
CAPTURE CAPABILITY ENHANCEMENT OF A GRASPING DEVICE FOR TYPICAL
ADR TARGETS THROUGH BIOMIMETIC DRY ADHESIVES

Christopher Trentlage1, Tobias Stelzer1, Enrico Stoll1, and Danilo Roascio2

1Institute of Space Systems, Hermann-Blenk-Str. 23, 38108 Braunschweig, Germany
2Space Systems Laboratory, Massachusetts Institute of Technology, 70 Vassar Street, 02139 Cambridge, USA

ABSTRACT

In this work, a grasping device based on adaptable grip-
pers and biomimetic dry adhesives is presented and two
hypotheses are studied. This work includes the iterative
design of the adaptable grippers as well as the device’s
kinematics. The hypotheses to be studied are, (a) if the
holding force of the device can be increased using dry
adhesives in case a form closure is possible and (b) if
capture of various geometries is made possible by using
biomimetic dry adhesives when no form closure is pos-
sible. To answer both questions, static tests using a 1D
force gauge as well as dynamic tests with three degrees
of freedom (DOF) using the SPHERES free floating en-
vironment have been conducted. Target geometries were
inspired by typical high-risk debris objects as found in
so-called priority lists.

Key words: Gecko adhesives, adaptive gripper, Active
Debris Removal.

1. INTRODUCTION

The active removal of high-risk debris objects is the focus
of several agencies and research institutions. Currently, it
is commonly accepted that the removal of at least five
large objects from Low Earth Orbit per year is required
to stabilize the protected and highly used orbit regions in
LEO [1] and to prevent a cascade effect first postulated
by Kessler and Cour-Palais [2]. For this purpose, a lot
of effort is put into the development of mission scenarios
and technologies that are required for such a challenging
mission, generally consisting of rendezvous, capture, sta-
bilization, and reentry [3]. The fact that the target is usu-
ally expected to be non-cooperative increases the techno-
logical requirements.

For the capturing of a non-cooperative target, differ-
ent strategies are investigated by industry and academia,
mainly focusing on rigid connections through robotic
arms and/or clamping mechanisms, or flexible connec-
tions using nets and tethers, such as in [3]. This work
analyzes another possibility, presenting a grasping device

based on two adaptable grippers which each are equipped
with biomimetic dry adhesives that allow grasping of a
target without specific adapters. The device is assem-
bled solely out of commercial-off-the-shelf as well as 3D
printed components, and resembles a low TRL engineer-
ing model to proof the concept of enhancing the adapt-
able gripper’s capability through biomimetic adhesives.
A CAD rendering of the device is shown in Figure 1. The
grippers are inspired by nature, being adaptive by con-
forming towards an object that is pressed onto them. The
two adaptive grippers can conform to cylinders, cuboids,
and prisms of various shape. The biomimetic adhesives
that are added to the device’s grippers adhere through van
der Waals forces. Using those adhesives, the grasping de-
vice can not only establish a connection through form clo-
sure, but can also stick to targets through adhesive force
in case an object is too large for a form closure.

The following section gives a short introduction into the
concept of the adaptive grippers, and the biomimetic ad-
hesives. Subsequently, important design parameters such
as the grippers’ design as well as the mechanism’s kine-
matics are described. To evaluate if the adhesives im-
prove the grippers’ performance, two kinds of tests have
been conducted. Test results from static tests on different
target geometries and preliminary findings of dynamic
tests with 3 degrees of freedom conducted on a free float-
ing test environment using SPHERES will be presented.
Target geometries for the static tests were inspired by typ-
ical high-risk debris objects as found in different priority
lists such as [4] or [5]. Those include but are not limited
to several spent upper stage rocket bodies (cylinders with
various diameters) or defunct satellites (cubes, prisms)
and their solar panels (flat rectangles). The dynamic tests
included the gripping process of three different targets,
manipulation in the three DOF available, and the analysis
of disturbances upon release.

2. GECKO ADHESIVES AND ADAPTABLE
GRIPPERS

The use of adaptable gripper elements has been presented
for example in [6][7]. Those grippers have been inspired
by nature, and conform to curved objects when pressed
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Figure 1: CAD rendering of the mechanism: Adaptive grippers are shown in orange color. The biomimetic adhesives are
not shown here, but were placed on the inside of the grippers.

onto them, instead of being deformed in the direction
of the force acting upon them. This is made possible
through the structure of the biomimetic grippers. A flex-
ible wedge is equipped with several cross braces. Those
cross braces are pivoted at the connection point to the
flexible wedge edges. Several patents and research pa-
pers include this principle or applications of this princi-
ple [8][9][10]. Transferring this principle to the debris re-
moval challenge, a conforming gripper is especially inter-
esting when dealing with targets of different geometries.
For example, cylinders of different radii can be grasped
through form closure, as long as their diameter is smaller
then the length of the wedges. In this work, we inves-
tigated if for those cases where the objects’ diameter is
”too large”, using biomimetic dry adhesives mounted to
the wedges allows a mating through adhesion, and thus
give us a mechanism that can grasp through form closure
for small objects, and that adheres to larger objects.

So called dry adhesives or gecko adhesives are
biomimetic materials inspired by the gecko. The gecko
has millions of tiny nanostructures on its feet, that allow
it to stick to surfaces of any orientation through adhe-
sion [11][12]. Van der Waals forces between those tiny
hairs and the surface on which the gecko is moving keep
it attached, even on rough or moist walls and ceilings.
A number of research groups has addressed the synthetic
production of such structures and their optimization. Cur-
rently, lots of geometries and materials are under investi-
gation, and the biomimetic materials are exposed to harsh
environments to see their potential outside the lab envi-
ronment, e.g. in [13][14]. Furthermore, concepts are
investigated how to integrate the adhesives into mecha-
nisms [15][16]. The material that is used in our grasp-
ing device is commercially available, made of silicone,
less than a millimeter thin, and features approximately

29,000 structures per cm2. It is glued to the inner side of
the two grippers, allowing the establishment of an adhe-
sive contact, while maintaining the flexibility of the adap-
tive grippers.

3. GRASPING MECHANISM

The iterative grasping mechanism development included
the design of the adaptive grippers, the analysis of kine-
matics, means to accomplish gripper functionality (open-
ing, closing, holding) and control. The grippers were in-
spired by the patented FinRay R© technology. For the pur-
pose of opening and closing the grippers, a combination
of carriage, threaded rod and stepper motor has been used
to accomplish a linear drive unit. This solution had many
advantages. First of all, it could be accomplished using
commercial-off-the-shelf (COTS) and fused filament fab-
rication (FFF, also commonly called 3D printing) parts.
It required low power, was compact, and the threaded rod
allowed a self-locking to keep the grippers in place. The
knowledge of the threaded rod and motor parameters as
well as the grippers’ geometry allowed the implementa-
tion of an open loop control. Figure 1 shows a CAD
rendering of the design. In the following, the gripper’s
kinematics as well as the iterative search for a well suited
adaptive gripper design are presented.

3.1. Kinematics

The underlying grasping movement is a plain rotation of
two individual gripping elements (see Figure 2). Those
two gripping elements are fastened through a 1-DOF-
joint (B) to a common frame. The rotation is achieved



through a lever that is attached on one side with a 1-DOF
joint (C) to the gripping element and on the other side
with a 1-DOF joint (A) to a slide. The slide moves lin-
early on a threaded rod that is driven by a stepper mo-
tor. An analytic connection between the variable length
L and the opening angle γ can be derived through rel-
atively simple geometrical relations. The result is used
to control the gripping movement through an open loop
control, i.e. a specific opening angle γ between the two
grippers is commanded, and by knowing the parameters
of the threaded rod and the geometry, the stepper motor
is commanded. The joint B can be relocated on the grip-
ping elements to allow for a wider grasping base. This
wider base has the disadvantage of a reduced maximum
opening angle γ.

In order to analyze the effective forces on the grasp-
ing mechanism, the equilibrium of forces on the narrow
(Conf.1) and the wide gripper configuration (Conf.2) was
derived (see Figure 2). The most interesting forces are the
force G that acts on one gripper element, and the bearing
reaction Lx, because this is the force that a platform in
an actual active debris removal mission would have to
counter through the application of thrust. The Force F is
imposed by the stepper motor’s torque.

The equilibrium of forces for the system as a whole and
the subsystems, derived by sections through the joints, re-
sults in analytic equations for both forces. Unfortunately,
these results have to be treated with caution because the
central assumption that had been made in the equilibrium
of forces was that the gripping elements would be rigid
bodies and therefore no deformation would take place. In
the real design, the gripping elements have been designed
to conform, and they not only show a deformation but one
that is so pronounced that the linear elastic theory is not
applicable here.

For this reason, the values for G were measured in static
tests for both configurations and compared to their re-
spective theoretical values (see Figure 3). Not surpris-
ingly, the measured values deviate considerably from the
computed ones, i.e. they are much smaller. Nonetheless
the general behavior is confirmed by the measurements.

3.2. Gripper design optimisation

Although several use cases can be found in literature, an
ideal geometry for the grippers is not presented. Thus,
experiments were conducted to find a suitable gripper ge-
ometry. For this purpose, four parameters were varied.

• number of cross braces

• thickness of outside walls

• thickness of cross braces

• base, wall & cross brace material

(a) Forces acting on the gripper in narrow configuration (Conf.1)

(b) Forces acting on the gripper in wide configuration (Conf.2)

Figure 2: Forces acting on the grasping mechanism
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Figure 3: Comparison of simplified theoretical forces
and measurements: dashed lines show theoretical values,
solid lines with marks show measured values

The goal of the optimization was to find a design that con-
forms best to the target object and is 3D printable. Good
conformance was characterized by the gripper’s tip be-
ing elongated towards the acting force, and the gripper’s
side facing the target bending around the test object. In
total, eight different gripper designs were tested. Those
designs were each pressed against a curved object, and
the grade of conformance was evaluated by inspection.



(a) Design 1: PLA with 8 cross
braces

(b) Design 2: PLA with 6 cross
braces

(c) Design 3: PLA with 4 cross
braces

(d) Design 4: PLA with 4 thin
cross braces

Figure 4: The first four design manufactured solely from PLA

(a) Design 5: Solely Elastomer
with 4 cross braces
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(b) Design 6: Elastomer with 4
cross braces and PLA base

TM
(c) Design 7: Elastomer outside
walls with 5 PLA cross braces
and PLA base

(d) Design 8: Elastomer with 4
narrowing cross braces and out-
side walls and PLA base

Figure 5: Four designs manufactured from elastomer and PLA

Figures 4 and 5 show the designs that were studied. The
first four were 3D printed solely out of the relatively stiff
PLA with a Young’s Modulus of 3368 MPa (as shown in
Figure 4), while the other four designs were 3D printed
out of a thermoplastic elastomer with a Young’s mod-
ulus of 12 MPa (as shown in Figure 5), including base
structures made from PLA in designs six to eight (Fig-
ures 5(b) to 5(d)), and cross braces from PLA in design
seven (Figure 5(c)).

Figure 4(a) shows the base design, which was made of
eight cross braces, and which had outside walls and cross
braces of the same thickness. This design was relatively
stiff and did only very slightly conform to the test object,
the gripper’s tip did elongate in the direction of force act-
ing on the gripper. This led to a reduction of cross braces
in the design from eight to six, shown in Figure 4(b),
and furthermore down to four cross braces, as shown in
Figure 4(c). Outside wall and cross brace thickness was
kept constant for the first three designs. Those changes
led to an increased gripper conformance. Design four
was derived from design three, with a decrease in cross
brace thickness (Figure 4(d)). This further increased the

conformance, but the cross braces started bending un-
der pressure, which was assumed unsuitable for efficient
holding force.

The next four designs included parts printed from an elas-
tomer, with design five being completely manufactured
out of the elastomer, and designs six to eight featuring
different elements printed from PLA. Design five fea-
tured four cross braces of constant thickness and outside
walls with constant thickness. All elements, including
the base structure, were printed from the elastomer (Fig-
ure 5(a)). This led to strong deformations of the base
structure and made it difficult to evaluate the true grip-
per angle. Thus, in the following designs, the base struc-
ture was printed from PLA to allow higher stiffness. De-
sign six featured four cross braces with constant thick-
ness, as well as outside walls with constant thickness
5(b). It showed the desired behaviour of deformation of
the gripper’s tip towards the target object upon contact.
In design seven, the cross braces were made of PLA and
were manufactured thinner than the outside walls (Fig-
ure 5(c)). Those stiff cross braces are also used in the
original patent[9], but while in the patented gripper, the



cross braces are pivoted, this was impossible given the 3D
printing process used in this work. Thus, the cross braces
of design seven were fixed to the outside walls. This led
to a reduced conformance to the target object compared
to design six, and thus, reduced form closure. Design
eight was similar to design six, but the thickness of cross
braces and outside walls was reduced with increasing dis-
tance to the base structure as shown in Figure 5(d). This
led to the best form closure of the eight designs, and was
therefore chosen as the final design.

4. TESTS

To test if the gecko adhesives (a) improve the maximum
holding force of the gripper when form-closure is possi-
ble, and (b) if the adhesives enable attaching the mech-
anism to objects even when no form closure is possible
(i.e. holding force greater than zero), static tests have
been conducted. Tests in 3 DOF have been conducted
additionally to show functionality in dynamic situations,
with the target being able to drift away if no successful
contact is established.

4.1. Static tests

The static tests were conducted to analyze if (a) the hold-
ing force of the mechanism could be increased by using
dry adhesives in case a form closure was possible, and (b)
if dry adhesives allowed a capture in case no form closure
was possible. The grasping device was tested on different
target objects with geometries that were inspired by high
risk debris objects as found in [4] and [5], such as Envisat,
Iridium satellites, or Zenit 2 rocket bodies. Basic geome-
tries such as cylinders, cuboids, and prisms can be de-
rived from those high priority objects. Cylinders can for
example be found in the form of rocket bodies or beams
attached to a satellite bus, or insides of nozzles or dish
antennas. Cuboids and prisms resemble satellites or at-
tachments to the main satellite busses. The material used
for the target objects was mostly PMMA (acrylic glas),
with one cylinder made of aluminium and one made of
polyvinyl chloride (PVC). Table 1 lists the objects’ ab-
breviations as shown in Figure 7 in connection with their
specifications as used in the static tests, while Figure 6
shows some example objects.

As described above, the grasping device can be used in
two configurations that differ in the pivot point on the
adaptive grippers’ base structure as shown in Figure 2.
Depending on the necessity to have a wider opening an-
gle (which depended on the target object), static tests
were done for only one or both configurations respec-
tively. The configuration that was used in the respective
tests is denoted by ”Conf. 1” or ”Conf. 2” in Figure 7.

It was expected that the adaptive gripping elements could
grip the test objects without the help of gecko adhesives
in case a form closure was possible. In these cases gecko

Abbreviation Specifications
Cyl.12 cylinder ø12 mm
Cyl.50 cylinder ø50 mm
Cyl.1286 cylinder ø1286 mm
Cyl.In. cylinder ø100 mm (concave)
Edge90 ◦ cuboid w. 90 ◦ edge
Cub.80 80 mm cube
Board12 12 mm thick cuboid
Pri.150 prism with 50 mm long edge
Pri.50 prism with 150 mm long edge

Table 1: Objects used in the static tests

(a) Small cube (b) Large prism

Figure 6: Two example objects used in the static tests
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Figure 7: Mean values of adhesive forces

material was employed to test if the grip could be im-
proved. If no form closure was possible due to large ob-
jects and a resulting large opening angle, it was expected
that the grasping device would not be able to establish
a firm grip. In this case, it was expected that the gecko
adhesives would enable the contact between gripper and



test objects. As can be seen in Figure 7, gecko adhe-
sives were able to indeed enable the gripping of test ob-
jects that could not be gripped without it. For the first
six objects shown in the figure, no or nearly no tensile
force could be measured using no gecko adhesives, but
forces between 8.3 N and 26.5 N could be measured us-
ing gecko adhesives for any of those scenarios. Those
cases however, in which gripping was possible without
the use of gecko adhesives, no increase in adhesive per-
formance could be seen. Rather, a slight decrease could
be observed. This may be due to the fact that the face
of the gripping elements had small protrusions caused
by the 3D-printing process that interlocked mechanically
with sharp edges on the test objects. Those small pro-
trusions were smoothed out by the layer of gecko adhe-
sives and, thus, might have even reduced the tensile force.
Combining the results of the static tests, if a form clo-
sure is expected, the current grasping device should not
be equipped with gecko adhesive, but if a form closure is
not expected or the conditions are unclear, gecko adhe-
sive should be used.

4.2. Free floating tests

For the free floating tests the Synchronized Position Hold
Engage Reorient Experimental Satellites (SPHERES)
were used. The SPHERES facility consists of a set of
hardware and software tools developed for the maturation
of control and autonomy algorithms [17][18]. The pri-
mary elements of SPHERES are sets of micro-satellites
which operate on three degrees-of-freedom planar air
bearings, on parabolic flights in temporary micro-gravity,
and inside the International Space Station in long dura-
tion micro-gravity. Three SPHERES satellites are cur-
rently aboard ISS, and two satellites are available for
ground testing at MIT’s Space Systems Laboratory where
they were designed.

The architecture of the SPHERES satellites is trace-
able to traditional missions, being equipped with a cold
gas propulsion system, IMU, global positioning system,
wireless data communication, and a real time GNC pro-
cessor. Additionally they were also envisioned as a con-
tinually evolving testbed and included from their incep-
tion with an expansion port for the addition of new hard-
ware elements. Multiple projects have attached both ac-
tive and passive payloads to the SPHERES expansion
port, like the SPHERES VERTIGO image processing
computer being used as a vision-based navigation sen-
sor or the SPHERES Tether harness providing a purely
mechanical interface between two satellites.

All tests involved one SPHERES nanosatellite (in the
following referred to as SPHERE) placed on an air car-
riage (in the following referred to as AC1), and a second
air carriage (in the following referred to as AC2) with-
out a SPHERES nanosatellite. The target objects were
mounted to the side of the SPHERE, while the grasping
device was placed on top of AC2 to guarantee that the
target objects and the grasping device where placed in the

(a) Experimental setup for the small cylinder and the cuboid

(b) Experimental setup for the large cylinder

(c) Starting geometries (not to scale)

Figure 8: Test setups and starting geometries for the three
target objects

same height above the glass table. Three different target
objects were used in the tests, including an acrylic glass
hollow cylinder with an outer diameter of 5 cm, a cylinder
with an outer diameter of 11 cm covered with aluminium
foil for a smoother surface, and an acrylic glass cuboid
with a thickness of 8 mm. Figures 8(a) and 8(b) show the
three target objects attached to the SPHERE. Each test
started with AC1 and AC2 placed with nearly no relative
velocity towards each other. Both carriages were placed
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(b) Rotational motion
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(c) Rotation with increasing rates

Figure 9: Test results for small cylinder

so that the grasping device in its open position was close
to the target object and, in case of objects 1 and 2, would
allow a form closure without any carriage movement. For
object 3, a form closure was impossible due to the cylin-
ders diameter and the grasping device’s geometry, but by
reducing the angle between the grippers, a preload was
applied to the gecko adhesive patches when they got into
contact with the target, which allowed the grippers to ad-
here to the target. For the grasping device’s opening an-
gles, a-priori knowledge of suitable angles was used. For
object 1, the opening angle was set to 100◦, for object 2,
the opening angle was 60◦, and for object 3 the opening
angle was set to 100◦. Figure 8(c) illustrates the starting
positions. The objects 1 to 3 are shown in red colour.

After the initial placement and opening of the mecha-
nism, the tests were started by allowing the SPHERE’s
estimator 10 seconds to converge. The convergence can
for example be seen in Figures 9(a) or 11, where veloci-
ties and rotation rates converge to zero. Then, the device
was commanded to close by moving to predefined open-
ing angles, which were 20◦ for object 1, 0◦ for object 2,
and 70◦ for object 3. After this process, AC2 was manu-
ally moved across the glass table, while the SPHERE was
floating freely, just connected to AC2 by the mechanism
grasping the target object. During the tests, data from
the SPHERE was recorded, and successful maintenance
of the connection was inspected visually. The tests for
objects 1 to 3 included movements in both directions in
the glass table plane (in the following referred to as x and
y), as well as rotations around the z-axis. For the cuboid,
also different relative angles between the mechanism and
the cuboid were studied. For the larger cylinder and the
cuboid, it was studied to which extent disturbances are
imposed upon the target by releasing the grasp. In the
following, the results are presented for each object.

Small cylinder Generally, the mechanism was able to
grasp the small cylinder through form closure. After-
wards, moving the target along all axes in the plane in
the range of a few cm/s, as well as rotating with rotation
rates as low as 0.3 rad/s was possible, as shown in Fig-
ures 9(a) and 9(b). Figure 9(c) shows a pendulum style
rotational motion with increasing rates. It can be seen that
when reaching -0.4 rad/s and decelerating, the connec-
tion between grasping device and cylinder loosens, and

the SPHERE rotates freely with a rate of approximately
0.2 rad/s.

Large cylinder For grasping the large cylinder, the gecko
adhesives on the insides of the grippers were required
to establish a connection, as no form-closure was pos-
sible (see Figure 7). After establishing a connection, the
grasping device could be used to translate and rotate the
cylinder. Some exemplary rotational motion is shown in
Figure 10. The SPHERE equipped with the large cylin-
der could be rotated and stabilized afterwards, being con-
nected through the adhesive forces of the gecko adhe-
sives.
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Figure 10: Test results for large cylinder showing an ex-
emplary rotational motion

Cuboid The flat cuboid required the mechanism to close
fully, meaning that both grippers were commanded to
align parallel on the insides. The cuboid was non-rigidly
attached to the SPHERE. Thus, the relative orientation of
the SPHERE and the grasping device changed when the
gripper was closed, depending on the spring/damper pa-
rameters of the cuboid to SPHERE fixation. The mech-
anism was able to cope with the non-rigid connection,
i.e. it was able to keep attached to the cuboid while
both SPHERE and mechanism reoriented themselves.
Translational and rotational manipulation of the SPHERE



through the mechanism was possible, as shown in Fig-
ure 11. Due to the non-rigid connection, the relative ori-
entation between the mechanism’s base and the flat cylin-
der changed. When opening the mechanism, high distur-
bances were brought upon both air carriages, when one
of the two grippers stayed attached through the gecko ad-
hesives, which caused an unsuccessful separation. In this
state, the mechanism had no possible way to release. This
issue needs to be solved in order to successfully release
an object in a required orientation, e.g. through a lever
that pushes outward and bends the gecko adhesive, which
leads to the adhesive being peeled off the target.
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Figure 11: Test results for flat cuboid showing exemplary
translational motion

5. CONCLUSION

In this work, the design of a docking device was pre-
sented that can establish a contact between two objects
through adaptive grippers and dry adhesives. The device
was designed to be attachable to objects inspired by typi-
cal high priority space debris targets. Its adaptive grippers
were inspired by [9], and for this work were manufac-
tured through fused filament fabrication (3D printing) of
an elastomer and PLA. The grippers were equipped with
so called gecko adhesives which adhere through van der
Waals forces, to allow the establishment of a connection
through adhesion in case a form closure of the mecha-
nism’s grippers is impossible due to the target’s geome-
tries.

In static tests it was shown that, as expected, gecko adhe-
sives actually allow a connection when no form closure
is possible, i.e. hypothesis (b) is valid. Unexpectedly,
in case a form closure is possible, it could not be shown
that the adhesives enhance the transferable tensile force,
i.e. hypothesis (a) is invalid. One potential explanation
is that without the adhesives, the macroscopic uneven-
ness of the grippers causes an interlocking with the target
object. These protrusions might be smoothed out by the

adhesives. In dynamic tests, it could be shown that the
mechanism can be attached to targets in a 3-DOF free
floating environment given that the relative velocities and
rotation rates are small. Manipulation of the target after
docking was possible for low velocities and rates. Releas-
ing the target posed problems, as in some experiments
one of the grippers stay attached to the target while the
mechanism opened, causing high disturbances on the tar-
get. Summarizing, it could be shown that including gecko
adhesives in the design could enhance the docking de-
vice’s capabilities in terms of an increased use spectrum.

Future activities foresee further tests of gecko adhesive
based mechanisms on the free floating test environment
that is currently being set up at the Institute of Space Sys-
tems, and investigations on the applicability of gecko ad-
hesive for space use, including mission scenario analy-
ses, material enhancements, space environment tests and
mechanism design investigations.
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