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I. Introduction

M AGNETIC flux pinning, a noncontacting interaction between
Type II superconductors andmagneticfields, has been studied

at length by the scientific community for its applications to levitating
objects in a 1g environment [1–3]. However, due to the unpowered
passive stability that flux pinning can provide, it also has many
potential applications for the assembly and reconfiguration of
modular space structures [4] and spacecraft formations [5]. Current
approaches to autonomous docking of space vehicles [6,7], aswell as
spacecraft reconfiguration and formation flying [8–10], rely heavily
on active controllers. However, a permanent magnet flux-pinned to a
superconductor experiences a passive restoring force that attracts it to
the position and orientation it held when the superconductor first
cooled below its critical temperature. Previous work and laboratory
experiments have suggested that this passively stable effect provides
sufficient stiffness and damping to bind modular spacecraft together
over separation distances up to about 10 cm [11]. Several possible
means for actuation of a flux-pinning interface may be superimposed
on the passive stability of this interaction, which requires no power to
the superconductor except that required for cooling. In addition to
actuation by time-varyingmagnetic fields such as those from electro-
magnet coils [12], aflux-pinned space systemcan exploit symmetries
in the pinned magnetic field to form a noncontacting kinematic
mechanism in which the modular components do not touch one
another but have some specified kinematic degrees of freedom
(DOF) [13]. A simple noncontacting mechanism consisting of a
single revolute joint on an air-table testbed has been demonstrated in
a laboratory setting [14].

This note reports the results of two demonstrations of magnetic
flux-pinning technologies implemented onCubeSat-sized spacecraft
during microgravity flights as part of the NASA Glenn Research
Center Facilitated Access to the Space Environment for Technology
Development and Training (FAST) program in August 2009. In the
first experiment, a CubeSat mockup was flux pinned to a CubeSat-
scale vehicle carrying superconductors and was expected to
demonstrate low-stiffness, noncontacting, passive station-keeping in

6 degrees of freedom (6 DOF). The second experiment studied the
reconfiguration of two CubeSat mockups between equilibrium
configurations via a revolute joint formed by a flux-pinned non-
contacting kinematic mechanism. It was expected that the spacecraft
would move about an axis defined by the flux-pinned interface rather
than their respective centers of mass. These microgravity flight
results highlight the role magnetic flux pinning might play in future
small satellite operations.

Each experiment was performed on a microgravity aircraft with
two free-floating modules: one containing an array of magnets
appropriate to the experiment, and the other containing super-
conductors in a Dewar of liquid nitrogen. Three experimenters
participated in each flight, two equipment managers to monitor the
position of the free-floating modules at all times, and one data
collector who operated the motion-capture camera. Figure 1 is a
diagram of the test setup.

II. 6 DOF Station-Keeping Demonstration

A basic structure of a flux-pinned interface for a modular pair of
spacecraft includes a cryocooled superconductor on one module and
one or more permanent magnets in an array on the other. The
superconductor must be field-cooled in the presence of the magnet
array to imprint the magnetic field distribution into the super-
conductor. This process establishes the equilibrium position and
orientation of the magnets and superconductor as their position and
orientation when the superconductor first cools below its critical
temperature. To keep the superconductors, yttrium barium copper
oxide (YBCO) below their critical temperature of 88 K, the
superconductor-carrying module consisted of a 0.8 L liquid nitrogen
Dewarwith twoYBCOdisksmounted invacuumat the bottomof the
Dewar cylinder. A phase separator and relief valve at the top of
the Dewar allowed nitrogen gas boiloff to escape while keeping the
cryogenic liquid sealed inside. The entire superconductor carrier was
approximately the size of a 3U (30 � 10 � 10 cm) CubeSat space-
craft. The second module was a mockup of a 1U (10 � 10 � 10 cm)
CubeSat. It included a microcontroller, batteries, BlueTooth
communications, and an array of NdFeB permanent magnets. The
permanent magnet array consisted of two cylindrical magnets with
their faces alignedwith one cube face. Because this array did not have
any rotational symmetry, the flux-pinned connection had nonzero
stiffness in all six rigid-body degrees of freedom. During the
experiment, the magnet module was arranged such that the face
containing all of the magnets was directly facing the superconductor
insider the dewar, as shown in Fig. 2.

During each low-g parabola of the microgravity flight,
experimenters removed the CubeSat mockup and superconductor
carrier from a protective case and positioned them within flux-
pinning distance of one another. Still cameras and 100 frames-per-
second (FPS) video documented the mockup spacecraft as they
demonstrated flux pinning (Fig. 3). The photos show magnet-
superconductor separations ranging from a few centimeters up to
approximately 5 cm. At these separation distances, and with small
permanent magnets in the CubeSat (2.54 cm diameter, 30 g mass),
the stiffness provided byflux pinning is only a few newtons permeter
[11]. Video data from themicrogravityflight support this expectation
of low-stiffness behavior.

III. Revolute Joint Demonstration

The revolute joint, or hinge, demonstration consisted of the same
superconductor carrier Dewar and a second CubeSat mockup. This
mockup consisted of a 10 � 10 � 10 cm cube with an arm,
projecting from one edge, containing a large cylindrical NdFeB
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permanent magnet. The dipole axis of this magnet, aligned with the
cube edge and displaced approximately 9.5 cm from the cube center,
forms a noncontacting revolute joint when flux-pinned to a
superconductor. Electromagnets on the cube faces to either side of
the hinge-axis magnet provide a means to lock the joint at both
extremes of its motion by introducing additional stiffness between

the activated electromagnet and superconductor (Fig. 4). This system
is a fully three-dimensional realization of an analogous air-levitated
system from the laboratory [14].

High-speed videos from the microgravity flight demonstrate that
this hinge mockup coupled to the superconductor carrier with higher
stiffness than the first CubeSat mockup pinned in 6 DOF. The
enhanced pinning stiffness is because the hinge-axis magnet is more
powerful than the permanent magnets from the 6 DOF station-
keeping demonstration. However, there was near-zero stiffness
between the superconductor carrier and hinged CubeSat about a
rotation axis defined by the magnetic dipole axis in the protruding
arm. Figure 5 demonstrates that flux pinning constrains the two
modules to move only in rotation about the hinge magnet axis. The
frames in Fig. 5 are stills from a 100 FPS video, rotated so that the
superconductor Dewar remains fixed throughout the movie. Motion
capture of points on the Dewar and CubeSat provides data for an
estimate of the hinge axis, shown at the point where the solid lines
intersect. When the hinge is fully closed, these solid lines overlie one
another. On the left, Fig. 5a, the YBCO pins flux and the estimate of
the hinge rotation axis remains on the dipole axis of the hinge
magnet. The CubeSat swings away from the Dewar due to the
residual angular momentum after the experimenters released the
vehicles. Figure 6 shows the rotation angle of the hinge as a function
of time. The rotation is at a constant rate, demonstrating that angular
momentum is conserved about the hinge axis. The noise level of this
plot is due to motion tracking errors in the video postprocessing. The
CubeSat and Dewar also remain at a close separation distance
throughout the 1.1 s video.

Fig. 1 (a) Top-down diagram of the experimental setup on the microgravity flight. The laptop computer and equipment container were secured to the
floor of the aircraft, while the magnet modules and superconductor dewars were allowed to freely float during the microgravity portions of the flight.

Camera views in this note are from the left to the right on this diagram. (b) Photograph of the two free-floatingmagnetmodules used in these experiments.

The left of the image shows the revolute joint module, and the right of the image shows the 6 DOF station-keeping magnet module.

Fig. 2 Diagram of the 6 DOF magnet module cube in flight position

relative to the cylindrical superconductor Dewar. The superconductor is

mounted at the bottom of the Dewar and the magnets are located on the
top face of the cube (with two permanent magnets in the center and six

electromagnets arrayed around the edges).

Fig. 3 Still photos of the low-stiffness 6DOF station-keeping demo.The
superconductors are located at the bottom face of the insulated

superconductor carrier; magnets are in the top face of the CubeSat

mockup. (Photo on right courtesy of NASA.)

Fig. 4 Diagram of the revolute joint magnet module at its two
equilibrium states relative to the superconductor Dewar. The axis of the

flux-pinned revolute joint is at the center of the permanent magnet,

pointing out of the page.
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In Fig. 5b, the frames on the right, the liquid nitrogen has boiled off
from the Dewar and the YBCO is no longer below its critical
temperature. After the experimenter released the CubeSat, the
module fails to maintain the close separation distance to the
superconductors that would be seen in the presence of flux pinning.
In addition, the estimate of the hinge rotation axis wanders off the
hinge magnet’s dipole axis, leaving the body of the CubeSat and arm
enclosure of the hinge magnet entirely by the end of the 0.66 s video.
This motion-capture analysis of the video demonstrates that flux

pinning constrains the superconductor carrier and CubeSat mockup
to rotate about a specific joint axis, which is defined by the dipole axis
of the powerful hinge magnet. Without flux pinning, the CubeSat
tumbles about an axis running through its center of mass.

The motion-capture videos also provide information on the joint
stiffness in the flux-pinned hinge. The in-frame distance from the
estimated hinge axis to the motion-capture tracking points varies
slowly over the course of the 111 video frames; the frequency of a
sinusoid fit to this variation, averaged for all the tracking points, is
0:017 rad=s. The reduced mass of the Dewar and hinge module is
1.02 kg and the video frames have a resolution of 2.3 millimeters per
pixel on the flux-pinned modules. Therefore, an upper limit on joint
stiffness in the hinge is 7:3 N=m. This value agrees with data
obtained in prior 1g experiments with similar magnets, super-
conductors, and separation distances [11].

IV. Conclusions

Magnetic flux pinning is a promising technology for spacecraft
self-assembly and reconfiguration applications. This Note reported
the first demonstration of flux pinning for station-keeping and
kinematic reconfiguration of space systems in a microgravity
environment at the CubeSat scale. These experiments showed that
flux pinning can provide low-stiffness station keeping of spacecraft,
and demonstrated an implementation of a flux-pinned, non-
contacting revolute joint. The small scale of these demonstration
mockups illustrates that flux-pinning hardware could be developed
for larger spacecraft with larger power and mass budgets. A larger
system could include more powerful magnets for higher-stiffness
pinning, more powerful electromagnets for relative position and

Fig. 5 Demonstration of a flux-pinned hinge on a CubeSat mockup at 100 FPS. (a) On the left, flux pinning stiffens the translational motion of the

outlined CubeSat, which rotates about the hinge axis of the magnet (intersection of the solid lines). (b) On the right, flux pinning does not prevent the

CubeSat from drifting away from the superconductor carrier and the estimate of the hinge axis wanders off of the magnetic axis.

Fig. 6 Angle of the flux-pinned CubeSat mockup and superconductor

carrier about the hinge axis.
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orientation actuation, or other enhanced capabilities. Future
microgravity technology demonstrations involving flux pinning
may make use of these concepts to demonstrate self-assembly and
reconfiguration concepts with multiple flux-pinned mockup
vehicles.

Acknowledgments

The authors would like to thank the administrators of the NASA
Glenn Research Center FAST program, the staff and flight crew from
the Reduced Gravity Office at NASA Johnson Space Center, the
physiological training staffs at NASASonnyCarter Training Facility
and Andrews Air Force Base, and Liran Gazit of the Cornell Space
Systems Design Studio.

References

[1] Brandt, E. H., “Levitation in Physics,” Science, Vol. 243, No. 4889,
1989, pp. 349–355.
doi:10.1126/science.243.4889.349

[2] Brandt, E. H., “Rigid Levitation and Suspension of High-Temperature
Superconductors by Magnets,” American Journal of Physics, Vol. 58,
No. 1, 1990, pp. 43–49.
doi:10.1119/1.16317

[3] Hull, John R., and Cansiz, Ahment, “Vertical and Lateral Forces
Between a PermanentMagnet andHigh-Temperature Superconductor,”
Journal of Applied Physics, Vol. 86, Issue 11, 1999, pp. 6396–6405.
doi:10.1063/1.371703

[4] Shoer, J., and Peck,M., “Stiffness of a Flux-PinnedVirtual Structure for
Modular Spacecraft,” Journal of the British Interplanetary Society,
Vol. 62, No. 2, 2009, pp. 57–65.

[5] Norman, M., and Peck, M., “Simplified Model of a Flux-Pinned
Spacecraft Formation,” Journal of Guidance, Control, and Dynamics,
Vol. 33, No. 3, 2010, pp. 814–822.
doi:10.2514/1.46415

[6] Breger, L., and How, J., “Safe Trajectories for Autonomous
Rendezvous of Spacecraft,” Journal of Guidance, Control, and

Dynamics, Vol. 31, No. 5, Sept.–Oct. 2008, pp. 1478–1495.
doi:10.2514/1.29590

[7] Polites, M. E., “Technology of Automated Rendezvous and Capture in
Space,” Journal of Spacecraft and Rockets, Vol. 36, No. 2, March–
April 1999, pp. 280–291.
doi:10.2514/2.3443

[8] Dong, S., Kim, S., Kong, E., Koscielniak, A., Lawrence, S., Marquiss,
J., “Self-Assembling Wireless Autonomously Reconfigurable Module
Design Concept,” Acta Astronautica, Vol. 62, Nos. 2–3, Jan.–
Feb. 2008, pp. 246–256.
doi:10.1016/j.actaastro.2006.12.042

[9] McCamish, S. B., Romano, M., Nolet, S., Edwards, C. M., and Miller,
D. W., “Ground and Space Testing of Multiple Spacecraft Control
DuringClose-Proximity Operations,”AIAAGuidance, Navigation, and

Control Conference, AIAA Paper 2008-6664 Washington, DC, 2008.
[10] Xia, C., Wang, P., and Hadaegh, F., “Optimal Formation

Reconfiguration of Multiple Spacecraft with Docking and Undocking
Capability,” Journal of Guidance, Control, and Dynamics, Vol. 30,
No. 3, 2007, pp. 694–702.
doi:10.2514/1.27061

[11] Shoer, J., and Peck, M., “Flux-Pinned Interfaces for the Assembly,
Manipulation, and Reconfiguration of Modular Space Systems,” AIAA
Guidance, Navigation, and Control Conference, AIAA Paper 2008-
7233, Washington, DC, 2008.

[12] Jones, L., and Peck, M., “Stability and Control of a Flux-Pinned
Docking Interface for Spacecraft,” AIAA Guidance, Navigation, and

Control Conference, AIAA Paper 2010-8298, Washington, DC, 2010.
[13] Shoer, J., and Peck, M., “Reconfigurable Spacecraft as Kinematic

Mechanisms Based on Flux-Pinning Interactions,” Journal of

Spacecraft and Rockets, Vol. 46, No. 2, 2009, pp. 466–468.
doi:10.2514/1.37641

[14] Wilson, W., Shoer, J., and Peck, M., “Demonstration of a Magnetic
Locking Flux-Pinned Revolute Joint for Use on CubeSat-Standard
Spacecraft,” AIAA Guidance, Navigation, and Control Conference,
AIAA Paper 2009-5904, Washington, DC, 2009.

L. Peterson
Associate Editor

J. SPACECRAFT, VOL. 47, NO. 6: ENGINEERING NOTES 1069

http://dx.doi.org/10.1126/science.243.4889.349
http://dx.doi.org/10.1119/1.16317
http://dx.doi.org/10.1063/1.371703
http://dx.doi.org/10.2514/1.46415
http://dx.doi.org/10.2514/1.29590
http://dx.doi.org/10.2514/2.3443
http://dx.doi.org/10.1016/j.actaastro.2006.12.042
http://dx.doi.org/10.2514/1.27061
http://dx.doi.org/10.2514/1.37641

