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Broader Impact: Benefit to Society
• Space debris is a serious problem 

facing humanity
• Most objects are made of aluminum
• Some objects could be repaired to 

extend their useful life
• Other objects could be de-orbited

Review of State of the Art
• We previously characterized the 

force-torque wrench that a rotating 
magnetic dipole induces on a non-
magnetic, conductive, solid sphere, 
in three canonical poses

• We showed that this model is 
sufficient to perform six-degree-of-
freedom (6-DOF) manipulation, 
assuming a sufficient arrangement 
of magnetic field sources

Broader Impact: Education and Outreach
• Training for two Ph.D. students
• Undergrad participation through Capstone Senior Design 

of microgravity simulators
• Outreach to high-school students via STEM summer camp
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Key Results
• By adapting the 

conductivity and 
radius of a solid-
sphere model, and
representing our 
optimization loss 
function in terms 
of acceleration 
rather than force, 
we are able to
manipulate a wide 
variety of objects. 

Key Problems to be Addressed in this Project
• Improve/characterize our ability to generate any desired 

force-torque wrench on an object
• Evaluate manipulability/conditioning of different 

arrangements of magnetic field sources
• Improve model beyond solid spheres in canonical poses
• Develop a 6-DOF water-based microgravity simulator
• Develop/characterize adaptive control of non-spherical 

objects (with unknown properties)
• Actively learn global object dynamics
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extensive results of our adaptive controller using the physical
simulator, including with nonspherical objects.

6.1 Physical Microgravity Simulation

Environment

We preformed physical experiments using the same system
used in Pham et al. (2021) with four Omnimagnets (i.e.,
omnidirectional electromagnets) placed beneath a water
tank. The Omnimagnets can each produce an approximate
dipole source rotating about an arbitrary axis to match the
fully continuous w produced by our controller. We use
the surface of water as a 3DOF zero-gravity simulator.
Figure 1 provides a top-down view of the environment.
We placed a camera above the water tank to detect a
fiducial marker rigidly attached to an object of interest. We
solve a smoothing problem online to decrease noise from
the instantaneous marker locations and estimate the object
velocity. For the objects shown in Fig. 5(a-g) we place the
objects inside of a plastic raft while the objects shown in
Fig. 5(h-j) are placed in the water directly.

Recently, in a related work, Dalton et al. (2022) showed
that the drag created by our water-based microgravity
simulator was not negligible, nor was it accurate to assume
that drag that linear with respect to velocity (i.e., Stokes
flow), even at the relatively slow velocities at which we
are performing manipulation. Thus, we provide a simple
drag model with linear and quadratic terms to the system
identification on the physical experiments:GFT:

The drag
model we
actually use.
with sgn()
vectorized
and x
squared
elementwise
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�
= Aẋxx [k]+Bsgn(ẋxx [k])ẋxx [k]2 (23)

A = diag(a,a,a,b,b,b)

B = diag(c,c,c,d,d,d)

GFT: The
drag model
we should
have used ...


fff drag
tttdrag

�
= �


aẋxx1:3 + c||ẋxx1:3||ẋxx1:3
bẋxx4:6 +d||ẋxx4:6||ẋxx4:6

�
(24)

Note that, although we construct this drag model as a
full 6-DOF wrench, since we only observe velocities in 3-
DOF we only have drag in 3-DOF. The four coefficients
are a function of the shape of the raft and the combined
mass of the raft and object (which affects where the raft
sits in the water). For simplicity, we fit this model using
a single object-manipulation trial and kept it fixed with
a = 8.12⇥10�3 N·s·m�1, b = 1.13⇥10�5 N·m·s·rad�1, c =
2.15 N·s2·m�2, and d = 1.90 ⇥ 10�4 N·m·s2·rad�2 for all
experiments and objects.

We solve a smoothing problem online to decrease noise
from the instantaneous marker locations and estimate the
object velocity.

6.2 Validation of Continuous Force-Torque

Model

Here, we validate our force-torque model introduced in
Section 3 by reproducing the trajectory tracking experiments
from Pham et al. (2021) using the novel model. This task
requires the system to control the object of interest to
track a 3-DOF planar Cartesian trajectory to draw a square,
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Figure 5. The objects used in our manipulation experiments.

(a) 20-mm-diameter copper sphere. (b) 19-mm-diameter

aluminum sphere. (c) Copper cuboid. (d) Aluminum cylinder

with small hole through center. (e) Collection of copper scrap. (f)

Complex aluminum structure. (g) Extruded aluminum pieces

spaced apart so they are electrically isolated. (h) Thin-walled,

five-sided aluminum box (348 g). (i) Aluminum box with 12 g of

iron inside. (j) Aluminum box with 40 g of iron inside.

reorienting the object to point in the direction of motion each
time it reaches a corner, and maintaining a fixed heading
during motion along the edge of the square. We performed
three trial experiments manipulating a copper sphere. For
these experiments, we provide an accurate set of physical
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Figure 13. Tracking error for each nonsphere manipulation

experiment.

Figure 14. Aluminum cylinder trial with positions colored based

on which magnet was used at each timestep.

We see from Fig. 13 that, even though our force-torque
model was built entirely from data derived from spheres,
we achieve comparable tracking performance to that of
the spheres when controlling objects with significantly
nonspherical geometry.

(c) Copper Cuboid (d) Aluminum Cylinder

(e) Copper Scrap (f) Aluminum Structure

(g) Aluminum Extrusion (h) Aluminum Box

(i) Aluminum Box + 12g iron (j) Aluminum Box + 40g iron

Figure 15. Adaptive control results on different objects. Blue

shows individual trials while red shading shows 95 percent

confidence path computed given 3 trials per object. The Copper

Scrap object failed all 3 trials by hitting the walls of the tank and

was preemptively ended. As the aluminum box is larger than the

plastic boat we used for our other experiments the square

trajectory was shrunken for (f),(g) and (h) to give an appropriate

buffer with our tank.

6.8 Additional Experimental Analysis

Our final set of experiments focus on short comings we saw
in our manipulation experiments of nonsphereical objects.
Specifically the overall poor performance with the copper
scrap and aluminum structure as well as the diminished
performance during the beginning of the trials with the
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