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Dynamic Surface Grasping with Directional Adhesion
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Abstract— Dynamic surface grasping is applicable to landing
of micro air vehicles (MAVs) and to grappling objects in space.
In both applications, the grasper must absorb the Kkinetic
energy of a moving object and provide secure attachment
to a surface using, for example, gecko-inspired directional
adhesives. Functional principles of dynamic surface grasping
are presented, and two prototype grasper designs are discussed.
Computer simulation and physical testing confirms the expected
relationships concerning (i) the alignment of the grasper at
initial contact, (ii) the absorption of energy during collision
and rebound, and (iii) the force limits of synthetic directional
adhesives.

I. INTRODUCTION

The ability to grasp flat or gently curved surfaces repeat-
ably and releasably has several compelling robotic applica-
tions including the perching of micro air vehicles (MAVs) on
walls or ceilings (Fig. 1) and the grappling of orbital debris in
space. In both applications, low attachment and detachment
forces are required; however an important difference is that
MAVs are low mass and high velocity whereas orbital debris
typically has a larger mass and lower relative velocity.

Directional, gecko-inspired adhesives are suitable for these
applications because they require little energy for attachment
and detachment, work on many surfaces, can undergo many
attach/release cycles [1], and can be scaled to either small
or large applications [2]. Because the adhesives rely only
on van der Waals forces to stick, they are compatible with
spaceflight applications where nearly all pressure-sensitive
adhesives are prohibited because of radiation, temperature
and outgassing issues. Further, many of these applications
require the ability to attach and release with low force,
making gecko-inspired adhesives particularly appropriate.

The work presented here builds upon prior work on climb-
ing robots, perching MAVs, and gecko-inspired adhesives.
Unlike a robot climbing a wall, which can control the
position, orientation and contact forces of its feet (e.g. [3],
[4]), the applications considered here involve either a grasper
or a target that is in free flight. The entire collision event
typically lasts less than 0.1s between initial contact and
equilibrium (Fig. 2). As in other recent work [2], the devices
use directional adhesives mounted to arrays of rigid tiles,
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Fig. 1.
the directional adhesive Collapsing Truss Grasper (Sec. III-A).

Quadrotor Micro Air Vehicle hanging from a glass surface using

A. Quadrotor approaches and truss aligns.

B. Truss finishes passive allignment;
adhesives come into contact.
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C. Truss collapses stretching spring;
tendons tension; latch locks.
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D. Rebound spring stretches.

Fig. 2. A) MAV approaches surface with misalignment. B) Landing
mechanism passively aligns to surface. C) Truss structure collapses to
absorb energy; tendons tension to load adhesive tiles; system locks in place.
D) Slight rebound stretches preloaded spring, which prevents overloading
adhesives.

loaded with central tendons. This scheme ensures that the ad-
hesive area is loaded evenly and no moments are transferred
from the device, which would cause stress concentrations
and premature failure.

Previous work on MAVs that can perch on walls and other
flat surfaces has exploited spines or arrays of spines [5], [6],
sticky materials [7], and dry adhesives [8]. The present work
is aimed at small rotorcraft that can fly at several meters per
second and takes advantage of directional adhesives capable
of sticking and releasing rapidly and with very low effort
[1], [9]. Work on the control of MAVs in confined spaces
(e.g. [10], [11], [12], [13]) is also relevant for establishing
the range of velocities and orientations that may be expected
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at contact.

The problem of space debris is increasingly of concern to
space agencies around the world. There are currently over
1500 rocket bodies and over 10,000 other debris objects in
Earth orbit [14]. In 2007, a piece of debris collided with
an active communication satellite causing a total loss worth
many millions of dollars in damage. With the mechanisms
presented here, “non-cooperative” targets can be acquired,
in contrast to previous systems which have relied on pre-
installed grapple features on cooperative targets. For example
the arms on the Space Shuttle and the International Space
Station. Similarly, the Orbital Express mission demonstrated
docking with a cooperative target [15], [16]. The FREND
arm is planned for use aboard the DARPA Phoenix mission
and is expected to grasp a non-cooperative target using
a Marman Clamp, a fixed hard point on the side of the
spacecraft [17]. The devices presented here do not require
specialized fixtures and can attach to flat or gently curved
smooth surfaces including solar panels and the sides of
spacecraft, fuel tanks, etc. They have the potential to simplify
orbital debris clearance, making it more robust and less
reliant on precision sensing and navigation.

The following section of this paper presents a set of
functional principles for grasping surfaces under dynamic
conditions, when either the grasper or target is in free
flight. Next, prototype designs embodying these principles
are described. Modeling and testing results show that these
designs are capable of absorbing collision energy and using
it to align the surfaces and apply loads to the directional
adhesives, causing them to attach without bouncing away.
The paper concludes with a discussion of ongoing work
to incorporate these prototypes into MAVs and into space
grappling devices for environment testing to simulate orbital
conditions [18].

II. FUNCTIONAL PRINCIPLES

Grasping a surface dynamically requires several properties
for the gripper, whether for perching MAVs on a surface in
Earth’s gravity or grappling a target in space. This section
generalizes the problem of dynamic surface grasping and
describes several functional principles that must be embodied
by a gripper using directional adhesives.

A. Dynamic Passive Alignment

When the grasper first makes contact with the surface, it
is unlikely that the adhesive tiles will be aligned. Hence the
grasper must compensate for misalignment before or during
the collision (Fig. 3, A). A passive alignment system can be
lighter, simpler, and more robust than an actuated system.

For a passive system, it is important that the work required
for alignment is small compared to the grasper’s kinetic
energy in order to prevent rebounding before alignment has
occurred. The system should therefore have low moments of
inertia and rotational stiffnesses.
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Fig. 3. Tllustration of the Functional Principles described in Sec. II.

B. Rebound Mitigation

The remaining kinetic energy of the grasper must be
absorbed during the collision or during rebound (Fig. 3, B).
The maximum energy that can be absorbed is limited by the
size of the device and the damping force. The damping force
is itself limited. During collision, it must not damage the
device; and during rebound, it must not exceed the adhesion
limits of the adhesive tiles.

C. Adhesive Loading

Unlike pressure sensitive adhesives, directional adhesives
are not sensitive to normal preload [19]: simply pressing
them into the surface will not make them stick. Directional
adhesives produce negligible adhesion unless shear force is
applied in the correct direction to turn the adhesive “ON”
(Fig. 3, C). In order to support normal loads without shear,
the grasper must use multiple tiles of directional adhesive
which are loaded with internal shear forces in opposing
directions.

With an appropriate mechanism, the energy of the collision
can be exploited to passively create these forces and turn
the adhesives “ON” at the appropriate time. Excessive shear
force will cause the directional adhesives to fail, so the
mechanism must ensure the shear force lies within acceptable
limits. The excess energy must be dissipated or stored
elsewhere. Alternatively, the forces may be produced by an
active mechanism. All adhesive tiles must be aligned and in
contact with the surface before the adhesives are loaded, so
an active mechanism must have accurate sensing to ensure
correct timing.



D. System Locking

Once the internal shear force has been applied to the
adhesives and as much energy as possible has been absorbed
during the collision, the grasper must enter a locked state to
keep the internal shear forces in place and store the absorbed
energy. (Fig. 3, D). This can be achieved passively using a
ratchet or latch.

E. Resistance to Arbitrary Wrenches

The grasper must be able to support arbitrary wrenches,
i.e. combinations of applied forces and moments (Fig. 3, E).
Ideally, the grasper mechanism should distribute these loads
optimally to limit the maximum force on the adhesive, so that
the grasper’s force limit equals the combined force limits of
the separate individual adhesive tiles.

This is not straightforward because the tiles are initially
misaligned on the surface, and their positions change during
the collision. Therefore, the grasper mechanism must com-
pensate by taking up any slack in the loading tendons, and
it must distribute loads optimally despite this compensation.

F. Releasing the Grasp

For directional adhesives, it is not necessary to apply a
detachment force. When releasing the grasp is desired, a
release mechanism can disengage the system lock to release
the internal shear loads and turn the adhesives “OFF.” This
allows the stored energy, if any, to push the surface and
grasper apart (Fig. 3, F).

III. DESIGN

Two designs are presented that display the functional
principles of dynamic surface grasping. The first, a collapsing
truss design, is sized for use on a MAV. The second, a
pivoting linkage design, has been sized and fabricated both
for use on a MAV and as a prototype for future use in Earth
orbit to grapple orbital debris.

A. Collapsing Truss Grasper

This grasper design is based on a collapsing truss mecha-
nism (Fig. 4). It is designed as low-mass landing gear (3.5 g)
for a 120 g MAYV, and uses 2 adhesive tiles (1 x 1 cm square).
To decrease the pitch-back moment when the MAV is
attached to a wall, the Collapsing Truss Grasper is designed
to be low profile in the collapsed position. The grasper
is designed in accordance with the functional principles
presented in Sec. II.

The truss is attached to the MAV at its apex by a single
tendon which passes through a compliant foam joint, which
keeps the grasper aligned to the MAV during flight but
allows it to rotate and translate during a collision. Translation
is necessary because one tile of adhesive makes contact
before the other, and the tiles resist sliding. The grasper
uses a set of outriggers to decrease the alignment force
and ensure it is partially aligned before contact (Dynamic
Passive Alignment). A model of this alignment system is
described in Sec. IV-A.
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Fig. 4. Collapsing Truss Grasper. A) Schematic showing functional
components. B) Device in locked state (grasping a surface).

As the truss collapses, the Truss Tendon routed between
the two legs of the truss becomes taut. This pulls the center
of the Tile Tendon against the bottom of the truss, applying
shear forces to the adhesive tiles and turning them “ON.”
The internal shear force is limited by the length of the Truss
Tendon (Adhesive Loading). Energy is absorbed during
the collision by the Truss Spring. When the truss collapses
fully, a latch engages to lock the truss in the collapsed
state (System Locking). If desired, the Truss Spring can be
removed to minimize the amount of normal force required to
collapse the truss. Extra energy is absorbed by the Rebound
Spring, which is attached to the tendon through the compliant
foam joint (Rebound Mitigation). This spring is preloaded
in order to keep the truss pulled tight to the MAV and because
a preloaded spring absorbs more energy (see Sec. VI-C).

Once the grasper is locked in place, the Tile Tendon
remains under tension and stays at an essentially constant
angle, geometrically defined by the length of the Tile Tendon
and the distance between the tiles. When a large external load
is applied (e.g. wind on the MAV), this load is distributed
between the two tiles and additional tension is applied to
the Tile Tendon, adding more internal shear force, which
produces more adhesion due to the directional nature of the
adhesives (Resistance to Arbitrary Wrenches). The Tile
Tendon angle can be fine-tuned to change the performance
characteristics of the grasper, as described in Sec. IV-B.

B. Pivot Linkage Grasper

The other grasper design uses a pivoting linkage to apply
tension to the Tile Tendons. Unlike the Collapsing Truss
Grasper, the adhesive tiles are loaded with semi-independent
mechanisms, so the Pivot Linkage Grasper can have a larger
number of adhesive tiles. Two versions of this design are
presented, each using 4 adhesive tiles: The MAV Pivot
Linkage Grasper is designed as landing gear for a 120 g
MAV and uses 1x1 cm square adhesive tiles (Fig. 5); and
the Space Pivot Linkage Grasper is designed for grappling
operations in Earth orbit and uses 4x4 cm square adhesive
tiles (Fig. 6).

The mechanisms are actuated by pressing the Center Plate
and the Baseplate together. This causes the Tensioning Arms
to rotate around the Pivots and apply force to the Tile
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Fig. 5. MAV Pivot Linkage Grasper. A) Schematic showing functional
components. B) Device in locked state (grasping a surface).
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Fig. 6. Space Pivot Linkage Grasper shown in the locked state (grasping
a surface).

Tendons through the Tendon Springs. The MAV version uses
tendons that pull inwards, crossing under the center of the
Baseplate for compactness, while the Space version uses
tendons that pull outward to enable grasping flexible surfaces
such as thermal blankets.

The MAV Pivot Linkage Grasper uses the energy of
collision to turn “ON” the adhesive tiles. It requires a larger
normal preload force than the Collapsing Truss Grasper to
apply the internal shear forces to the adhesive tiles. This
is partly because it has less mechanical advantage, but also
because the system of 4 tiles is over-constrained and there-
fore some amount of preload is necessary to deflect the Tile
Support Foam and bring all tiles into contact. Once the tiles
make contact, the Tendon Springs compensate for any initial
misalignment of the adhesive tiles. In the MAV grasper,
the Tendon Springs are preloaded and nonlinear, producing
a nearly constant force over a large range of deflection
to ensure that all 4 tiles are loaded evenly throughout the
collision.

The Space Pivot Linkage Grasper works similarly but
can also function in absence of a collision by turning
the Leadscrew. This actively applies the shear load to the
adhesive tiles without requiring a normal force, so preload is
only required to deflect the Tile Support Foam. In the Space
grasper, the Tendon Springs are linear, but the Leadscrew
allows the grasper to control the tension as necessary: for
example, a lower tension could be used when grasping a

rougher surface to prevent the adhesives from failing pre-
maturely, but a higher tension could be used on a smoother
surface to increase the grasper’s loadbearing capacity.

Kinetic energy is absorbed by the Collision Dampers and
locked in place using ratchets or a Ratcheting Nut. These
ratchet systems may lock at multiple points, which allows
the Pivot Linkage Graspers to absorb a variable amount
of energy during different collisions (unlike the Collapsing
Truss Grasper). In addition, the Collision Dampers have
nonlinear stiffness to provide maximum deceleration in a
short distance (Sec. VI-C). A rebound spring may be added
to the MAV grasper to absorb additional energy; alternatively,
the Space grasper is intended to be mounted on a compliant
robotic arm which may be used for active rebound mitigation.

After a Pivot Linkage Grasper is locked and external
loads are applied, the Tile Tendons behave as if they were
inextensible. This is because the Tendon Springs do not
stretch or relax until the external load is high enough to
balance the external work with the energy change in the
springs. Since the Tile Tendons do not change length or
tension, the applied loads are instead reacted by changes in
Tile Tendon angle and corresponding deflections of the Tile
Support Foam.

IV. MODELING
A. Collapsing Truss Grasper: Passive Alignment

In order for a passive alignment strategy to work, the
grasper must be fully aligned to the surface before any
tension is applied to the Tile Tendons. For the Collapsing
Truss Grasper, this means the outriggers must apply enough
force to overcome the rotational inertia before the adhesive
tiles contact the surface, while not applying enough force to
cause the truss to begin to collapse.

In order to obtain a better understanding of the passive
alignment process, the equations of motion of this system
were modeled in Motion Genesis™, using the dimensions
and material properties of the physical Collapsing Truss
Grasper. Simulation results are shown in Fig. 7. For the
combination of initial conditions seen in high speed video
screenshots of Fig. 2, the simulation predicts that the grasper
aligns to the wall before the adhesive tiles contact the surface.
The maximum reaction force at the apex of the truss is about
0.38 N, which is lower than the force required to collapse
the truss, or 0.59 N. Thus the passive alignment process
completes before the truss collapses, which is also verified
by high speed video.

B. Collapsing Truss Grasper: Adhesive Loading

The behavior of a directional adhesive can be described
by a limit curve in force space, which is the locus of normal
and shear stresses that the adhesive can support before failure
[20], [19]. The limit curve of a grasper mechanism, however,
is a different shape than the limit curves of the individual
adhesive tiles (because the grasper can support pure normal
loads while the adhesive tiles cannot).

In the case of the Collapsing Truss Grasper, a simple
model can be created to find the grasper limit curve using
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Fig. 7.  Wireframe animation of simulated grasper model during passive
alignment with incoming velocity 1 m/s and angular misalignment 6.6°.
Inset: reaction force at apex of grasper (blue). Force to collapse truss shown
for comparison (green).

the two adhesive tiles’ limit curves. The model is shown
in Fig. 8a. The load on the tiles is the resultant of the
tension force along each Tile Tendon at angle 6 and the
compressive force through each Tile Support Foam piece.
Since the geometry is fixed (the tendons are inextensible), the
foam pieces produce a constant force Nyqq.m, and the forces
on the tiles are constrained to lie along a line segment in
force space with angle 6 and intercept Nyqqy,, and which
intersects the limit curve at the point (Spaz, NVmaz), as
shown in Fig. 8b.

If the assumption of constant geometry is valid, the com-
bined limit curve of the grasper mechanism is the direct sum
of these line segments, which is a rhombus-shaped region in
force space (Fig. 8c). Along the lower edges of this thombus,
one of the tiles is at its maximum load (Syqaz, NVimas) While
the other is somewhere else on the line segment of possible
loads. The maximum normal load for the grasper is 2N,,,44-

Adjacent to the upper edges of the rhombus are regions
in force space where one of the Tile Tendons is no longer
in tension. This does not necessarily mean grasper failure,
but the geometry is no longer expected to be constant so
this simple model is no longer accurate. These regions are
shaded gray in Fig. 8c.

V. FABRICATION

The MAV graspers are fabricated using fiberglass and
acetal laser-cut parts, carbon fiber rods, silicone open-cell
foam, and kevlar braided cord. The Collapsing Truss Grasper
has dimensions 50x20x8 mm in the locked state. The Space
grasper is fabricated using 3-D printed parts (fused filament
fabrication), laser cut acrylic, braided line and other off the
shelf components.

The directional adhesive used in these mechanisms is fab-
ricated by casting PDMS silicone into a mold created using a
photolithographic process [1]. This produces a 300-400 um
thick film with an array of 80 um tall angled micro-wedges.
A thin, smooth PDMS film is then deposited on the tips of the
features through a post-treatment process involving dipping
them into uncured PDMS and then pressing them against a
wafer [9], causing a change in shape and surface smoothness

Nicam
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Fig. 8. (a) Simple model of the collapsing truss grasper. (b) Individual
limit curves of the two opposed tiles. (c¢) Predicted combined limit curve of
the collapsing truss grasper.

on the engaging surfaces. After post-treatment, the back side
of the film is glued to a fiberglass sheet using RTV silicone
adhesive (Smooth-On Sil-Poxy), and the fiberglass sheet is
then cut into tiles using a laser cutter. Tendons made of kevlar
braided cord are attached to the front center of the tiles and
routed through rectangular cutouts, in a similar design to
adhesive tiles developed previously [2].

VI. RESULTS
A. Collapsing Truss Grasper: Limit Curves

The limit curve of one of the adhesive tiles used in the
Collapsing Truss Grasper was measured using a motorized
positioning stage and a six-axis force-torque transducer,
using methods described in [9]. This limit curve is plotted in
Fig. 9, A. Note that the limit curve goes through the origin,
indicating that no adhesion is produced without shear force.

By drawing a line segment in Fig. 9, A at the angle of the
tendons (measured to be 6 = 13 deg), approximate values of
Smaxr = 4 N and N4 = 1 N can be determined. Based on
the simple model of Fig. 8, it is predicted that the grasper’s
combined limit curve will have a maximum normal force of
2N,max = 2 N and a maximum shear force of S,,,, = 4 N
(or more). Next, the combined limit curve of the grasper was
also measured; the resulting data are shown in Fig. 9, B.
While there is some amount of asymmetry due to variations
between the two adhesive tiles, the maximum normal and
shear forces agree well with the predictions from the simple
model.

B. Collapsing Truss Grasper: Preload

The maximum adhesion of the Collapsing Truss Grasper
with varying amounts of normal preload was measured by
pressing the grasper into a glass surface using weights of
various sizes, and then pulling the grasper perpendicularly
off the surface and recording the maximum normal force.

The Truss Spring was removed for this test to decrease
the force required to collapse the truss. This removes the
capability of the device to absorb energy during collision,
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Fig. 9. A) Measured limit curve of a single 1x1 cm adhesive tile used in
the collapsing truss grasper. Adhesive forces are plotted as negative values.
B) Measured limit curve of the collapsing truss grasper, which uses two
1x1 cm adhesive tiles.
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Fig. 10. Graph showing the amount of adhesion force generated versus

normal preload force applied for the collapsing truss grasper. The adhesion
force is independent of preload beyond some very small threshold.

but this would be acceptable in a low-energy application.
The test data, plotted in Fig. 10, indicate that the normal
preload has no observable effect on the maximum adhesive
load: the grasper can be used with any preload in the
range of 0.3 to 2.4 N with an essentially constant normal
adhesion (2 N). However, a preload smaller than 0.3 N is
not sufficient to engage the mechanism’s latch. The adhesive
tiles themselves appear to be very insensitive to preload, as
has been previously shown [19].

C. MAV graspers: Energy absorption

An experiment was conducted to investigate energy ab-
sorption during collision. The MAV Pivot Linkage Grasper
was tested by dropping it onto a surface and measuring the
rebound height (the adhesives were removed for this test).
This experiment was repeated with different incoming kinetic
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Fig. 11. redo this plot in terms of energy =; will do in the morning of
7/30. Left: Rebound energy vs. collision energy for three different damper
configurations. Right: Force vs. displacement of the Rebound Spring.

energies and with three different Collision Damper configura-
tions: linear springs, nonlinear springs (near constant-force),
and no springs. These data are plotted in Fig. 11, left.

For nearly all incoming kinetic energies tested, the re-
bound energies of the three configurations were in a specific
order, with the no-spring configuration being highest and
the nonlinear spring being lowest. This indicates that the
nonlinear spring absorbs the most energy during collision of
all the damper configurations.

To compare this energy with the energy absorbed during
rebound, a force vs. displacement curve was measured for the
Rebound Spring used by the MAV graspers (Fig. 11, right).
Given the maximum normal load the grasper can support
(e.g. 2 N for the Collapsing Truss Grasper), the maximum
permissible rebound energy is the integral of the curve up
to the maximum load (red region in Fig. 11), which is
approximately 0.025 J. This energy is plotted as a red dashed
line in Fig. 11, left. This plot can be used to approximate the
maximum permissible incoming kinetic energy for the three
damping configurations, with the result that the nonlinear
spring allows nearly twice as much kinetic energy as the
linear spring and 4 times as much as no spring.

D. Pivot Linkage Grasper: Scalability and Dynamic Capture

The scalability of grasper designs was investigated by
testing the Space Pivot Linkage Grasper at higher loads. Pull
tests were performed on a variety of surfaces using a digital
force gauge. Successful grasping was demonstrated on a vari-
ety of surfaces including satellite solar panels. A maximum
normal adhesive force of >60 N was demonstrated. Tests
were also performed to verify the load-sharing function of the
tendons with carefully selected tiles. The normal adhesion
of the grasper was found to be four times as large as the
lowest-performing tile. When a set of opposing tiles were
intentionally separated from the surface, hard stops in the
mechanism allowed the remaining two tiles to demonstrate
a contact strength of twice the lowest-performing tile.

Dynamic capture tests were performed with a human
holding the grasper system in place of the FREND robotic



arm that will be used in future testing [17]. Using a simulated
piece of debris (a 33 kg foot locker with wheels and sev-
eral space-like surfaces mounted), capture experiments were
performed at a variety of relative velocities and spin rates.
The maximum successful capture had relative motion of over
2 m/s and a spin rate of >75 deg/s. This demonstration is
included in the paper’s accompanying video.

VII. CONCLUSION

The surface grasper designs developed here are practical
and effective, as seen in the demonstration video accompa-
nying this paper. Their performance in real-world tests is
in line with expectations, and their behavior matches well
with simple models; and the functional principles presented
in Sec. II will be useful to inform grasper designs in the
future. New designs or iterations of the present designs
can enable flying robots to land on arbitrary surfaces and
spacecraft to perform orbital debris cleanup, as well as any
other application where sticking and un-sticking to a smooth
surface is desired.

VIII. FUTURE WORK

While there has been initial success grasping a surface
during flight with a controlled vehicle using a MAV grasper,
it remains to be done to probe the landing envelope to learn
what combination of incoming velocities and misalignments
are acceptable. Beyond this, automating the grasp release and
achieving a transition back to flight will be a future goal.

Future experiments with space graspers are planned for a
large air bearing surface in the next several months. Using a
robotic arm, the grasper mechanism will be integrated into a
realistic grappling scenario that mimics the microgravity en-
vironment in Earth’s orbit. Characterization of the grasper’s
performance over a range of spin and tumble rates will be
performed using a Vicon motion capture system. This venue
will also allow system integration with impedance control on
the arm and several computer vision algorithms.
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