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ABSTRACT

The ESA-funded project BIOINSPACED intends to find
biomimetic solutions for new technologies that can con-
tribute to ESA’s *Clean Space’ initiative by mitigating
space debris. Analyzing existing biomimetic examples
and screening nature’s idea pool helps defining new bio-
inspired solutions that have the potential to fulfil the tech-
nical requirements related to an active debris removal
mission. This paper will expand the current state of the
art of active debris removal by describing a newly de-
veloped catalogue of 130 collected concepts with po-
tential for future debris removal missions. A feasibility
analysis was conducted, evaluating and subsequently en-
abling clustering and ranking of different concepts re-
garding their functionality and applicability. The ten
most promising principles are presented in this study, and
will be used to conceptualize holistic debris removal sce-
narios and manufacture one simple demonstrator during
the next phase of the project, harvesting and illustrating
their biomimetic potential for innovative solutions.

Keywords: Biomimetics; Bioinspired Space Solutions;
Active Space Debris Removal, Space Debris Remedia-
tion.

1. INTRODUCTION

Space exploration has not only provided much informa-
tion about Earth and the universe, but has also resulted
in a vast number of technological advances based on
“classical” engineering. To develop innovative and
efficient new technologies the classical engineers view
can be sometimes too straitened. Looking at nature can
help. Although the often simple but elegant concepts

that emerged from millions of years of evolution have
been overlooked for some time, today inspiration for
technological development is often found in nature:
Biomimetics (or bio-inspiration or bionics) is the transfer
of the found biological models into innovative technical
applications [9]. Well-known biomimetic examples are
drag reduction obtained via shark skin [59] and the
Lotus-effect for self-cleaning surfaces [4]. However,
also less popular concepts such as the water collection
by beetles in the desert show the broad potential of
biomimetics [45]. Some biomimetic concepts such as
drag reduction via the Salvinia Effect, have been known
for decades before their transfer into a real technical
application is thoroughly studied [60].

Hence, for some time, nature has been used as inspiration
for technical development in space, yielding, for exam-
ple, a lightweight and energy efficient micro-drill for
planetary exploration and sample acquisition modelled
after the ovipositor of the wood wasp [31, 53, 55], an
x-ray telescope with lobster eye optics deployed on
a Czech nano-satellite launched in 2017 [21], or dry
adhesion inspired by spider and gecko feet [73, 80,
16, 15]. This supports the notion that biology presents
potential for innovation in space systems, however the
extent of the potential for bio-inspired space technolo-
gies is unknown. Space debris is a well known and
significant problem [43], which continues to grow at an
increasing rate due to the extensive current and future
use of space [6, 7]. Nevertheless, active debris removal
(ADR) has not yet been successful and the need for novel
technologies is high. Therefore, this study provides
a catalogue of biomimetic concepts for ADR as an
example for bio-inspired space technologies.

The BIOINSPACED Project
The study was funded by the ESA project
BIOINSPACED (BIOINspired solutions for SPACE
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Debris removal) with the overall goal to find biomimetic
solutions for novel technologies that can contribute to
ESA’s CleanSpace initiative by mitigating space debris,
especially in low earth orbit (LEO). Analysing existing
biomimetic examples and screening nature’s idea pool
supports the design and development of new bio-inspired
solutions to fulfil the technical requirements related to an
ADR mission. The elemental mission steps of launch,
phasing, far- and close-range rendezvous, as well as
capturing and deorbiting of debris, were identified and
reviewed during the initial phase of the project.
Afterwards, an extensive literature review and brain-
storming activities were carried out in a two-stage
approach:  Firstly, the transferability of existing
biomimetic applications within the fields of robotics,
materials science, kinematics, mechanics and space
technology among others, into prospective ADR solution
was studied. Already well-known biomimetic ADR con-
cepts are for example the micro-patterned dry adhesion
mechanisms of spider legs or gecko feet [73, 80, 16, 15].
Subsequently, a biomimetic analysis was performed,
screening the pool of nature’s ideas to propose new
solutions, which include those demonstrating great
challenges for “traditional engineering”.

All collected concepts were summarized in a catalogue
and underwent a feasibility analysis, evaluating their
potential for implementation into an ADR mission
scenario. After describing the idento process for the
biomimetic concepts suitable for ADR and the con-
ducted feasibility analysis applied to determine the most
promising biological concepts and ideas, the resulting
top 10 concepts will be presented within this article.
Based on the presented concepts and ranking method,
the project’s next step is to establish several ADR sce-
narios out of which the most promising BIOINSPACED
solution will be modelled and built into a simple demon-
strator validating the new bio-inspired concepts within
ESA, while harvesting the biomimetic potential of such
innovative solutions.

2. ELEMENTAL STEPS OF ADR MISSIONS

Within the scope of this project elemental steps and se-
quences of space debris removal processes were anal-
ysed and requirements were established for each stage,
defining technical specifications where possible. This al-
lowed a target-oriented identification of a broad range of
biomimetic solutions in the next step.

Six mission phases for ADR missions were identified and
defined, each of which requiring successful completion to
enable the initiation of subsequent phases. The first phase
is the launch of the chaser spacecraft into orbit, followed
by the adjustment of its position with respect to the tar-
get (phasing), ranging over far-range and close-range ap-
proach of the target, to the actual mating manoeuvre (cap-
ture) and the final phase of removing the target from its
current orbit (deorbiting). The definitions of each stage
were derived from [26] and read as follows:

Phase 1: Launch

The launch phase of an ADR mission describes the in-
jection of the chaser (spacecraft designated to conduct
ADR actions) into orbit by the launcher and ends with the
chaser (possibly using its own propulsion system) suc-
cessfully reaching a slightly lower orbit within the tar-
get’s orbital plane [26].

This phase is preceded by a number of preparations and
mission planning activities, such as launch window deter-
mination and mission duration scheduling, and specifies
parameters like payload capacities, type of targeted de-
bris and number of targets to be removed, as well as the
overall structure, energy requirements, and thermal con-
trols of the chaser explicitly designed for ADR missions
[52, 86].

Phase 2: Phasing

Once the chaser is successfully brought into orbit, the
phasing stage is initiated to execute a number of manoeu-
vres to correct launch injection errors and trajectory de-
viations [89], since especially corrections related to the
rotation of the orbit plane require significant amounts of
fuel and should be avoided [52]. Additionally, the phase
angle between the chaser and the target object is adjusted,
using a lower orbit and its shorter orbital period to con-
verge on the target [51].

The goal of this phase is to reach an initial aim point,
which depends on several factors like the mission spe-
cific docking mechanism that is typically located behind
the target at a slightly lower altitude. Another strategy is
to achieve a state vector that is within a distinct range of
position and velocity values. Up to this point, the sys-
tem uses absolute navigation, and is required to achieve
the desired relative state before the far range rendezvous
commences [26].

Phase 3: Far-Range Rendezvous

For far-range observation and approaching of the target,
the chaser uses relative navigation to converge on the tar-
get with the help of radar or (R)GPS systems. Besides
moving into the orbit of the target, the relative velocity
between the two vehicles needs to be decreased and the
mission time line synchronized [26].

Phase 4: Close-Range Rendezvous

The close-range operations usually begin at a relative dis-
tance of a few hundreds of metres [39]. Due to this com-
paratively small separation between chaser and target,
there exists a high risk for collisions, which calls for the
minimization of orbit errors. The close-range rendezvous
phase can be divided into two steps: closing and final
approach. During the closing approach, the relative po-
sition is further decreased, carefully choosing a safe ap-
proach trajectory of the spacecraft to guarantee collision
free operations even when manoeuvre executions fail. At
the end of the closing step the required state and attitude
for the final approach is achieved.

The observation and measurement requirements for the
final approach are highly dependent on the chosen captur-
ing method and respective needs for example information
on precise relative velocities and angle rates. The overall
goal of the final approach is to achieve the required con-



ditions that are necessary to achieve an actual connection
between chaser and target [26].

Phase 5: Capturing

In general, connection formed between the chaser and
the target can be distinguished between stiff and flexi-
ble connections, or defined as contactless. [75] presents
a short overview of existing ideas for different capturing
techniques, which include using robotized tentacles and
one or multiple robotic arms (stiff connections), net cap-
turing and tether-gripper mechanisms, as well as firing a
harpoon onto the target (flexible connections). Contact-
less concepts describe techniques that use e.g. ion beams
[12] or laser systems [68] to alter an object’s trajectory
without making any physical contact beforehand. During
mating operations that require direct physical contact, it
is essential to achieve the connection shortly after the ini-
tial contact since there exists a high risk of chaser-target
separation due to residual motions [26].

The success of the capturing phase is essential and the
entire ADR mission rests mainly on the effective com-
pletion of this phase. It is, however, most often reliant
on accurate data provided by earlier stages or informa-
tion obtained from the ground such as the objects’ atti-
tude, position and velocity, center of mass as well as other
physical properties [75]. Moreover, contrary to conven-
tional rendezvous missions with cooperative targets, the
debris often does not provide any grappling fixtures, and
local attitudes and rotational speeds are often unknown,
which makes mating and capturing attempts very com-
plex [13]. Other concerns related to this phase are main-
taining a safe distance between the chaser and the target
to prevent collisions, minimizing the risk of generating
new debris or fragments and how to proceed in case the
capturing attempt fails [8].

Nevertheless, once a connection was made successfully
without transferring a great deal of (rotational/tumbling)
energy onto the target, the next step for the ADR mission
can be initiated.

Phase 6: Removal

Several options are available to remove a target from
its orbit. The conventional one used during rendezvous
missions is to release the target after making a physi-
cal connection once the mission has been accomplished
e.g. re-supply missions for the ISS [26]. For ADR mis-
sions, options separate into two classifications: Deorbit-
ing and transport to a graveyard orbit [3]. Since the lat-
ter option simply delays the problem of space debris in
well-traversed orbits and may create other issues in the
future, the re-entry of debris presents the preferred op-
tion. There are several options available for deorbiting,
including propulsion systems, atmospheric drag, using
electro-dynamic tethers or by contactless systems based
on laser and ion beams, most often with the goal to re-
enter Earth’s atmosphere (for targets located in LEO)
[75].

3. CATALOGUE OF BIO-INSPIRED PRINCI-
PLES

For the purpose of this study, collected concepts pre-
sumed suitable for ADR in any way were documented in
a comprehensive and informative database that provides
rated information on several types of biological and
biomimetic systems. This tool was structured to allow
the documentation, classification and presentation of
concepts and ideas by specifying an organism’s biolog-
ical domain, functioning principle and describing the
feature of interest. Likewise, the ADR phase of intended
application was added and ideas related to its biomimetic
implementation summarised briefly, while also stating
its technical domain, biomimetic readiness levels, and
relevant references dealing with the organism at hand.
Making use of dropdown menus, this tool structure
further provided concept clustering and function filtering
according to different temporary categories.

As indicated in Figure 1, the initial phase of the
project comprised specification of the ADR phases and
related requirements as well as the establishment of the
extensive catalogue of concepts. After conducting a
feasibility analysis, only the 10 most promising ideas will
be integrated into different holistic scenarios specifying
appropriate and combinable concepts for each ADR
phases. Through further trade-off analysis, these scenar-
ios will then be reduced to only one, that proves most
promising for ADR and allows for implementation as a
simple land based demonstrator within this 18-months
project.

Hence, the constructed database is the key element of the
entire project and was not only used for documentation
purposes but also for evaluation and ranking matters.
Thereby it proved useful throughout the entire design
process as it delivers information on various parameters
and features of respectively chosen concepts.

3.1. Methodology

Two different approaches were used to examine existing
biomimetic and investigate new biological concepts for
space debris removal that will be described in the follow-
ing. However, all collected concepts were documented
and added to the collective catalogue, enabling further
filtering and sorting using so-called ’dropdown menus’,
providing a great overview of nature’s pool of valuable
mechanisms and features. In total, 130 ideas and con-
cepts were identified, comprising a diverse range of func-
tions and applications within different elements of the six
ADR mission phases.

3.1.1. Reviewing Existing Biomimetic ADR Concepts

Within the scope of this study, ‘existing biomimetic con-
cepts’ describe biological models that have already been



Task 1: Task 2:
Analyze debris Review Nature’s ways
removal to cope with debris
elementary steps removal basic steps
-
S
= .
Y| Requirements . S .
g List of biomimetic
T concepts
o

P

Database of
Biomimetic Concepts

Task 3:

Propose step-wise scenario
for debris remediation

10 ADR
Scenarios

Task 4:

Design, manufacture and test of
the most relevant concept

Design

I
I
I
I

i

g

| o

| >

E}

o
|
- |
3 detailed I
Scenarios |
l EEEEERD :
1

Figure 1. Sketch of the planned tasks and outcomes and their interactions within the project BIOINSPACED.

identified, studied, discussed in any way and/or imple-
mented as prototypes or products. Databases such as sci-
encedirect, springerlink, google scholar, and scopus have
been used to review papers, articles, and studies using
keywords like biomimetics, bioinspiration, bionics, biol-
ogy, space, active debris removal, detection, capturing,
deorbiting and robotics among others. Particularly re-
sourceful sources were found to be the ’Journals of Ex-
perimental Biology’ and the ’Journal of Bioinspiration &
Biomimetics’. All identified sources and further refer-
enced scientific bodies of work were examined and, once
identified as relevant, added to the catalogue.

3.1.2. Finding New Biomimetic ADR Concepts

‘New biomimetic concepts’ within this context refer to
biological organisms that display interesting features,
which may result in promising mechanisms for ADR but
have not yet been transferred and/or adapted into a tech-
nical solution in any shape or form.

The search for new and innovative concepts was con-
ducted by collecting interesting biological organisms
found in literature, documentaries and known during ed-
ucational or professional training of employees. The
context and relation to space or biomimetics was pur-
posefully ignored in order to focus on individual as-
pects of plant/animal behaviours and features. Promis-
ing ideas were first checked against the aforementioned
’traditional’ databases to rule out any existing research
towards biomimetics, which would classify the idea as
an existing biomimetic ADR concept. With this cross-
check turning out negative, the idea was investigated in
more detail and researched to gain a full understanding
of their functioning. Ideas evaluated as suitable for their
application to the scope of this project were added to the
catalogue of concepts.

Furthermore, experience has shown that bringing to-
gether interdisciplinary experts from different profes-
sional fields as well as communication and a casual ex-
change of ideas and theories can be a kick-starter of
ground-breaking new technologies. Hence, in addition

to collecting ideas through somewhat randomized brain-
storming of employees, three creativity workshops were
conducted, two with experts in the fields of space, biol-
ogy and biomimetics and one with undergraduates study-
ing biomimetics at different universities throughout Ger-
many. Due to the restriction imposed by the Covid-19
pandemic, the workshops were conducted virtually, using
the *6-3-5’ brain-writing method [50] in smaller breakout
sessions, which resulted in the generation of a large pool
of new ideas. A total number of 34 senior experts (pro-
fessor, senior scientist and employees), 4 experts (doc-
torates, research scientists, technical employees) and 12
junior experts (undergraduates students and student assis-
tance) came together for these workshops.

3.2. Resulting Catalogue

The newly developed catalogue consists of 130 col-
lected concepts and ideas, and encompasses informa-
tion of about 149 journal publications, articles and re-
ports. While 107 concepts were identified as existing
biomimetic examples that have been at least discussed in
literature for their biomimetic potential, it was possible to
identify 23 novel biological concepts. The complete and
detailed catalogue of biomimetic concepts is available at
Fraunhofer CML, who can be approached for further in-
formation.

4. SELECTED CONCEPTS

The enormous collection of existing and new biologi-
cal concepts with presumed potential for application in
ADR were included in a feasibility analysis, producing
a ranked list. The resulting 10 most promising concepts
presented in chapter 4.1 will be investigated, assessed and
pursued further to determine their suitability for a holistic
ADR mission scenario and implementation potential into
a working demonstrator.



4.1. Ten Most Promising Principles

The best ranking concepts were grouped into overlying
functioning principles, which were discussed by project
members together with experts of different fields within
ESA. Ten of these principles, demonstrating the highest
potential for implementation were selected and agreed
upon. In the following, those ten principles summarized
in Table 1 and displayed in Figure 2 will be briefly intro-
duced.

Table 1. List of the selected ten most promising bio-
inspired principles along with their biological models.
Note that No. does not reflect a ranking but a clustering:
While 1 and 2 are detection principles, 3 to 7 represent
solutions for capturing principles and 8 to 10 indicate
removal concepts.

No. Principle Biological Model
1 Optical Sensing Compound Eye
2 Tactile Sensing Vibrissae
3 Adhesive Gripper  Gecko Feet
4  Harpoon Bee Stinger
5  Containment Mouth
6  Bi-Stability Venus Flytrap
7 Shock Absorption Pomelo Fruit
8  Parachute Plant Seed Dispersion
9  Origami Sail Bird Wings / Leaves
10 Swarms Ants

4.1.1. Principles for Debris Detection

Principle 1: Compound Eye

Compound eyes (see Figure 2-1) are a very common Vvi-
sual system found in many invertebrates including in-
sects and crustaceans. Each eye is typically made of a
spherical arrangement of numerous independent photo-
receptors called ommatidia. Due to their specific ar-
rangement setup and functioning, they enable a three-
dimensional vision, the detection of light from narrow
angles and provide a wide field of view, minimal devi-
ation and fast motion tracking. Many dragonfly species
in particular have further evolved great depth perception
and high detection accuracy’s particularly useful as flight
responses or for hunting purposes [61, 35, 23]. Based on
its many favorable features, the compound eye has caught
the attention of researchers and has been analyzed and
modelled extensively for application in surveillance sys-
tems, medical examination [23], remote sensing [87], and
even for space technologies [91].

Contrary to existing biomimetic implementations and
models, the idea for compound eye detection within
an ADR mission does not only use biomimetic photo-
receptor vision systems as ommatidia-mimicking struc-
tures. The idea also includes a mixed arrangement of
different types of existing detection technologies such as
radar, cameras, stereo, lidar, and infrared sensors. Such a

system could provide a range of information and observe
different focal lengths, wide and narrow angles, orien-
tations, and focus on a range of wavelengths simultane-
ously, thus, improving the identification and tracking of
space debris.

Besides being able to measure different information at the
same time, the spatial arrangement of the compound eye
also invites a great abundance of same systems to be in-
cluded, therefore, providing a much needed redundancy
and correlated reliability and fail-safe [66].

Principle 2: Tactile Sensing

Tactile sensing using vibrissae or whiskers can be found
in many mammals and insects, which demonstrate a
range of evolutionary convergences and divergences, per-
mitting tactile sensing in different media such as air and
water. Vibrissae are thin and long hairs attached to sensi-
tive hair follicles underneath an organism’s skin that are
affected by change of air or water currents. Such external
forces cause the hairs to bend, creating a deflection stim-
ulus, which can be registered by the animal. The whisker
systems of rats (see Figure 2-2) have evolved particularly
well, enabling them to adjust and control the orientation
of their vibrissae to better explore their environment. De-
pending on the vibrissae direction and alignment, animals
can use them for orientation and even sense the presence
of other animals [65, 69, 70, 88]. Seals, for example,
have evolved a complex tacto-vibrissal sensing system in
order to detect hydrodynamic trails of fish while hunting
for prey [37, 54, 84].

Implementing tactile sensing with artificial vibrissae into
a technical system has already been studied extensively
and even realized in the field of robotics [65, 70]. It has
also been proposed for the application in space for ser-
vicing and repair operations on satellites [44]. Vibrissae
are especially attractive for such operations due to their
ability to circumvent common issues associated with op-
tical detection of objects such as the relative navigation
towards uncooperative targets, dynamic illumination con-
ditions or the challenges of solar glare [86]. Additionally,
tactile sensing can provide high force, temporal and spa-
tial resolution; the latter is particularly important for ma-
nipulation and maneuvering tasks executed in space to
avoid collisions of two objects. Hence, this idea holds
high potential for the removal of space debris as it of-
fers the opportunity to explore and manipulate an object
from a safe distance. Paired with haptic sensors dragged
along the surface of the target, it could even allow for the
recognition of detailed surface structures and search for
distinctive tactile patterns to determine an ideal spot to
create a permanent connection between the chaser and the
target. Artificial vibrissae would allow the exploration
of objects and their structures merely by groping rather
than based on optical systems and identify important pa-
rameters such as rotation velocities and angles, while the
chaser does not have to get too close to the target itself
[38].



Figure 2. Photographs of the biological models that were selected for the biomimetic principles, 1) dragonfly compound
eye, 2) mouse tactile hairs, 3) gecko foot, 4) bee stinger, 5) snake mouth, 6) venus flytrap, 7) pomelo fruit, 8) plant seed

parachutes, 9) folded plant leaves, 10) swarming ants

4.1.2. Principles for Debris Capturing

Principle 3: Gecko Feet Gripper

A vast variety of adhesives can be found in nature that al-
low the attachment to a diverse collection of surfaces un-
der different environmental conditions throughout many
ecosystems. The probably most well-known biomimetic
adhesive technique are gecko feet (see Figure 2-3) and
their adhesive properties used for locomotion. Of course,
many different species of geckos exist, displaying a range
of morphological differences [10]. Hence, the mecha-
nism most often studied describes gecko feet that are able
to conform to rough surface and produce sufficient adhe-
sion to enable climbing up even smooth vertical surfaces
[42]. This is possible due to the hierarchical compliance
of micro-scale hairs (called setae) on the bottom of their
feet that make use of van der Waals and capillary forces.
Even more attractive is the reversible attachment that can
be easily detached on command [10].

The great potential of this concept is, widely recognized
and has resulted in a number of commercially available
products [18, 33]. Furthermore, it is not new to the space
context either and has been considered for e.g. the re-
pair, maintenance and servicing of orbiting spacecrafts
[2], and more recently, has been proposed for debris re-
moval [5, 41, 16, 15, 79]. While details such as maxi-
mum adhesion forces, performance on curved surfaces,
and impact of space dust on existing adhesive materi-
als require further testing [80, 81], it presents a valuable
concept for debris removal. The idea is to integrate the
gecko material into a gripper connected to the end of a
robotic arm. This offers the opportunity to form a tem-
porary connection to the debris before initiating a final
attachment concept for a more secure and long-term con-
nection. While the gecko adhesion may not be suitable
to maneuver large and heavy objects, it grants the pos-
sibility of stabilizing the connection and maintain a safe

distance between chaser and target, without greatly alter-
ing the targets trajectory or cause the chaser to drift away
due to forces applied during the capturing with more con-
ventional capturing methods.

Principle 4: Bee Stinger Harpoon

In biology, many inspirations can be found that make
use of a piercing and interlocking strategy, often used for
hunting prey or as defense mechanisms. Honey bees (see
Figure 2-4) , for example, only use their stinger as a last
resort in immediate danger, since it causes their poison
bladder connected to the stinger to be ripped out, which
kills the bee. They do so to protect their hives and queen,
and, to guarantee the delivery of the poison into the skin
of the attacking organism. Their stinger demonstrates a
serrated surface on its outer edge that, on the one hand,
enables a smooth, effortless and quick piercing of the tar-
get’s skin, while on the other, is able to hook into the skin
and therefore provide a secure attachment [83].

A conventional harpoon presents one of few mechanisms
already tested during an in-orbit ADR mission simula-
tion conducted by the Surrey Space Centre, the Airbus
group and other companies [29], demonstrating its high
potential for the successful capture of debris. However,
conventional harpoons are usually released with substan-
tial power and resulting in high impact forces that have
been shown to create fragments and spalling [25], which
only adds to the problem of space debris and the asso-
ciated Kessler syndrome. Contrarily, bees evolved and
present piercing structures that still require careful appli-
cation but only minimal energy and few precise move-
ments, therefore, significantly reducing of the risk of sec-
ondary debris production. The sharp stinger of bees has
already been of particular interest within medical engi-
neering and proposed as inspiration for painless transder-
mal drug delivery or bio-signal recording [90, 22, 49].
Hence, replacing a system such as the tested harpoon with
one that encompasses a bee stinger inspired tip may result



in an even better capturing performance, while requiring
less force and related energy application, therefore low-
ering the risk of the ADR mission.

Principle 5: Mouth Containment

A major obstacle of ADR is the targeting of uncoopera-
tive targets, whose behavior and actions are widely un-
known or determined via sensors with limited resolutions
and accuracy’s. Thus, concepts that do not require this
kind of information to capture debris are very attractive.
Nature presents a variety of animals that portray flexible
mouth openings with adjustable jaw ranges and flexible
skin to swallow their prey as a whole (e.g. snakes (see
Figure 2-5) [19], pelicans [85], baleen whales [34], Me-
libe leonia snails [47], Goblin sharks [56]).

Using this type of mouth as inspiration for ADR options
would allow the containment of a target without requir-
ing a preceding physical contact, which is associated with
all kinds of challenges (e.g. determining an appropriate
docking point, maintaining a safe distance and perfor-
mance while converging on the target) [13]. Allowing
a larger capturing structure to approach a target and close
around it (with some distance between the target and the
structure’s walls) could allow its capture, while elimi-
nating the risk of additional debris generation caused by
faulty contact and manipulation operations. Once the
structure is closed, the structure’s walls’ diameter can
continuously and slowly be reduced, until the target is
wrapped tightly within, allowing for further removal ac-
tions to commence. This concept can be applied to a wide
range of debris types and remains unaffected by potential
tumbling or rotating actions of the object.

While a similar, non-biomimetic approach was proposed
by artists under the NASA initiative to design missions to
capture near-Earth asteroids [57], no actual plans to im-
plement such a system exist. Yet, it presents promising
potential to be used for the capture of not only asteroids
but also space debris.

Principle 6: Venus Flytrap

Similarly to the containment concept of the mouth, the
Venus flytrap (see Figure 2-6) presents an interesting way
of capturing its prey as a whole. These plants have de-
veloped a specialized trapping mechanism based on a
bi-stable system that is triggered when prey touches the
embedded mechanosensory hairs on the inner surface of
their trapping structures. It consists of two curved lobes
presenting the inside surfaces with the mechanoreceptors.
To close its trap, the Venus flytrap requires multiple me-
chanical stimuli, usually caused by prey settling on the
lobes due to the flytraps’s vibrant color, excreted nectar
or released prey-appealing volatiles. Only when multi-
ple of the sensory hairs are deflected, an action potential
travelling across the entire surface of the lobes is trig-
gered, causing the outer surface of each lobe to extend
and thus, alter the curvature of the lobes to point towards
each other. This creates the snapping motion and traps
the prey between both lobes [74, 46, 30].

This bi-stable mechanism has already been adapted and
transferred onto robotic Venus flytraps [74] and therefore
presents a promising principle for ADR. An artificial fly-
trap with open lobes can approach a target until it makes

contact with the center of the trap. Integrating artificial
mechanosensory hairs can cause the creation of an indi-
rect mechanical trigger to automatically close the lobes
around the debris. Independent of size (within a certain
range) and shape of the target, the artificial flytrap can
contain debris without establishing a physical connection
beforehand. An additional benefit is the passive state of
the bi-stable trapping mechanism, reducing the system’s
energy demands. Power can be diverted to the precise
navigation and controls required for such a system. Si-
multaneously, the artificial hairs only trigger the closure
of the trap after receiving multiple stimulus, avoiding in-
advertent triggering of the mechanism by dust, particles
or small debris fragments.

Principle 7: Shock Absorption

The pomelo fruit (see Figure 2-7) grows on trees of
up to 15 meters height and has a net weight of about
6 kilograms, resulting in an enormous kinetic energy
during impact when the ripened fruit falls from tree top
to the ground. Thus, to protect the flesh and seeds inside,
the pomelo evolved to produce a protective outer layer
as its peel, which is capable of dissipating almost all of
the kinetic energy upon impact and significantly dampen
its fall [27]. The peel demonstrates an open cell foam
structure of varying pore sizes distributed over its 2-3 cm
thick peel, responsible for its excellent impact damping
and energy dissipating capabilities [62]. More recently,
many beneficial features of the pomelo’s peel have been
recognized by the scientists and several studies have been
published assessing further utilization options of the
peel as a byproduct for the chemical industry [78], and
modelling the foam-like structure to further investigate
its cushioning properties [14, 62, 48].

Naturally, the field of aerospace engineering can profit
from the impact absorption capabilities of the pomelo
fruit in more than one way. As an example, the concept
can be adapted and implemented as protective foam to
dampen the forces experienced by any technical device
and equipment during launch of the carrier rocket.
Furthermore, it offers the opportunity to decrease the
impact between two objects during the capturing phase.
Since the pomelo’s peel can absorb and dissipate about
90% of the fruit’s initial potential energy, transferring
this feature would allow for the absorption of most of
the docking forces, reducing the backlash experienced
by the chaser, while simultaneously lowering the risk of
creating new debris.

Pairing this concept with the self-sealing powers
exhibited by plants can further improve its applicabil-
ity and feasibility for space systems. As previously
mentioned, redundancy and reliability are crucial for
any extra-terrestrial mission to increase the odds of its
success [67]. Hence, integrating an automatic repair
mechanism can provide just that. Biological organisms,
animals and plants alike, have developed a broad range of
self-repair mechanisms that allows them to recover from
injuries and wounds, while retaining the injured body
part’s function (as long as the damage is not too severe).
Vascular plants in particular are great at self-sealing by
excreting a substance at injured areas, thus producing a



protective layer over the fissure and preventing further
damage or contamination [76].

Transferring this biological mechanism into a pomelo
foam in the form of small pockets filled with a glue-like
substance similar to the cells of a latex-bearing plant,
integrated into the foam-materials offers the opportunity
to immediately seal occurring fissures and cracks, and
therefore maintain its structural function. When damage
occurs, it would rip open the foam and integrated glue
pockets simultaneously, releasing the sealant. This is, of
course, only one idea where the self-sealing capabilities
found in nature can be beneficial for space systems.

4.1.3. Principles for Debris Deorbiting

Principle 8: Plant Parachute

The seeds of plants such as the Tragopogon dubius dis-
play a very peculiar way of descending from the plant
top upon release. These types of plants depend on wind
to disperse their seed, thereby propagating the species
over large areas. Therefore, seeds have developed stalked
parachutes (see Figure 2-8) made from plumed and hi-
erarchically arranged fibers that are assumed to be the
largest in nature. These structures enhance their aerody-
namic drag, hence, increasing the distance travelled dur-
ing their descent [63, 17].

In an ADR context, this biological concept offers a great
solution for the capturing and removal phase at the same
time. While the parachute itself can be used to increase an
object’s natural atmospheric drag, thus accelerating its or-
bital decay and following re-entry on Earth’s atmosphere
[75], adapting it and converting the stiff fibers into con-
trollable robotic arms that are connected with fabric in be-
tween can provide the opportunity to steer towards a tar-
get and capture it by wrapping the robotic arms around it.
Once captured, the object can be transferred into a chaser
attachment, allowing the robotic arms to open up again
and fulfil their purpose of deorbiting the debris. While
the biomimetic potential of this concept has been recog-
nized mainly due to its lightweight and robust properties,
its adaptation and implementation are still lacking.

Principle 9: Origami Sail

Another common deorbiting method using atmospheric
drag is the attachment of drags sails onto targets that can
autonomously unfold, increasing the surface-to-mass ra-
tio of the object and therefore decrease its orbiting time
frame due to the amplified drag experienced by the ob-
ject [11, 1, 82]. Additionally, it is frequently discussed
as novel end-of-life management for future missions [20,
71]. However, ideal shapes, sizes and expansion mecha-
nisms are still being discussed.

Highly efficient folding and unfolding techniques can
be observed in nature, such as the wings of birds or
plant leaves(see Figure 2-9) emerging from their sheath,
providing evolutionarily optimized and resourceful fold-
ing [64, 28]. Due to the shape and movability of their
wings, birds have mastered the art of maneuvering even
in complex environments, enabling them to fly through
the smallest openings even at high speeds. Once landed,

a bird tucks away its wings and efficiently stores them on
its back to sit or walk around [77]. Plants such as the Mi-
mosa Pudica are capable of nastic movements and have
developed their folding technique as part of their threat
response. They are able to rapidly fold up their leaflets
upon touch, thereby significantly decreasing the size of
their surface [64].

Hence, biomimetic folding techniques can improve fold-
ing efficiencies and storage during the chasers’ launch,
but also provide effective concepts for the autonomous
unfolding and expanding of the drag sail. This concept
can further be applied to other space systems that can
profit from efficient area reduction/increase such as so-
lar arrays [58, 40].

Principle 10: Swarms

Large groups comprising many individuals of one species
that behave almost as one organism are often referred
to as swarms and can be found in a variety of animals
such as ants (see Figure 2-10). This behavior has evolved
to provide protection from predators, increase dwelling
building and foraging efficiencies or navigation for mi-
gratory purposes. The main features of interest related to
swarms are their intelligence, and ways to communicate
and execute a common goal without giving every individ-
ual specific instruction on what to do [32].

This potential to collaborate with other individuals is par-
ticularly of interest in the field of robotics, and was al-
ready researched thoroughly, resulting in a range of ex-
isting robotic swarms capable of autonomously achiev-
ing tasks [36, 24]. These miniaturized robots are able
to arrange in specific patterns, collectively navigate and
make decisions all in the pursuit to achieve their shared
goal. Hence, application is diverse and ranges from the
military industry, emergency rescue, agriculture, environ-
mental monitoring, and has even been considered for de-
ployment in space [72].

Transferring the idea of multiple units moving and acting
in unison onto a propelled deorbiting scheme shows po-
tential, particularly for larger debris. While the chaser
approaches its target at a safe distance and merely re-
leases multiple individual propulsion units, those units
converge onto the target and make the actual physical
contact. Hence, the chaser can remain in its orbit while
the smaller units propel the target to burn up upon re-
entry on earth’s atmosphere. Since the system provides
redundancy as multiple units are released targeting the
same object, it increases success rates of any mission and
can account for potential errors or malfunctions. Further-
more, it can be applied to multiple targets and a diverse
range of target sizes, as the number of released propulsion
units can be adjusted to individual needs.

5.  CONCLUSION AND OUTLOOK

The literature review conducted within the
BIOINSPACED project demonstrates the high po-
tential for bio-inspired technical solutions that can be
sourced from nature’s pool of mechanisms and features.
A profound catalogue of 130 bio-inspired solutions with
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relevance for future ADR missions was established.
Thereof, ten most promising concepts were identified
and elaborated into possible principles. Those principles
will further be investigated and integrated into holistic
ADR mission scenarios as depicted in Fig. 3, which
shows one example of a biomimetic ADR scenario. The
final projects aim is to build a working demonstrator of
one of the scenarios (or at least of one the underlying
biomimetic concepts) to present and validate the value
of biologically inspired technical solutions for the space
sector.

While the presented catalogue was constructed within the
scope of the BIOINSPACED project and its predefined
requirements, it can also be implemented and utilized
in the future for finding biomimetic solutions that prove
beneficial other space contexts (not only ADR). Seeing
the BIOINSPACED methodology as an interactive and
customizable tool for accessing and utilizing available
information according to user needs, while summarizing
biology’s potential for its application in space engi-
neering, it provides a suitable step towards integrating
biomimetics into space technologies.

ACKNOWLEDGMENTS

The BIOINSPACED study has received funding from
the European Space Agency under grant agreement no.

4000130585 “Biomimicry (Biomimetics) for space de-
bris mitigation” in the frame of ESA’s Discovery &
Preparation studies.
Special thanks goes to all brainstorming workshop par-
ticipants, who contributed to the collection of biomimetic
concepts and ideas.

REFERENCES

[1] Hamad Ahmadloo and Jingrui Zhang. ‘“De-
Orbiting Collision Risk Assessment and Detailed
Orbital Simulation of LEO Space Debris Re-
moval Drag Sail”. In: 9th Asian-Pacific Confer-
ence on Aerospace Technology and Science& The
2nd Asian Joint Symposium on Aerospace Engi-
neering (2017).

[2] C. de Alba-Padilla, C. Trentlage, and E. Stoll. “Vi-
sion based Robot Control for Grasping Space Ap-
plications Using Gecko Material.” In: Proceedings
of the Symposium on Advanced Space Technolo-
gies in Robotics and Automation, Long Beach, CA,
USA (2016), pp. 13-16.

[3] Vladimir S. Aslanov and Vadim V. Yudintsev.
“Behavior of tethered debris with flexible ap-
pendages”. In: Acta Astronautica 104.1 (2014),
pp. 91-98. 1SSN: 00945765. bo1: 10.1016/ 3.
actaastro.2014.07.028.



[6]

[10]

[11]

[12]

[13]

[14]

[15]

Wilhelm Barthlott, M Mail, and C Neinhuis.
“Superhydrophobic hierarchically structured sur-
faces in biology: evolution, structural principles
and biomimetic applications”. In: Philosophical
Transactions of the Royal Society A: Mathemati-
cal, Physical and Engineering Sciences 374.2073
(2016), p. 20160191.

Mohamed Khalil Ben Larbi et al. “Active Debris
Removal for Mega Constellations: CubeSat Possi-
ble?” In: 9th international workshop on satellite
constellations and formation flying. 2017.

Mohamed Khalil Ben-Larbi et al. “Towards the
automated operations of large distributed satel-
lite systems. Part 1: Review and paradigm shifts”.
In: Advances in Space Research (2020). ISSN:
02731177.D01: 10.1016/3.asr.2020.08.
009.

Mohamed Khalil Ben-Larbi et al. “Towards the
automated operations of large distributed satellite
systems. Part 2: Classifications and tools”. In: Ad-
vances in Space Research (2020). ISSN: 02731177.
DOI: 10.1016/j.asr.2020.08.018.

Riccardo Benvenuto, Samuele Salvi, and Michele
Lavagna. “Dynamics analysis and GNC design of
flexible systems for space debris active removal”.
In: Acta Astronautica 110 (2015), pp. 247-
265. 1SSN: 00945765. por: 10 . 1016 / j .
actaastro.2015.01.014.

Janine M Benyus. Biomimicry: Innovation in-
spired by nature. Morrow New York, 1997.

Bharat Bhushan. “Gecko Feet: Natural Hairy At-
tachment Systems for Smart Adhesion — Mecha-
nism, Modeling and Development of Bio-Inspired
Materials”. In: Nanotribology and Nanomechan-
ics. Berlin, Heidelberg: Springer Berlin Heidel-
berg, 2008.

Ariel Black and David Spencer. “DragSail Sys-
tems for Satellite Deorbit and Targeted Reentry”.
In: First Int’l. Orbital Debris Conf. (2019).

Claudio Bombardelli and Jesus Pelaez. “Ion Beam
Shepherd for Contactless Space Debris Removal”.
In: Journal of Guidance, Control, and Dynamics
34.3 (2011), pp. 916-920. po1: 10 .2514 /1.
51832.

Christophe Bonnal, Jean-Marc Ruault, and Marie-
Christine Desjean. “Active debris removal: Recent
progress and current trends”. In: Acta Astronautica
85 (2013), pp. 51-60. 1SSN: 00945765. DOIL: 10 .
1016/j.actaastro.2012.11.0009.

A. Biihrig-Polaczek et al. “Biomimetic cellu-
lar metals-using hierarchical structuring for en-
ergy absorption”. In: Bioinspiration & biomimet-
ics 11.4 (2016), p. 045002. po1: 10 . 1088 /
1748-3190/11/4/045002.

Jan F. Busche et al., eds. Controllable dry adhesion
based on two-photon polymerization and replica-
tion molding for space debris removal. Vol. 7.
2020. p01: 10.1016/3j.mne.2020.100052.

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

10

Andrew Bylard et al. “Robust capture and deorbit
of rocket body debris using controllable dry adhe-
sion”. In: IEEE (2017), pp. 1-9. DO1: 10.1109/
AERO.2017.7943844.

Vincent Casseau et al. “Morphologic and Aero-
dynamic Considerations Regarding the Plumed
Seeds of Tragopogon pratensis and Their Impli-
cations for Seed Dispersal”. In: PloS one 10.5
(2015), e0125040. po1: 10.1371/ journal .
pone.0125040.

A. Cauligi et al. “Design and Development
of a Gecko-Adhesive Gripper for the As-
trobee Free-Flying Robot”. In: arXiv preprint
arXiv:2009.09151 (2020).

Matthew Close and David Cundall. “Snake lower
jaw skin: extension and recovery of a hyperexten-
sible keratinized integument”. In: Journal of ex-
perimental zoology. Part A, Ecological genetics
and physiology 321.2 (2014), pp. 78-97. DOI: 10 .
1002/jez.1839.

Camilla Colombo et al. “Drag and Solar Sail De-
orbiting: Re-Entry Time vs Cumulative Collition
Probability”. In: 68th International Astronautical
Congress (2017).

V. Daniel et al. “In-Orbit Commissioning of Czech
Nanosatellite VZLUSAT-1 for the QB50 Mission
with a Demonstrator of a Miniaturised Lobster-
Eye X-Ray Telescope and Radiation Shielding
Composite Materials”. In: Space Science Reviews
215.5 (2019). 1sSN: 0038-6308. pOI: 10.1007/
s11214-019-0589-"7.

Rakesh Das et al. “Biomechanical Evaluation of
Wasp and Honeybee Stingers”. In: Scientific re-
ports 8.1 (2018), p. 14945. por: 10 . 1038 /
s41598-018-33386-y.

Zefang Deng et al. “Dragonfly-Eye-Inspired Arti-
ficial Compound Eyes with Sophisticated Imag-
ing”. In: Advanced Functional Materials 26.12
(2016), pp. 1995-2001. 1SSN: 1616301X. DOTI:
10.1002/adfm.201504941.

Mohammad Divband Soorati et al. “Photomorpho-
genesis for robot self-assembly: adaptivity, collec-
tive decision-making, and self-repair”. In: Bioin-
spiration & biomimetics 14.5 (2019), p. 056006.
DOI: 10.1088/1748-3190/ab2958.

Roger Dudziak, Sean Tuttle, and Simon Barra-
clough. “Harpoon technology development for the
active removal of space debris”. In: Advances in
Space Research 56.3 (2015), pp. 509-527. ISSN:
02731177.D01: 10.1016/7j.asr.2015.04.
012.

Wigbert Fehse. Automated rendezvous and dock-
ing of spacecrafts. Vol. 16. Cambridge aerospace
series. Cambridge: Cambridge University Press,
2003. 1SBN: 9780521089869.



[27]

(28]

[29]

[30]

(31]

(32]

[33]

[34]

[35]

(36]

[37]

Sebastian F. Fischer et al. “Pummelos as Con-
cept Generators for Biomimetically Inspired Low
Weight Structures with Excellent Damping Prop-
erties”. In: Advanced Engineering Materials 12.12
(2010), B658-B663. 1SSN: 14381656. DOI: 10 .
1002/adem.201080065.

D. S. A. de Focatiis and S. D. Guest. “Deployable
membranes designed from folding tree leaves”. In:
Philosophical transactions. Series A, Mathemati-
cal, physical, and engineering sciences 360.1791
(2002), pp. 227-238. pOI: 10 . 1098 / rsta .
2001.0928.

Jason L. Forshaw et al. “The active space debris
removal mission RemoveDebris. Part 1: From con-
cept to launch”. In: Acta Astronautica 168 (2020),
pp- 293-309. 1SSN: 00945765. poI1: 10.1016/
j.actaastro.2019.09.002.

Yoel Forterre et al. “Mechanics of Venus’ Flytrap
Closure”. In: XXI ICTAM (2004).

Yang Gao et al. “Deployable Wood Wasp Drill for
Planetary Subsurface Sampling.” In: 2006 IEEE
Aerospace Conference . IEEE. (2006), pp. 1-8.
DOI: 10.1109/aero0.2006.1655756.

Simon Garnier, Jacques Gautrais, and Guy Ther-
aulaz. “The biological principles of swarm intelli-
gence”. In: Swarm Intelligence 1.1 (2007), pp. 3—
31. 1SSN: 1935-3812. DOI1: 10.1007/s11721—-
007-0004-y.

Liehui Ge et al. “Carbon nanotube-based syn-
thetic gecko tapes”. In: Proceedings of the Na-
tional Academy of Sciences of the United States
of America 104.26 (2007), pp. 10792-10795. poT:
10.1073/pnas.0703505104.

Jeremy A. Goldbogen et al. “Integrative Ap-
proaches to the Study of Baleen Whale Diving Be-
havior, Feeding Performance, and Foraging Ecol-
ogy”. In: BioScience 63.2 (2013), pp. 90-100.
ISSN: 0006-3568. DOI: 10.1525/bio.2013.
63.2.5.

Paloma T. Gonzalez-Bellido, Trevor J. Wardill,
and Mikko Juusola. “Compound eyes and reti-
nal information processing in miniature dipteran
species match their specific ecological demands”.
In: Proceedings of the National Academy of Sci-
ences of the United States of America 108.10
(2011), pp. 4224-4229. por: 10.1073/pnas.
1014438108.

Roderich Gro et al. “Autonomous Self-Assembly
in Swarm-Bots”. In: IEEE Transactions on
Robotics 22.6 (2006), pp. 1115-1130. ISSN: 1552-
3098. DOI1: 10.1109/TRO.2006.882919.

Wolf Hanke et al. “Harbor seal vibrissa morphol-
ogy suppresses vortex-induced vibrations”. In:
Journal of Experimental Biology 213.15 (2010),
pp- 2665-2672.

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

11

Robert Haschke. “Grasping and Manipulation of
Unknown Objects Based on Visual and Tac-
tile Feedback™. In: Motion and Operation Plan-
ning. Ed. by G. Carbone and F. Gomez-Barvo.
Vol. 29. Springer International Publishing Switzer-
land, 2015, pp. 91-109. DO1: 10.1007/978~-3~
319-14705-5{\textunderscore}4.

Marko Jankovic et al. Robotic System for Ac-
tive Debris Removal: Requirements, State-of-the-
art and Concept Architecture of the Rendezvous
and Capture (RVC) Control System. 2015. DOI:
10.13140/RG.2.1.3281.11209.

Binyamin Jasim and Pooya Taheri. “An Origami-
Based Portable Solar Panel System”. In: (2018),
pp- 199-203. po1: 10.1109/IEMCON.2018.
8614997.

Hao Jiang et al. “A robotic device using gecko-
inspired adhesives can grasp and manipulate large
objects in microgravity”. In: Science Robotics 2
(2017), pp. 1-11.

Sangbae Kim et al. “Smooth Vertical Surface
Climbing With Directional Adhesion”. In: IEEE
Transactions on Robotics 24.1 (2008), pp. 65-74.
ISSN: 1552-3098. DO1: 10.1109/TRO.2007.
909786.

Heiner Klinkrad. “Space Debris: Models and Risk
Analysis”. In: Springer Praxis Books. Berlin, Hei-
delberg: Praxis Publishing Ltd Chichester UK,
2006. Chap. 1,2, pp. 1-58. 1SBN: 3-540-25448-
X.DOI: 10.1007/3-540-37674~"7. URL:
http://dx.doi.org/10.1007/3-540-
37674-17.

Lisa Kogan et al. “Testing of tactile sensors for
space applications”. In: Sensors and Smart Struc-
tures Technologies for Civil, Mechanical, and
Aerospace Systems (2015), 94352A. po1: 10 .
1117/12.2085576.

Elisabeth Kostal et al. “Fabrication of
biomimetic  fog-collecting  superhydrophilic—
superhydrophobic surface micropatterns using
femtosecond lasers”. In: Langmuir 34.9 (2018),
pp. 2933-2941.

Jiirgen Kreuzwieser et al. “The Venus flytrap at-
tracts insects by the release of volatile organic
compounds”. In: Journal of experimental botany
65.2 (2014), pp. 755-766. DO1: 10.1093/jxb/
ert455.

Colin A. Lee and Winsor H. Watson. “The in-
fluence of stomach distention on feeding in the
nudibranch mollusk Melibe leonina”. In: Marine
and Freshwater Behaviour and Physiology 49.4
(2016), pp. 277-290. 1SSN: 1023-6244. DOI: 10.
1080/10236244.2016.1192305.
Ting-Ting Li et al. “Bioinspired foam compos-
ites resembling pomelo peel: Structural design and
compressive, bursting and cushioning properties”.
In: Composites Part B: Engineering 172 (2019),
pp- 290-298. 1SSN: 13598368. DOI: 10.1016/
j.compositesb.2019.04.046.



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Jintian Ling et al. “Effect of honeybee stinger
and its microstructured barbs on insertion and pull
force”. In: Journal of the mechanical behavior
of biomedical materials 68 (2017), pp. 173-179.
DOI: 10.1016/7. jmbbm.2017.01.040.

Marcela Litcanu et al. “Brain-Writing Vs. Brain-
storming Case Study For Power Engineering Edu-
cation”. In: Procedia - Social and Behavioral Sci-
ences 191 (2015), pp. 387-390. ISSN: 18770428.
DOI: 10.1016/7j.sbspro.2015.04.452.

Yazhong Luo, Jin Zhang, and Guojin Tang. “Sur-
vey of Orbital Dynamics and Control of Space
Rendezvous”. In: Chinese Journal of Aeronautics
27.1 (2014), pp. 1-11. 1SSN: 10009361. DOI: 10.
1016/j.cja.2013.07.042.

Th. Martin et al. “Active Debris Removal mis-
sion design in Low Earth Orbit”. In: Progress in
Propulsion Physics 4 (2013), pp. 763-788. DOI:
10.1051/eucass/201304763.

C. Menon, M. Ayre, and A. Ellery. “Biomimetics,
anew approach for space systems design”. In: ESA
bulletin (2006), pp. 20-26. URL: http://www.
esa.int/gsp/ACT/doc/BIO/ACT-RPR-
BIO-2006-ESABRulletin-Biomimetics.
pdf.

L Miersch et al. “Flow sensing by pinniped
whiskers”. In: Philosophical Transactions of the
Royal Society B: Biological Sciences 366.1581
(2011), pp. 3077-3084.

K. Nakajima and O. Schwarz. “How to use the
ovipositor drilling mechanism of hymenoptera for
developing a surgical instrument in biomimetic de-
sign”. In: International Journal of Design & Na-
ture and Ecodynamics 9.3 (2014), pp. 177-189.
ISSN: 1755-7437. DOI: 10 . 2495 /DNE - V9 -
N3-177-189.

Kazuhiro Nakaya et al. “Slingshot feeding of the
goblin shark Mitsukurina owstoni (Pisces: Lamni-
formes: Mitsukurinidae)”. In: Scientific reports 6
(2016), p. 27786. DOI1: 10.1038/srep27786.

NASA.com. Artist’s Rendering of an Asteroid
Capture. 2013. URL: https /) WWw .
nasa.gov/multimedia/imagegallery/
image_feature_2520.html.

Yutaka Nishiyama. “MIURA FOLDING: Apply-
ing Origami to Space Exploration”. In: Interna-

tional Journal of Pure and Applied Mathematics
79 (2) (2012), pp. 269-279.

Johannes Oeffner and George V Lauder. “The
hydrodynamic function of shark skin and two
biomimetic applications”. In: Journal of Experi-
mental Biology 215.5 (2012), pp. 785-795.

Johannes Oeffner et al. “From nature to green ship-
ping: Assessing the economic and environmen-
tal potential of AIRCOAT on low-draught ships.”
In: Proceedings of 8th Transport Research, Arena
TRA 2020, April 27-30, 2020, Helsinki, Finland
(2020).

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

12

R. M. Olberg et al. “Eye movements and target fix-
ation during dragonfly prey-interception flights”.
In: Journal of comparative physiology. A, Neu-
roethology, sensory, neural, and behavioral phys-
iology 193.7 (2007), pp. 685-693. 1SSN: 0340-
7594. po1: 10.1007/s00359-007-0223~
0.

Jonel Ortiz, Guanglu Zhang, and Daniel A.
McAdams. “A Model for the Design of a Pomelo
Peel Bioinspired Foam”. In: Journal of Mechani-
cal Design 140.11 (2018). 1SSN: 1050-0472. DOI:
10.1115/1.4040911.

C. Pandolfi, D. Comparini, and S. Mancuso. “Self-
burial Mechanism of Erodium cicutarium and Its
Potential Application for Subsurface Exploration.”
In: Conference on Biomimetic and Biohybrid Sys-
tems (2012), pp. 384-385. URL: http://www.
esa.int/gsp/ACT/doc/BIO/ACT-RPR~-
BIO-2012-Self-burial.pdf.

H. S. Patil and S. Vaikapurkar. “Study of the
Geometry and Folding Pattern of Leaves of Mi-
mosa pudica”. In: Journal of Bionic Engineering 4
(2007), pp. 19-23.

Martin J. Pearson et al. “Biomimetic vibrissal
sensing for robots”. In: Philosophical transactions
of the Royal Society of London. Series B, Bio-
logical sciences 366.1581 (2011), pp. 3085-3096.
DOI: 10.1098/rstb.2011.0164.

J. N. Pelton. “Lifetime Testing, Redundancy, Reli-
ability and Mean Time to Failure”. In: Handbook
of satellite applications. Ed. by Joseph N. Pelton,
Scott Madry, and Sergio Camacho-Lara. Springer
reference. New York: Springer, 2013, pp. 1079-
1094. DO1: 10.1007/978-1-4419-7671—
0{\textunderscore}70.

J. N. Pelton, S. Madry, and S. Cmacho-Lara,
eds. Handbook of Satellite Applications. New
York: Spinger Science + Business Media, 2013.
DOI: 10 . 1007 /978 -1 —-4419 - 7671 —
0{\textunderscore}72.

Claude Phipps. “A Laser-Optical System to Re-
enter or Lower Low Earth Orbit Space Debris”. In:
Acta Astronautica 93 (2014), pp. 418-429. 1SSN:
00945765.

Tony Prescott, Ben Mitchinson, and Robyn Grant.
“Vibrissal behavior and function”. In: Scholar-
pedia 6.10 (2011), p. 6642. pOI: 10 . 4249/
scholarpedia.6642.

Tony Prescott et al. “Whisking with robots”.
In: IEEE Robotics & Automation Magazine 16.3
(2009), pp. 42-50. 1SSN: 1070-9932. por: 10 .
1109/MRA.2009.933624.

Jennifer I. Rhatgan and Wenschel Lan. “Drag-
enhancing deorbit devices for spacecraft self-
disposal: A review of progress and opportunities”.
In: First Int’l. Orbital Debris Conf. (2019).



[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

[81]

[82]

Melanie Schranz et al. “Swarm Robotic Behav-
iors and Current Applications”. In: Frontiers in
robotics and Al 7 (2020), p. 36. DOI: 10.3389/
frobt.2020.00036.

T. Seidl and R. Wehner. “Walking on inclines: how
do desert ants monitor slope and step length?” In:
Frontiers in zoology 5 (2008), p. 8. DOI: 10 .
1186 / 1742 - 9994 - 5 - 8. URL: http :
/ / www . frontiersinzoology . com /
content/5/1/8.

Mohsen Shahinpoor. “Biomimetic robotic Venus
flytrap (Dionaea muscipula Ellis) made with ionic
polymer metal composites”. In: Bioinspiration &
biomimetics 6.4 (2011), p. 046004. porL: 10 .
1088/1748-3182/6/4/046004.

Minghe Shan, Jian Guo, and Eberhard Gill. “Re-
view and Comparison of Active Space Debris Cap-
turing and Removal Methods”. In: Progress in
Aerospace Sciences 80 (2016), pp. 18-32. I1SSN:
03760421. por: 10 . 1016/ j . paerosci .
2015.11.001.

Olga Speck and Thomas Speck. “An
Overview of Bioinspired and Biomimetic
Self-Repairing  Materials”.  In:  Biomimet-
ics (Basel, Switzerland) 4.1 (2019). DOI:

10.3390/biomimetics4010026.

Amanda K. Stowers and David Lentink. “Folding
in and out: passive morphing in flapping wings”.
In: Bioinspiration & biomimetics 10.2 (2015),
p- 025001. por: 10.1088/1748-3190/10/
2/025001.

Restituto Tocmo et al. “Valorization of pomelo
(Citrus grandis Osbeck) peel: A review of cur-
rent utilization, phytochemistry, bioactivities, and
mechanisms of action”. In: Comprehensive re-
views in food science and food safety 19.4 (2020),
pp. 1969-2012. pOI: 10.1111/1541-4337.
12561.

C. Trentlage and E. Stoll. “The applicability of
Gecko Adhesives in a docking mechanism for ac-
tive debris removal missions”. In: 13th Symposium
on Advanced Space Technologies in Robotics and
Automation, ASTRA (2015).

Christopher Trentlage et al. “Development and
Test of an Adaptable Docking Mechanism Based
on Mushroom-Shaped Adhesive Microstructures”.
In: ATAA SPACE 2016. Reston, Virginia: American
Institute of Aeronautics and Astronautics, 2016.
ISBN: 978-1-62410-427-5. pOI: 10 . 2514 /6.
2016-548e6.

Christopher Trentlage et al. “Development of
Gecko-Inspired Adhesive Materials for Space Ap-
plications”. In: 69th International Astronautical
Congress (IAC 2018): Involving Everyone. 2018.

Craig Underwood et al. “InflateSail de-orbit flight
demonstration results and follow-on drag-sail ap-
plications”. In: Acta Astronautica 162 (2019),
pp. 344-358. 1SSN: 00945765. DO1: 10.1016/
j.actaastro.2019.05.054.

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

13

FrantiSek Weyda and Dalibor Kodrik. “New func-
tionally ultrastructural details of the honey bee
stinger tip: serrated edge and pitted surface”. In:
Journal of Apicultural Research (2020), pp. 1-4.
ISSN: 0021-8839. poI: 10.1080/00218839.
2020.1837545.

Sven Wieskotten et al. “Hydrodynamic discrimi-
nation of wakes caused by objects of different size
or shape in a harbour seal (Phoca vitulina)”. In:
Journal of Experimental Biology 214.11 (2011),
pp. 1922-1930.

Mark Witton and Darren Naish. “Azhdarchid
pterosaurs: water-trawling pelican mimics or
‘terrestrial stalkers’?” In: Acta Palaeontologica
Polonica (2013). 1SSN: 05677920. poOI: 10 .
4202/app.00005.2013.

Ozgiin Yilmaz et al. “Thermal Analysis of Space
Debris for Infrared Based Active Debris Re-
moval”. In: Proc IMechE Part G: J Aerospace
Engineering 20(10) (2017), pp. 1-13. DOT: 10 .
1177/ ToBeAssigned.

Xiaodan Yu et al. “Multispectral curved compound
eye camera”’. In: Optics express 28.7 (2020),
pp. 9216-9231. DOI: 10.1364/0E. 385368.

Yan S. W. Yu, Matthew M. Graff, and Mitra J. Z.
Hartmann. “Mechanical responses of rat vibrissae
to airflow”. In: The Journal of experimental bi-
ology 219.Pt 7 (2016), pp. 937-948. 1SSN: 0022-
0949.DO1: 10.1242/jeb.126896.

Jing-Rui Zhang, Shu-Ge Zhao, and Yao Zhang.
“Autonomous Guidance for Rendezvous Phasing
Based on Special-Point-Based Maneuvers”. In:
Journal of Guidance, Control, and Dynamics 38.4
(2015), pp. 578-586. poI: 10 . 2514 / 1 .
G000108.

Zi-Long Zhao et al. “Structures, properties, and
functions of the stings of honey bees and paper
wasps: a comparative study”. In: Biology open 4.7
(2015), pp. 921-928. 1SSN: 2046-6390. DOI: 10.
1242/bio.012195.

Ping Zhao et al. “The model research of satellite
space laser communication based on compound
eye array”. In: 14th International Bhurban Confer-
ence on Applied Sciences & Technology (IBCAST)
(2017), pp. 722-726. DOI: 10.1109/IBCAST.
2017.7868132.



