However, our primary interest lies in . . . .
and videos associated with the experiments can be found at

identifying the object parameters online. It is not obvious ho s X
to generate a safe set of controls to collect the data for S’ys,[}élﬁps.//5|tes.google.com/gcloud.utah.edu/adaptlveeddycurrent.

identi cation when the object properties are unknown. Thig  physical Microgravity Simulation Environment

motivates our adaptive control formulation. . . .
. We preformed physical experiments using the same system
In adaptive control we leverage our model-based control

. : : . sed in [17] with four Omnimagnets (i.e., omnidirectional
to de ne the control signal, while updating the estimate o N : .
. . . : . electromagnets) placed beneath a water tank. Figure 1 provides
A online based on our observations. Typically, in performin

. . LT top-down view of the environment. The Omnimagnets can
adaptive control, we would not fully solve this optimization a ; . :
:ﬁ)ch produce an approximate dipole source rotating about an

each step, but instead perform a single gradient step to up é”‘r%trary axis to match the fully continuoasproduced by our

the parameters: controller. This produces a low-drag environment where forces
Ak+ 1= AK ok 2-Z(A[K,K) (21) act linearly on acceleration, thus acting similar to dynamics

_ i under microgravity in the plane. We placed a camera above the
with some step lengtiay [23, 22]. However, by framing the 41 tank to detect a ducial marker placed on top of a plastic
adaptive controller as an online optimization problem [19] Wyt ith the object of interest inside and rigidly connected
can use a broad set of tools in deciding on how to SONE e raft We solve a smoothing problem online to decrease
for the system parameters. In particular we wish to eXpI'C'ﬂP_foise from the instantaneous marker locations and estimate the

model bound con_straln'gs on our object parame’Fer_s and exa%ﬁ’ect velocity. We show the conductive, nonmagnetic objects
different solvers including the momentum optimizer that hasaq in our experiments in Fig] 5

been shown to improve performance over gradient descent by
smoothing out oscillations [18]. We can additionally examinB. Validation of Continuous-Position Force-Torque Model
mini-batch formulations of the optimization where we use the Here, we validate our force-torque model introduced in

most receni tlmeste_p_s of pose and control _data_lnst_ead @‘ectior[lT] by reproducing the trajectory tracking experiments
the full batch as traditionally done in system identi cation o, [17] using the novel model. This task requires the system
only a single step as traditionally done in adaptive contrgl; ool the object of interest to track a 3-DOF planar
In our experiments we select our step lengt.online using  catesian trajectory to draw a square, while reorienting the
the same backtracking line search used in our controller, agie ot 1o point in the direction of motion each time it reaches
handle constraints using the same projection approach ug]corner and maintain a xed heading during motion along

We give further details of the design choices we examingle eqge of the square. We performed 5 trial experiments
for solving the adaptive control problem, including the performanipulating a copper sphere. For these experiments, we

mance of the different loss functions, in the following SeCtiorbrovide an accurate set of physical parameters to the model.

In addition, we preformed 5 trials performing the Block-U
trajectory while maintaining a constant orientation; the results
We now provide details of our experiments and their resultsf one of these trials is shown in Fig. 1. We nd qualitatively
Pham et al. [17] used numerical simulation to demonstrate thiat the controller tracks the desired trajectory well, correcting
6-DOF manipulation is possible with the limited model, afor slight deviations in position and orientation from the target

VI. EXPERIMENTS
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Fig. 5: The four objects used in our manipulation experiments: (bac © ©
left) a solid aluminum sphere of radius 20.0 mm, (back, right) a sol 2 ]
copper sphere that we approximate as having a radius of 20 mm i L0.050
by mass-density has an effective radius of 19.8 mm, (front, left) I
piece of aluminum scrap approximately cylindrical in shape wit I
radius 25.2mm and length of 23.1 mm with a hole in the center th 1 Lo.025

is counterbored from one side, and (front, right) a solid, elongat
copper cuboid with length 50 mm cut from a 25.4 mm square stoc

0 0.000
Y, B % e, 4, %
trajectory. Quantitatively, we examine the absolute trackir %5 %) %O ”’4,,) "7@0 %’@
error in terms of both position and orientation across all ¢ Y, Mm%, M %
the square tracking experiments as the average error aci ‘o %o, ¢ e e

all timesteps for each trial. Fig. 6 shows the distribution c.

average error across the trials. We see that the controffd§ 6: Tracking error for each manipulation experiment. Points
verage absolute error per trial, bars show minimum and maximum

using our proposed continuous model achieves a SUbStar@ es, across 5 trials. Results are for: copper sphere using method

improvement over the results of the model in][17] (compakgom Pham et al.[[17], copper sphere using proposed method and
“Copper Pham et al.” and “Copper known object”), whil&nown object parameters, copper sphere using adaptive control, alu-

solving a simpler optimization problem. minum sphere using adaptive control, copper cuboid using adaptive
control, and aluminum cylinder using adaptive control.

C. Acceleration-Based Loss Is Better than Force-Based Loss

We conducted a series of numerical simulations in 6-DOF 1
using our proposed model to examine optimization choices
for system identi cation and adaptive control. Our primary
objective was to examine which of our proposed loss functions
performed best when estimating the radius and conductivity
of the sphere being manipulated. To this end, we computed
both losses with varying values of sphere radius in the batch
system-identi cation setting. We visualize the log-loss for both
functions in Fig. 7. We see that the acceleration-based loss gs 7: Natural log of the total loss computed using force-space versus
a single minimum within the feasible range of radii, whickacceleration-space formulations of the object parameter loss. True
coincides with the true radius of@ m. The force-based loss'adius is 002m.
on the other hand has a local minimum at the true radius and
a global minimum at O radius as both the force and mass-
matrix M decay to zero. With the force-based loss there isEq. {21). We conduct a single gradient update step at each
substantial region where the gradient points towards the glofifgration of the control loop, selecting the update step length
minimum at 0 instead of the true radius and local minimunwsing a backtracking line search.

As such, we elect to use the acceleration-based loss for alWe found these settings made a good trade-off between
subsequent experiments to avoid the degenerate solution abéing responsive to changes in the underlying dynamics pa-

We conducted further numerical simulations with varyingameters (created by abruptly shifting the simulated object
levels of additive Gaussian noise on the observed objeadius to a new value), while still suppressing control errors
pose to design our optimization for online adaptive contrahduced from the noisy observations. Although several solvers
We found that using a mini-batch of the most recent 2bere able to converge to the true radius while tracking the
pose observations worked well in estimating the gradient farget trajectory (e.g., Newton's method, Gauss-Newton), we







