SOFT-DOCKING SYSTEM FOR CAPTURE OF IRREGULARLY SHAPED, UNCONTROLLED
SPACE OBJECTS

F. Branz", L. Savioli’’, A. Francesconi ’®, F. Sansone", J. Krahn®, and C. Menon®

(D University of Padova, CISAS ”’G. Colombo”, Padova, Italy, Email: francesco.branzQunipd.it,
livia.savioliQstudenti.unipd.it, alessandro.francesconiQunipd.it, francesco.sansoneQstudenti.unipd. it
@ University of Padova, Department of Industrial Engineering, Padova, Italy
YMENRVA Lab, School of Engineering Science, Simon Fraser University, Burnaby, Canada, Email: jkrahnQsfu.ca,
cmenonQsfu.ca

ABSTRACT

Over the last decades, the interest around Active Debris
Removal missions grew considerably due to the increasing
threat represented by the space debris populating near-Earth
orbits. This paper presents the concept of a soft docking
system suitable for capture of non-cooperative, large objects
regardless of shape, surface features and motion. The in-
novative concept exploits a compliant electro-dry adhesive
surface for mating and a robotic support structure composed
by smart-material actuators. The adhesion surface combines
electrostatic attraction and van der Waals forces; it is highly
flexible and compliant to local irregularities of the target sur-
face. The proposed capture concept increases the operative
flexibility, tolerating critical scenario uncertainties (i.e. tar-
get shape, motion, mass). The active support structure can
be controlled to adapt to the target object external geometry
and to damp relative motion between target and chaser. Pre-
liminary analysis was conducted both assessing the expected
capture loads and the available adhesion forces.

Key words: space debris capture; electro-adhesion; electro-
active polymers.

1. INTRODUCTION

In the last decade, the threat to spaceflight security related
to the presence of artificial orbital debris in the near-Earth
space environment has arose as one of the most critical is-
sues that governments, space agencies and companies are
going to face in the near future. The result of over fifty
years of human activities in space is a population of roughly
20000 objects larger than 10 cm, of which about 13500 are
tracked. They are composed mainly by fragments due to
collisions or third stages separations in LEO and intact but
non-operational spacecraft in GEO [23]. However, smaller
objects are estimated to be many more, with a less than 1
cm space debris population of the order of hundreds of thou-
sands. The fragments population in LEO increased abruptly
a few years ago as a result of two events: the destruction of
the Chinese FENG YUN 1C weather satellite in 2007 and
the collision between the IRIDIUM and COSMOS space-
craft in 2009. More recently, the Russian satellite Blits was
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hit by a fragment of FENG YUN 1C and severely damaged,
so that its mission is compromised. These events demon-
strated what was pointed out by [26]: not only the actual
space debris population is a danger for both manned and un-
manned missions, but also it could grow so much to prevent
any human activities in space in the near future because of
a collision cascade (the so called Kessler syndrome). Even
in the unrealistic hypothesis of immediate halt of any launch
to space, the debris population is not expected to remain sta-
ble for more than few decades, and then it will dramatically
grow as the breakups due to collisions will exceed the debris
loss due to orbital decay. In a more realistic scenario, this
phenomenon could occur within a few years. Several miti-
gation techniques were proposed and are currently adopted
with the aim of reducing the debris generation during future
space missions; these include, for example, elimination of
explosive actuators, venting or depletion of pressurized flu-
ids to prevent accidental over-pressurization and break-up,
de-activation of battery charge lines after mission disposal
and post-mission orbital decay in less than 25 years. Al-
though strictly necessary, these techniques are perceived as
absolutely not sufficient and only Active Debris Removal
(ADR) from the most densely populated orbits could effec-
tively prevent their uncontrolled, exponential growth [27].
In particular, large objects which populate low Earth orbits,
such as second stages or massive, non-operational spacecraft
are seen as the best candidate for active removal missions,
since the chance of collision is strictly related to the dimen-
sions of the objects in space and, in the case of a collision
they would generate a much larger amount of debris.

A typical ADR mission is composed of four operations: tar-
get identification, rendezvous/approach, capture and deor-
biting. The most critical technical challenge within such
missions is probably represented by the capture subsystem
used to connect the target debris with a servicing S/C. An
overview of the proposed solutions to capture follows.

1.1. Space capture systems

To date, a variety of grasping concepts for ADR has been
studied although none has been flight proven yet. The main
concepts proposed in literature are: (1) robotic arms, (2) nets,
(3) harpoons, (4) polymeric foams or (5) nozzle probes.



1. Robotic arms have already been employed and validated
for several on-orbit operations [6][11] and could repre-
sent a suitable option for debris removal. Various so-
lutions for uncontrolled object capture have been pro-
posed: dual-arm systems [29], tentacle based systems
[35], capture through standard launcher-payload inter-
faces [19], fleets of small scale robotic spacecraft [42],
robot arms with brush-like end-effectors [30]. DEOS
[33] is a German Space Agency mission that aims to
capture a client vehicle with a servicing spacecraft by
means of a robotic arm that grasps handles on the target
object. The main disadvantage of robotic systems is the
lack of research on appropriate end-effectors suitable to
capture irregular shaped objects without damaging brit-
tle features: robotic capture strategies typically assume
that the target object offers structural features of known
geometry, capable to withstand the handling loads and
compatible with common hand grips.

2. Net based systems offer a large contact surface with the
target and a good adaptability to irregular shapes. Nets
can be held by some sort of structure (e.g. inflatable
[47]) or be thrown towards the target [35][46]. The ma-
jor drawbacks of this solution come from the extreme
flexibility of nets determining a complex deployment-
capture dynamics and difficulties in controlling the tar-
get after capture.

3. Harpoons [34] can be shot toward the surface of the
target, thus being compatible with a variety of objects.
This technique is penalized by several operative risks
connected mainly with the possible generation of de-
bris at the impact between harpoon and target, with the
chance to cause explosions by hitting pressurized ves-
sels or batteries and with the angular momentum trans-
ferred to the target at the moment of impact.

4. Polymeric foams as capture/removal system have been
proposed according to two different operational con-
cepts. On one hand, such materials can be sprayed to-
wards the debris to achieve chemical bonding regardless
of target shape [32]. On the other hand, these foams can
also be employed to increase the atmospheric drag of
the target object (i.e. ballistic coefficient) by envelop-
ing the debris within a large volume of polymer [1].
The biggest weakness of this approach is connected to
the employed material performances in space and its
strength when solid.

5. The use of nozzle probes to fit into the target object noz-
zles have been studied [17][40]. This approach can be
applied to a variety of objects and can provide a strong
connection with the target. The main disadvantage of
this solution is the lack of generality, the need of a non-
gimballed target nozzle and the need to identify and
align with the nozzle axis in spite of the target tumbling
motion.

2. CAPTURE MECHANISM CONCEPT

A new approach is proposed for non-cooperative ob-
ject capture exploiting adhesive systems. The innova-
tive device proposed is based on two key technologies:

electro-dry-adhesion and dielectric Electro-Active Polymers
(EAP). The servicing S/C is equipped with a soft-docking
mechanism with an innovative surface that establishes
electro-dry-adhesion attraction forces with the debris sur-
face. Immediately after contact, the capture forces arise at
the interface between the mechanism and the external debris
surface and the connection is guaranteed. In order to obtain
a good contact with the client object, the adhesive system is
designed to be sufficiently flexible and to comply to local ir-
regularities of the target surface. The aim of this research is
to realize a device that can be employed in a large variety of
ADR missions. For this reason, the capture surface is held
by an adaptive robotic structure that is capable of conform-
ing to the target shape, to follow the initial target motion and
to damp the relative velocity between target and chaser. The
adaptive robotic structure is composed of a number of dielec-
tric EAP actuators. Fig. 1 shows a conceptual sketch of the
proposed capture solution.

ELECTRO-DRY
ADHESIVE SURFACE

DEBRIS
-:> SERVICING S/C

EAP ACTUATORS

Figure 1. Proposed capture mechanism sketch.

2.1. Electro-dry-adhesive surface

The geckos ability to climb a wide variety of surfaces is
thought to be due to van der Waals interactions [3]. The
ability of the hierarchical fibres, found on the toe of the
gecko, to conform to a surface enables the tips of the fi-
bres to be in the close surface-surface contact necessary for
van der Waals interactions to occur. The features which al-
low geckos to climb on many different structures have in-
spired the design and fabrication of synthetic dry adhesives
for use as attachment systems where strong, fast and reli-
able adhesion is required [8][15][43]. Inspired by the gecko,
many different research groups have pursued various meth-
ods of fabricating synthetic dry adhesives including molding
or casting of polymers [12][37][38], deep reactive ion etch-
ing [13][20][21][22], nano-drawing [14], direct laser writing
[36] and E-beam lithography [41]. Using these and other
techniques, arrays of uniform nano- or micro-scale fibrillar
structures have been fabricated.

In order to achieve optimal adhesion with synthetic dry adhe-
sives, a preloading force is required to force the adhesive into
the close surface-surface contact required for van der Waals
forces. However, the recent introduction of conductive par-
ticles such as Carbon Black (CB) into the polymers which
make up the synthetic dry adhesive structures has enabled
the use of electrostatic forces to create self-preloading dry
adhesives referred to as electro-dry-adhesives [25]. When a
high voltage is applied to the electro-dry-adhesives, the op-



positely charged electrodes induce an opposing charge on the
substrate they are attaching to. The generated electrostatic
charge acts on the electro-dry-adhesives with a preloading
force and ensures good adhesive contact.

Electro-dry-adhesives synergistically combine the use of
synthetic gecko-like dry adhesives with the ability to self-
preload using self-generated electrostatic forces. The gener-
ated electrostatic force, F, is described by [18]:

AegV?
2(1+ 2—'1)2

where A is the area in contact, V' is the applied voltage, [ is
the separation between electrodes, d is the thickness of the
dielectric layer €, is the relative permittivity and ¢y is the di-
electric permittivity of vacuum. As can be seen in Eq. 1,
increasing the applied voltage results in a voltage squared
increase in the generated electrostatic force. The proposed
attachment system for the cleaning up of space debris would
be composed of multiple electro-dry-adhesive contact areas
with opposing charges as shown in Fig. 2. When a volt-
age is applied to the electro-dry-adhesives, they are electro-
statically attracted to the attachment substrate (space debris).
The electro-dry-adhesives would then form a passive van der
Waals adhesive bond with the space debris and the voltage
could be removed to conserve power while remaining at-
tached.
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Figure 2. Proposed electro-dry-adhesive attachment mecha-
nism for space junk removal.

2.2. Electro-active polymer actuator

A large number of interesting EAPs have been studied and
partially characterized so far [4]. Among them it is possible
to identify two main categories: ionic EAPs, such as poly-
mer gels, conjugated polymers, carbon nanotubes polymers,
and electronic EAPs, such as piezoelectric polymers, elec-
trostrictive polymers, dielectric elastomers. The latter show
the best performances and appear to be suitable for the de-
velopment of actuators. As a matter of fact, a number of
actuators based on dielectric elastomers is described in lit-
erature with various shapes and geometries [5][16][24][31],
some of them conceived for space use [2]. The working prin-
ciple of dielectric elastomers is very simple. They are usually
manufactured as thin membranes on whose surfaces flexible
electrodes are applied. This assembly acts as a compliant ca-
pacitor where the elastomer membrane acts as dielectric ma-
terial. The application of a voltage between the two polymer
faces determines the charging of the device; consequently,
due to the Maxwell forces that arise inside the capacitor, the
membrane thickness reduces while its planar dimensions in-
crease. It has been demonstrated that the application of a cer-
tain amount of pre-stretch to the elastomer increases consid-
erably its deformation capability. The deformation capability

can be exploited to manufacture different actuators with var-
ious geometries and, consequently, degrees of freedom. The
major drawback of the use of such materials is the need of
high voltage values (4 - 7 kV) for actuation.

The proposed robotic structure is composed by a number of
2-DoF actuators connected in series obtaining a redundant
robotic arm with distributed actuation. The single actua-
tor represents the elementary unit of the robotic system and
this work focuses on its preliminary analysis and defining
the requirements. The proposed device is based on dielec-
tric polymer elements and is designed to be lightweight, low
power consumption and to have no mobile mechanical cou-
pling (e.g. ball bearings). In each actuator, a rigid rod is
moved from its nominal position by the deformation of the
polymeric film elements. Other rigid components connect
the rod to the deformable elements and the actuator body to
ground. The dielectric polymer action is exploited to obtain
two rotational degrees of freedom about the two axes per-
pendicular to the actuator rod. Since the device motion is
generated by deformable elements, the angular deflection of
the actuator is intrinsically limited. A maximum total deflec-
tion value of 90 deg is considered and the actual value for
each single device depends on the number of actuators com-
posing the robotic system. Three concurrent geometries are
considered at this point for the generation of the desired mo-
tion (see Fig.3, active elements in green, rigid components in
dark grey):

1. cylindrical configuration: the polymer film is wrapped
in two cylinders which are axially pre-stretched

2. planar configuration: a circular film element is radially
pre-stretched

3. double-cone configuration: two polymer film discs are
deformed by pulling in the middle and, consequently,
shaped as cones

In all three cases axial-symmetric, pre-stretched, polymeric
elements are employed. A compliant conductive material
(e.g. carbon grease) is deposited on the polymer surface
forming different electrodes. The characteristic symmetric
distribution of electrodes on the polymer allows the activa-
tion of only some portions of the material. With this ap-
proach it is possible to obtain the differential deflection of
the rod about the two axes and generate the desired actuation.
Applying high voltage to the electrodes produces a reduction
of the polymer thickness and an in-plane elongation of the
film mainly due to the stresses determined by the initially
imposed pre-stretch condition. In the first configuration the
applied voltage locally increases the cylinder height; in the
planar configuration the polymer film is radially deformed
by the actuation; in the double-cone the actuation forces lo-
cally extend the cone side. Multi-layer configuration will be
considered to increase the actuation forces.

Since the device has to be controllable within a feedback
loop, an angular position determination system will be de-
veloped and embedded in the device. This sensor will deter-
mine the electrodes capacitance variation across the polymer
film as a measure of the membrane thickness reduction and is
useful for the reconstruction of the element deformed shape.
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Figure 3. Concurrent actuator geometries considered for future development (a, b, c). Section views of deformed geometries

(d, e, f).

2.3. Capture strategy

The general idea behind the ADR mission conceived to em-
ploy the proposed capture system is that a small (< 200
kg) servicing spacecraft performs rendezvous to a relevant
debris object, approaches and captures it; finally, once the
whole system attitude is stabilized, de-orbiting is performed
by means of an electric propulsion system carried on board
the chaser spacecraft. The adhesive system most critical as-
pect are the low available capture forces, thus determining
the necessity to limit the peak forces occurring during the
docking sequence. Two different capture strategies have been
identified in order to assess the capture forces reductions,
referring to the pre- and post-capture desired motion of the
whole system.

The first strategy focuses on the pre-capture sequence: if the
supporting robotic arm is capable of following the desired
capture point on the target surface during approach, the im-
pulsive forces at the moment of contact are considerably re-
duced. This type of manoeuvre requires the chaser vehicle
having the capability to determine the motion of the target
and guide the adhesive surface towards the designated con-
nection point, thus minimizing the relative velocity between
the two interface surfaces. Lower loads are applied to the
contact interface at the cost of more resources required to the
chaser platform.

The second considered strategy refers to the post-capture
control strategy. The aim to damp or store the residual an-
gular momentum carried by the debris can be achieved with
two opposite approaches:

1. the servicing S/C can be kept fixed at nominal attitude
by means of its Attitude Control System (ACS) and the
angular momentum can be properly distributed to the
different ACS actuators (e.g. reaction wheels) of the
satellite

2. the servicing S/C can be completely uncontrolled and
allowed to follow the motion of the debris; the capture
system dampens the relative motion between the S/C
and the debris until the system rotates rigidly

Since the mass of the servicing S/C is considerably lower
compared to that of the debris, the second approach deter-
mines lower capture forces, as will be clear from the results.
Therefore, the second approach requires both less adhesion
strength and more relaxed control performances to the chaser
ACS.

2.4. Advantages of the proposed solution

The described device avoids the limits of other solutions cur-
rently evaluated in literature for non-cooperative space ob-
jects capture. In particular, the proposed concept offers a
large operative flexibility which is a key feature in the de-
bris capture problem, given the strong uncertainties derived
from the mission scenario (e.g. target inertia, geometry and
motion). The combination of the adhesive technology and
the robotic controllable support structure allows it to mate
with virtually any type of surface, to tolerate relative mo-
tion between the capture mechanism and the target at the
moment of capture and to control the entire system dynam-
ics and attitude. The adhesive capture does not require any
particular feature on the target body to be performed, thus
being generally applicable to dock with any object. A con-
siderable amount of contact surface is available and, conse-
quently, lower local loads are transmitted to the target debris
reducing the risk of ruptures and further debris generation.
A high controllability and manipulability of the debris after
capture is possible thanks to the robotic arm and the use of
deformable polymeric elements which also provide the ca-
pability to passively damp a portion of the system kinetic
energy.



3. EXAMPLE MISSION SCENARIO

In order to perform a preliminary analysis simulation cam-
paign, an example mission scenario is selected. The capture
strategy is described in Sec. 2.3, while here the debris selec-
tion and the servicing S/C sizing are presented.

3.1. Target selection, features and motion

With broad consensus among the international space com-
munity [27][28], the most interesting targets for active de-
bris removal are identified as large, intact objects located in
highly populated regions of space, since they are a potential
source of numerous debris. In particular, rocket launcher up-
per stages appear to be good candidates for ADR missions
for several reasons [9]. First, these objects are characterized
by large mass and, if destroyed by an impact, would generate
countless dangerous fragments. Second, they usually have
a regular shape and, consequently, capture is easier. Third,
they do not present any fragile appendage or structure pro-
truding from the main body; such features could collide with
the servicing S/C during approach/capture or they could de-
tach from the main body and become a new piece of debris.
Fourth, they are numerous and similar to each other allowing
to employ the same capture system over a number of dif-
ferent missions with no or only minor modifications. Fifth,
some particular objects in this class (e.g. COSMOS-3M sec-
ond stages) are fairly uniformly distributed on a large variety
of orbital bands, making it possible to perform a distributed
removal action with few mission scenario differences.

For the example mission scenario proposed in this work, the
mentioned COSMOS-3M rocket second stage is selected as
possible target. The object mass (~1400 kg) is representative
of a large variety of objects of the same class (i.e. Vostok,
Ariane 1 & 4). The object shape is roughly cylindrical (di-
ameter 2.4 m, length 6.5 m) and the external surface is pretty
regular and solid, thus being suitable for adhesive capture.

A critical aspect of debris capture is the determination and
management of the object attitude motion. The capture sys-
tem requirements are strongly dependent on the object angu-
lar rate at the moment of connection, both in terms of im-
pulsive capture forces as well as angular momentum man-
agement. In general, the objects spin rate is unknown and,
although studies exist aiming to determine it in order to ease
the ADR procedures [7], different values of possible resid-
ual angular velocities have to be considered during simula-
tion in order to determine the capture system requirements.
To identify a realistic range of possible angular rates, dif-
ferent scenarios are considered. The COSMOS-3M second
stage is nominally not spinned, but on some missions a small
solid rocket motor placed toward aft fires within seconds af-
ter payload separation and gives the spent stage a rotational
motion that increases the distance from the released payload.
A rough estimate of the residual angular rate in this case is

<1072 % assuming 1 s of burning time, 20 N of thrust and
2 m of moment arm. In the case that no rocket is fired to
ease payload separation, a possible motion condition for the
object is the oscillation around the gravity gradient equilib-
rium position; a simple long term simulation has been per-
formed to determine the maximum angular velocity under

gravity gradient torques for a COSMOS second stage on a
80 deg inclined, 700 km LEO orbit. The resulting maximum

PR —4rad
angular velocity is < 107%75=.

3.2. Servicing S/C preliminary sizing

The general idea is to keep the ADR mission as simple and
low-cost as possible, in order to increase the effectiveness
and sustainability of the debris remediation technique. For
this reason, in the hypothetical mission scenario simulated
here, a S/C in the micro/small satellite range is selected. A
preliminary sizing of the servicing vehicle was conducted in
order to determine its geometric and inertial properties. The
de-orbiting system adopted is based on electric propulsion
and was sized as suggested by [39]. Historical data and pre-
liminary design relations [44] were employed for the space-
craft bus sizing that included the following main subsystems:
structure, power, ACS and communication. The breakdown
of masses of the satellite bus, the re-entry system and the
capture system is presented in Tab. 1. The overall vehicle
mass is 107 kg including a 20% margin, resulting in a cubic
shaped S/C body with a side length of approximately 0.7 m.

Table 1. Servicing S/C masses

System Mass [kg]
Spacecraft bus 50
Re-entry system 51
Capture system 6

4. PRELIMINARY ANALYSIS

The main system components (adhesive surface and EAP ac-
tuator) performances are assessed at the basic level to de-
termine the operation requirements in terms of loads (i.e.
torques and forces).

4.1. Numerical dynamics simulations of capture

The simulations performed assess the dynamics of the com-
bined debris-chaser system starting from the moment of cap-
ture. The system is modelled as a combination of a variable
number of bodies (i.e. debris, S/C, actuators) connected to
each other by means of two-axis rotational joints that repre-
sent the actuators degrees of freedom. A control torque is
applied to each actuator.

In order to determine the actuator required torque, a control
law has to be selected. For simplicity a PD control is im-
plemented in this preliminary phase. The proportional and
derivative gains are sized by imposing an appropriate rising
time to the system step response in order to avoid an arm de-
flection greater than 90 deg (see Sec. 2.2). Also, to ensure
that the controlled system is stable, a minimum 45 deg phase
margin is imposed. With this approach the control law gains



are dependent on the initial value of angular momentum car-
ried by the debris.

Referencing Section 2.3, different simulation approaches are
adopted to account for the different capture strategies con-
ceived. To simulate the first strategy where the satellite is
nominally fixed, the S/C body is constrained to having no
motion allowed. The second strategy is simulated assuming
that the debris motion is not modified by the connection with
the servicing spacecraft. These two simulation approaches
introduce a simplification to the system and, therefore, accu-
racy is somewhat affected. Nevertheless, the simulations are
for extreme situations which represent the worst load case
scenarios. In addition, all simulations are performed twice,
assuming that initially the robotic arm is both able and unable
to follow the motion of the debris during the approach.

A number of simulations are performed with variable values
for the initial debris angular momentum. From the estima-
tions presented in Sec. 3.1, the variability range of the an-
gular velocity, wqp, is selected between 10~4 and 10~! @
(including confidence margin).

4.2. Simulation results: requirements on the actuators
and adhesives

The simulations provided interesting and useful results for
the requirements of the capture system, particularly focusing
on the maximum loads applied to the adhesive and robotic
system during the capture sequence. The torque, Tiax, re-
quired by the single robotic actuator in order to brake the
debris rotation and the shear load, Smax, on the adhesive in-
terface are strongly dependent on the initial angular momen-
tum of the debris, H = wgy/gp. The first approximation on
the relations between H and Tipax Or Smax is shown in Eq. 2

Tiax = CLZHZ
(2)
Smax = b2H2

where as and by are proper coefficients that depend on the
type of simulation executed (i.e. capture strategy, number of
robotic actuators and robotic arm approach control). Table 2
shows the simulation results including the normal force load
on the adhesive surface. Columns 1 to 3 give information on
the type of simulation executed. The first column indicates
the capture strategy adopted: if the servicing vehicle is kept
fixed or if it is free to move together with the debris. The
second column reports the number of actuators in the robotic
arm. The third column indicates if the arm is initially still
or following the debris rotation. The last three columns give
the actual results Tiax, Smax and Nmax which is the adhesive
force required in the direction normal to the adhesive inter-
face. The values in the table are computed with an initial

debris angular velocity wqy of 0.1 % resulting in an initial
debris angular momentum equal to Hg, = 1567 Nms.

4.3. Expected adhesive shear and normal forces

The shear adhesive strength of the electro-dry-adhesives was
measured using a spring scale as shown in Fig. 4. A DC

Table 2. Maximum actuation on the robotic arm (1,qy) and
loads on the adhesive (Smax, Nmax)

S/IC Act. Arm Tmax  Smax  Nmax
attitude number motion | [Nm] [N] [N]

fixed 1 still 492 129 224

fixed 2 still 984 4197 208
fixed 3 still 1476 6534 201
fixed 1 follow | 492 129 224
fixed 2 follow | 492 128 216
fixed 3 follow | 492 127 213
free 1 still 4.1 54 7.5
free 2 still 8.1 34.6 8.8
free 3 still 122 539 9.5
free 1 follow 4.1 54 7.5
free 2 follow 4.5 5.2 6.9
3

free follow 4.7 5.1 6.7

High Voltage

DC.DC
convertor

Electro-Dry-Adhesive
(- charge)

Electro-Dry-Adhesive
(+ charge)

Figure 4. Test setup used to determine the shear adhesion
force of the electro-dry-adhesives.

power supply was attached to a DC-DC voltage converter
(EMCO, E101CT) to produce the high voltages used dur-
ing testing. The electro-dry-adhesive sheets were placed
gently on a thin (~110 pm thick) polypropylene sheet se-
curely attached to a steel backing layer. The lateral sepa-
ration distance between the positive and negatively charged
electro-dry-adhesives was 1 cm for all tests. The electro-dry-
adhesives surface area was 2.07 x 1073 m?. After placing
the electro-dry-adhesive sample on the polypropylene sheet,
a high voltage was applied while the spring scale was used
to measure the shear adhesion force. To measure the normal
adhesion pressure, a similar test setup was used except the
adhesion pressure was measured normal to the top surface of
the electro-dry-adhesive. The measured shear and normal ad-
hesion strengths for 0, 2, 4 and 6 kV are shown in Fig. 5. The
error bars indicate the error in measurement. These results



are compatible with the desired adhesion forces presented in
Sec. 4.2 which can be achieved with a small adhesive area
(< 1m?).
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Figure 5. The shear and normal adhesion pressure with es-
timated error measured for the electro-dry-adhesives placed
on a polypropylene sheet with a steel backing layer.

5. CONCLUSION

The present paper described an innovative concept for a cap-
ture mechanism suitable for application to ADR space mis-
sions. The system exploits electro-dry-adhesive technology
to establish the contact with the target debris and features
a robotic arm based on EAP actuators for adhesive surface
positioning, relative motion control and debris manipulation.
Such a capture device increases considerably the operative
flexibility of ADR missions by enabling the capture of a wide
range of objects with various shape, material, mass and mo-
tion characteristics. The concept design of the two core sys-
tem components (i.e. adhesive surface and EAP actuator)
is described and the preliminary analysis results on required
torques to the actuators and expected adhesion forces are pre-
sented. Dynamical simulations showed a strong dependency
of torques and forces from the capture scenario and strategy
adopted: in particular, the loads on the system are larger if
the debris angular momentum is larger, if the chaser S/C atti-
tude is kept stable and if the robotic arm does not follow the
debris motion at the moment of capture.

The first result that can be inferred form the data collected
in Tab. 2 is that a free attitude strategy for the chaser S/C is
clearly preferable, meaning that the S/C attitude is not con-
trolled during capture and the vehicle is free to move with the
target. With this assumption it appears possible to capture an
object of the selected class with an adhesive surface area of
maximum 10~2 m? (assuming 2 kV of applied voltage). The
arm capability to follow the debris motion helps reducing the
loads, particularly in the case of multiple robotic actuators.
As a matter of fact, more actuators provide a better mobility
to the robotic arm although the required control torque may
increase. In general, the actuators are required to provide
5--15 Nm of torque. A suitable case for the definition of sys-
tem requisites is the capture of a 1400 kg cylindrical shaped

piece of debris rotating at 10~* % by means of a chaser
S/C with free attitude and equipped with a robotic arm that
is capable to follow the debris motion. This type of object is
representative of a large number of suitable ADR candidates
such as the COSMOS-3M second stages. In this scenario, re-
gardless of the number of robot joints, the required adhesive

surface area is < 5 x 10~ m? (2 kV) and the EAP actuators
are required to provide < 5 Nm of control torque.
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