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Abstract

The ever-increasing number of man-made space debris creates the need for new technologies to mitigate it. Therefore, within
the ESA-funded project BIOINSPACED, biologically inspired solutions for active debris removal were investigated, concep-
tualized and integrated to innovative and comprehensive scenarios. In the following, the collection process of existing and
new biomimetic concepts as well as the evaluation of ten concepts based on a feasibility analysis will be presented. Out of
the ten, the three most promising scenarios, were chosen for further investigation and further elaborated in detail specifying
the biological models incorporated as well as how the scenario could be implemented in a simple demonstrator. The first
scenario (A) is a gecko kit canon and describes a system that fires deorbiting kits towards the target from a safe distance.
The second scenario (B) involves a robotic arm with a gecko-adhesive end-effector and a bee-inspired harpoon to achieve
a preliminary and subsequent rigid connection to the target. The last scenario (C) is mimicking a Venus Flytrap and its bi-
stale mechanism to capture its prey. One of these scenarios will be manufactured and built into a demonstrator to showcase
biology’s potential for the development, optimization and improvement of technologies, especially within the space industry.

Keywords Biomimetics - Bioinspired space solutions - Active space debris removal - Space debris remediation

1 Introduction

The increasing utilization of the extraterrestrial environment
is associated with a rising number of satellites, spacecrafts
and devices occupying the orbits around Earth [1, 2]. In
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2020, only about 10% of the approximately 28000 track-
able objects in space were active satellites. Thus, the major-
ity of these objects is space debris, which are man-made
objects without functional use, such as retired payloads,
spent upper stage rocket bodies, and fragments from colli-
sions and explosions. However, the growing population of
debris objects orbiting Earth poses a serious risk to cur-
rent and future missions. Collision processes can cause a
chain reaction and render entire orbital regions unusable.
The highest risk is associated with large inactive objects,
which contribute 99% to the environmental index, a metric
used by ESA to measure the risk of an object within the
space environment [3]. It has, therefore, become apparent
that reliable and affordable systems for non-functional object
removal or servicing is essential to guarantee safe and sus-
tainable access to orbits around Earth. This evolution has led
to the formation of a novel research field investigating active
space debris removal (ADR) with an increasing number of
activities. However, many of the existing ADR concepts still
remain in the developmental stage, require proof-of-concept
efforts or real scenario field testing.

Biomimetics and its application to find innovative tech-
nical solutions has proven beneficial throughout many
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industries and bio-inspired products, such as lotus paint
(Lotusan), Gecko-tape, sharkskin inspired swimsuits, and
Velcro [4-8] have been successfully established on the mar-
ket. Thus, its potential is more and more recognized and
increasingly considered for product design, development
and optimization. For some time now, biological organisms
have also served as an inspiration for technical develop-
ment in aerospace engineering and space exploration. For
example, the wood wasp drilling into the bark of trees with
its ovipositor has been used as a model for surgical instru-
ments on Earth, but has also been considered as a solution
for extraterrestrial drilling and sampling for decades [9-11].
An X-ray telescope with lobster eye optics presents another,
more recently developed biomimetic technology to discover
remote objects in space outside Earth’s atmosphere and was
used on the Czech nanosatellite launched in 2017 [12]. Some
of the recently established ADR concepts already include
biologically inspired ideas such as the prominent example
of using the gecko’s feet as a model for adhesive materi-
als implemented in a gripper to allow for docking to debris
in space without requiring a specific adapter or compliant
object [13-15].

Therefore, looking at biology, its great diversity of mech-
anisms and its evolved features often reveals transferable
concepts and may provide valuable contributions to ADR.
Nature presents an abundance of features that have evolved
to fit certain environmental requirements or cope with exter-
nal pressures. Thus, multiple approaches exist to fulfil simi-
lar tasks and activities, which present many qualities also
essential for space systems, such as response-stimuli adapt-
ability, robustness and lightweight construction, autonomy
and intelligence, energy efficiency, and self-repair or healing
capabilities [16, 17]. Hence, biological mechanisms can be
transferred and adapted to improve or even revolutionize
traditional engineering approaches.

2 The BIOINSPACED project

BIOINSPACED is an acronym that stands for bioinspired
solutions for space debris removal. The project was funded
by the European Space Agency (ESA) and is conducted by
Fraunhofer CML with Technical University of Braunsch-
weig (TUBS) as a subcontractor. It commenced in June 2020
with the goal to contribute to ESA’s CleanSpace initiative by
developing biomimetic solutions for innovative technologies
to support the removal of space debris, especially in low
earth orbit (LEO).

During the project’s initial phase, the elementary steps
for ADR were analyzed, identifying the phases included in
such a mission as well as related requirements. Afterwards,
nature’s pool of existing concepts and possibly new bio-
logical mechanisms were reviewed with the prospects of
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finding ones with potential for ADR. All of these concepts
were collected within the BIOINSPACED catalogue, a com-
prehensive and interactive database, and evaluated using a
feasibility analysis (see Sect. 3). The best performing and
thus most promising concepts were integrated into several
holistic mission scenarios. After a collaborative discussion
among Fraunhofer CML, TUBS and ESA, three of these
most promising scenarios were selected for further inves-
tigation and conceptual design, in preparation of choosing
one to be build into a demonstrator and undergo prelimi-
nary experiments. BIOINSPACED aims to not only present
the diversity of biological examples that hold potential for
implementation within ADR missions, but to demonstrate
the bio-inspired concepts within ESA and showcase the
potential of biomimetics for the space industry in general.

3 BIOINSPACED catalogue and feasibility
analysis

To collect existing biomimetic and new biological concepts
suitable for processes involved in ADR, three different
approaches were applied: First, a thorough literature review
was conducted, studying existing biomimetic models, pro-
totypes and products within the fields of robotics, materials
science, kinematics, and space technology among others.
Then, nature’s pool of ideas was screened by browsing bio-
logical research papers, nature documentaries and flipping
through other materials to propose new solutions, which
include those demonstrating great challenges for “tradi-
tional engineering”. Finally, three biomimetic brainstorm-
ing workshops were held with participants from the fields
of space industry, biology and biomimetics, resulting in a
great amount of new biological principles and mechanisms
as well as intensive discussions of their suitability for space
application. More information on the collection process and
the three approaches can be found in Banken et al. [18].

All of the collected concepts were added to the BIOINS-
PACED catalogue, a comprehensive and informative data-
base with rated information on several types of biological
and biomimetic systems. It also provides an interactive and
customizable tool for accessing and utilizing available infor-
mation according to user needs and summarizes biology’s
potential for its application in space engineering. While the
presented catalogue was constructed within the scope of the
BIOINSPACED project and its predefined requirements, it
can also be utilized in the future for finding biomimetic solu-
tions that prove beneficial in different space contexts. The
complete and detailed catalogue of biomimetic concepts is
presented in the Supplementary Material. Fraunhofer CML
can be approached for further information.
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Based on the established BIOINSPACED catalogue, a
feasibility analysis was conducted to evaluate the importance
and relevance of collected concepts. This analysis was based
on the four parameters that were calculated into an overall
score called ‘BIOINSPACED Applicability Score’ (BAS). :

— Technical feasibility (TF): presents a basic indicator for
a concept’s functionality and evaluates the overall idea
concerning the possibility of its implementation into a
technical system, especially with regard to the final goal
of building a demonstrator and associated design as well
as manufacturing constraints.

— Biomimetic applicability (BA): analyses a biological
model and indicates its potential to be adapted and trans-
ferred into a technical system

— Space applicability (SA): assesses the possibility of the
model’s implementation and employment within the
space environment. This, too, includes considerations of
the predicted concept reliability.

— Novelty factor (NF): examines the originality of concepts
and investigates currently available ideas in literature.
This factor is heavily influenced by the amount and type
of literature published, discussing either a concept’s aero-
space application, any kind of industry application, its
mere biological functioning or none whatsoever.

The parameters were evaluated by six scientists from Fraun-
hofer CML and two from TUBS individually by assigning a
score from 1 to 6 (1 indicated the best ranking and assumed
performance) to each parameter for every concept. These
ratings were summarized, averaged for the individual param-
eters and then multiplied by the weighting factor as indicated
in Eq. 1.

While TF and BA were assigned the highest weighting
factors as they determine whether a technology can be estab-
lished based on the pre-defined biological model at all, the
project was aiming for technical solutions within the space
industry. Thus, the SA factor was assigned an only slightly
lower weighting factor. Finally, another project require-
ment was the development of a demonstrator showcasing
new and innovative biomimetic concepts, therefore, making
the novelty an important requirement within the scope of
the project, yet less important than the overall development
and implementation potential. It is important to stress that
the results are dependent on the chosen weighting factors.
Several evaluators from Fraunhofer CML and TUBS with
extensive backgrounds in the different fields of biomimetics,
aerospace and mechanical engineering were included and
participated in discussions about the weighting factors, and
provided input based on their respective expertise. Neverthe-
less, the assessment of the individual factors is ultimately
based on subjective ratings, thus, a different group of evalu-
ators may draw different conclusions. Within the scope of

this project and in consultation with the ESA project officer,
the selected weighting factors were considered sufficient to
rate the biological concepts.

Summing up those four parameter scores resulted in the
overall BAS for each concept. Those ranked concepts were
then grouped into overlying working principles to provide
a better overview of available mechanisms that may aid
the process of an ADR mission. The best performing 24
grouped principles were then presented and discussed by
project partners and ESA employees, collaboratively decid-
ing on 10 principles to be further investigated and integrated
into holistic scenarios. The selected principles and a short
description of their functioning are summarized in Banken
etal. [18]:

BAS =TFx03+BAX0.3+SAX025+NFx0.15 (1)

Equation 1: Formula to calculate the overall score for
‘BIOINSPACED applicability score’ (BAS) including
all four parameters evaluated by CML and TUBS and the
respective weighting factor. TF: technical feasibility, BA:
biomimetic applicability, SA: space applicability, NF: nov-
elty factor.

4 ADR environment and mission
requirements

4.1 The adapted ADR ecosystem

The conventional phases associated with rendezvous mis-
sions are detailed by Fehse [19], covering the launch, phas-
ing, far- and close range rendezvous with the target, capture
and finally the removal. Aiming to integrate the established
principle solutions into holistic ADR scenarios demanded
for an adaptation of these steps. Since launch, phasing and
far-range rendezvous remain very similar to common ren-
dezvous missions (with cooperative targets, such as the
ISS), they were excluded from the ADR ecosystem of this
study to focus available resources on finding solutions for
the other phases. In addition, sufficient information during
the execution of the first three ADR phases can be obtained
from ground-based systems, such as radar and passive opti-
cal telescopes, providing a great amount of data on debris
detection, tracking and identification [20]. In addition, the
abundance of biological models for the remaining phases
was assumed to be much greater, which was supported by
the quality and quantity of concepts collected within the
catalogue.

The ADR ecosystem was, however, extended by other
steps in case the established scenarios demanded additional
actions to guarantee a successful removal mission as sug-
gested by for example Maediger and colleagues [21], and
possibly included an inspection flyby, detumbling actions
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or a pre-attachment as per requirement. During the inspec-
tion flyby phase, the chaser uses its on-board detection and
sensing systems continuously pointing at the target while
traveling around it at a constant distance on the expense of
spending additional fuel. This allows the procurement of
an adequate amount of information especially related to the
integrity of the target and its rotational motion [21]. Detum-
bling actions can be applied before or after the capture or
physical contact between the chaser and the target, ranging
from plume impingement [22] or magnetic torque genera-
tion [23, 24], to the use of a kinematically redundant robotic
arm [25, 26] or a brush-type contractor [27]. Those actions
are necessary if the rotational velocities of the target exceed
servicing capabilities and, therefore, prohibit a safe approach
for the attachment and capture [28].

In terms of permanent connections formed between the
chaser and the target, nets and harpoons are prominent cap-
ture concepts, and among the only ones demonstrated on-
orbit during the ’RemoveDebris’ mission in 2019 [29-31].
While this mission displays a huge leap in space debris
removal and tests showed promising results, harpoons are
still associated with high risks of additional debris produc-
tion due to the forces required to penetrate the target’s sur-
face material while preventing a large impulse generation
and thus pushing the target from its current course. Further-
more, complex rope dynamics between chaser and target
have not been investigated in this mission and present a tech-
nical challenge. Therefore, the last additional phase included
within the ADR ecosystem is a preliminary attachment that
enables a safe but less rigid connection with the target first

ADR Ecosystem

that does not generate high impulse forces, prohibits the tar-
get’s escape, and facilitates a subsequent rigid connection
using more complex and high-energy approaches.

The adapted ADR ecosystem defined within the scope of
the BIOINSPACED project as indicated in Fig. 1 is used to
specify and visualize the complete process of space debris
removal, where a holistic point of view on the composition
of the overall mission is delivered.

4.2 From concepts to mission scenarios

Over the course of this project, concepts and their applica-
tion within biomimetic ADR were adapted and re-defined as
the project progressed. Therefore, Fig. 2 presents the conver-
sion from individual concepts over principles into scenarios
and the final demonstrator. As described in Sect. 3, the 130
individual existing and new biomimetic concepts were col-
lected using literature review, brainstorming activities and
several biomimetics workshops. These concepts, each cover-
ing a single feature of one or several species of an organisms
(demonstrating similar features) were grouped into overly-
ing principles to simplify their evaluation and selection.
These principles described the same function, for example
“adhesion’, ’penetration’ or *folding’ without using the same
process, feature or mechanism. Out of these principles, ten
were selected during the *Design Space Review’ meeting to
be integrated into ten holistic scenarios, offering solutions
for the ADR phases defined in subsection 4.1. In the fol-
lowing subsection 4.3 and 4.4, the process of integration,

° 2
& -® - -@--pC
S Inspection  Close-Range i) Preliminary Mating fand %
Flyby Rendezvous Attachment  Capturing @
Far-Range o . .- Removal
Rendez- Target Determination  Reducing the Initial contact Rigid
vous | Inspection from of a suitable rotational / to prevent connection  |nfluencing
1 all sides to attachment tumbling target and between  the target’s
O determine point and motions of chaser to drift chaser and trajectory to
,L/ suitable observation of debris to allow apart during target for  removed it
Phasing attachment ongoing the chaser to attempts to further from its
i points or assess ~ processes approach and form a firm removal  cyrrent orbit
. damages make contact connection activities  (over time)
9,
Launch

Fig. 1 Representation of the adapted ADR Ecosystem. The phases
outside the green rectangle as well as the ones highlighted in white
inside the rectangle present the conventional ADR phases identified
by the BIOINSPACED project. These phases were later adapted to
include the ones specifically tailored to biomimetic ADR scenarios
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(highlighted in light green) and excludes the ones not exclusively
applicable to ADR. Thus, within the scope of the project, only the
phases inside the green frame represent the ecosystem for bio-
inspired ADR scenarios
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Task 2
DSR Decision

Task 3
Preliminary Results

Task 3
DRSR Decision

Task 3
FSSR Decision

Fig.2 Transformation flow of collected concepts over principles to
scenarios. It demonstrates the selection process over the course of the
project and the conversion of collected concepts in the beginning into
overlying working principles. These principles were then combined
and integrated to form ten scenarios out of which three were cho-

development and assessment of the ten scenarios will be
described in great detail. Finally, the three scenarios selected
for further detailed investigation in regard to the final dem-
onstrator were decided upon during the *Debris Removal
Selection Review’” meeting. These scenarios will be pre-
sented in Sect. 5.

During the ’Final Scenario Selection Review’ meet-
ing, one of these three scenarios will be chosen for further
development and ultimately be transferred into a preliminary
functioning demonstrator. This demonstrator will display the
incorporated biomimetic concepts and indicate how they can
be transferred into basic but working technical solutions.
This demonstrator can then be used by ESA to show the
beneficial role biomimetics can play in the development of
aerospace technologies and will be presented at the upcom-
ing International Conference on Advanced Manufacturing
(ICAM22), displaying the manufacturing and integration of
the most promising concepts.

4.3 Building biomimetic ADR scenarios

With the help of individual Zwicky boxes for each principle,
which are a favoured tool for structuring and investigating
complex problems with multiple solution approaches and
are, thus, often used as means for analysis in biomimetics
[32, 33], all possible solutions for the implementation of
each principle were established. Afterwards, the three most
promising principle solutions were determined and used
for their integration and combination with the solutions of
the remaining principles into ten holistic ADR scenarios.

1 Demonstrator

130 Biomimetic Concepts

10 Principles

10 Scenarios

3 Scenarios

Task 4
Manufacture & Testing

sen for further investigation. In the final task of this project, one of
these scenarios will be built into a demonstrator. The individual task
decisions refer to the milestone meetings: DSR design space review,
DRSR debris removal selection review, F'SSR final scenario selection
review

This resulted in the inclusion of not only chosen principle
mechanisms but also concepts from the BIOINSPACED
catalogue that demonstrated beneficial improvements over
conventional mission technologies. Therefore, the number
of concepts contained within one scenario reached up to the
maximum of 13 different ones.

Subsequently, the ten scenarios were evaluated using a
trade-off analysis to evaluate the feasibility of each regard-
ing their implementation potential into a demonstrator under
consideration of the following mission critical parameters:

— Technical feasibility: in this analysis referred to as ’T” to
demonstrate the difference to the prior technical feasibil-
ity factor used before in Sect. 3: potential of implement-
ing a scenario into a technical system (no. of moving
parts, time critical activities)

— Technical complexity (7c): intricacy of the system (com-
ponent interactions, motion control requirements)

— Engineering effort (E): technological readiness level (Use
of existing materials/ devices, environment appropriate)

— Energy requirements (E7): requirements for motion and
course control required (movability of system compo-
nents, force requirements)

— Reusability (R): possibility of multiple attempts/ targets
(loss of functionality, reversibility, deformation)

— Risk of additional debris (Dp): production of secondary
debris (target damage, application of high speeds, style
of attachment)

— Adaptability (A): Attachment surface requirements (sur-
face material/ shape/ structure, geometries)

@ Springer
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— Breadboard manufacturability (Bm): possibility to build a
demonstrator using the equipment and devices available
at Fraunhofer CML (financial/ time resources, land-based
demonstrator)

Since not all of these parameters are considered to have equal
effects on the implementation potential of a scenario, weight-
ing factors were established. Using the commonly known
practise of a paired comparison, each individual parameter
was compared to only one other parameter at a time, reduc-
ing the evaluation to the decision whether the first parameter
has more (2), equal (1) or less (0) influence compared to the
second one. As an example, it is possible to determine that the
overall technical feasibility, and therefore, the probability of
technology implementation has a higher influence on the suc-
cess of a scenario than the reusability of the mechanism, since
the latter is dependent on the first one. Thus, when the tech-
nical feasibility is compared to reusability, it is assigned the
number *2’, indicating a higher influence as depicted in Fig. 3.
In turn, when reusability is considered as the first parameter, it
is assigned a ‘0’ when opposite to technical feasibility as it has
less influence on the implementation potential. This process
was repeated with all parameters, resulting into a comparison
matrix that was then used to determine the overall weight of
individual parameters. This paired comparison technique is
said to produce highly reliable rankings [34] and was con-
ducted by several aerospace and biomimetics experts with
backgrounds in mechanical engineering to determine sensible
weighting factors.

Afterwards, the parameters were evaluated with respect to
each scenario by assigning them a rank between one and ten
(10 = best possible score). Those values were then multiplied
by the respective weighting factor for the respective param-
eter established in the paired comparison and summed up as
shown in Eq. 2, resulting in the final trade-off score (TOS).
This score was then used during discussions with ESA rep-
resentatives to put each scenario’s manufacturability into
perspective and decide which three would be investigated
further. All of the ten established scenarios are described
in the Supplementary Material, where they are presented in
descending order according to the analysis results:

Parameters

Technical
Feasibilty

TOS =T Xwp+Tc Xwyp + EXwg 4+ Er X wg, + R X wp

+Dp><pr+A><wA+Bm><me

@)
Equation 2: Formula to calculate the trade-off analysis score
(TOS) for each of the scenarios individually. T: technical
feasibility (different parameter than in Sect. 3, Tc: technical
complexity, E: engineering effort, Er: energy requirements,
R: reusability, Dp: risk of additional debris production, A:
adaptability, Bm: breadboard manufacturability, the charac-
ter w indicates the respective weighting factor for each of the
parameters created by the paired comparison.

4.4 Mission parameters and goals

The ten established scenarios presented a very diverse range
of ADR options and significantly differed in, e.g., their
applicable size of debris as well as their removal strategies.
Therefore, mission constraints described in the following
were defined and identified for each of the scenarios. The
conceptual project boundaries, however, were predefined as
aiming to remove large objects in LEO.

— Debris type: Describes the type of debris targeted with
the described mission. Within the scope of the project,
targets were defined according to their mass and dimen-
sions as displayed in Table 1. Each type was catego-
rized from I to V and lists an exemplary debris object
within each category and its current orbital position. As
explained above, fragments while listed in the table, were
excluded from the conceptual mission design.

— Debris condition: While most end-of-life procedures
nowadays require the disconnection of batteries and shed-
ding of remaining fuel reserves [35], these precautions
cannot always be executed. Especially when spacecrafts
and satellites unexpectedly malfunction, these processes
are not carried out. Therefore, if a scenario includes the
piercing of the debris surface and penetration further into
the object, contained modules as well as their position
need to be known to prevent piercing critical or hazard-
ous parts of the debris [36]. Hence, the conceptualized
scenarios presented in the following include an indication

Reusability Energy

Requirements

Fig.3 Excerpt from the paired comparison matrix, showing the evaluated influence of one parameter on another and vice versa. The sum of all
scores (right column) was divided by the sum of all cells in a row, resulting in the respective weighting factor
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Table 1 Definition of different types of debris, including their size,
mass, and orbital location. The specified objects are examples of the
type of debris that fall under the defined classification. Similarly,
dimensions, masses and orbits are based on estimates or measure-

ments upon launch and, therefore, may be subject to change. These
figures are merely used to roughly indicate the characterized types of
debris

Type Debris Object Dimensions [m] Mass [kg] Orbit [km] Reference
1 Envisat 25%x10%x5 8140 767 [37, 38]
1I Ariane 5 upper stage 4.7x5.4(d) 4540 GTO [39, 40]
111 Cosmos M3 2nd stage 6.5x2.4(d) 1400 650-1050 [41]

v Vega upper stage (4) 2x2.2(d) 688 300-1500 [42, 43]
\"% Fragments < 10 cm Total sum: 8,782,500 160-36,000 [3, 44]

if this kind of information is relevant for the successful
implementation of the scenario.

— Orbit: Some deorbiting strategies such as drag sails
requiring atmospheric drag and electromagnetic teth-
ers using Earth’s magnetic field are limited to LEO,
where these forces are at work. In GEO, the remaining
option is to use propulsion systems to deorbit a target.
While this project concentrates on debris orbiting in
LEO, possible GEO applications are specified none-
theless.

— Number of targets: Depending on their method of cap-
ture and deorbiting as well as the encompassed refill/
reusability options, some scenarios are not only able
to target and remove one object from its current tra-
jectory but continue after achieving its first mission
and pursue another target. While targeting multiple
objects decreases the cost to benefit ratio significantly,
these systems are often complex and are based on slow
deorbiting time frames. In addition, while the initial
target needs to be prioritized to ensure the success
of a conceptualized mission, this parameter indicates
whether a created scenario may be applicable to mul-
tiple targets instead of a single one.

— Number of biomimetic concepts: since the focus of
this project are bio-inspired solutions, each scenario
also includes an estimate of biomimetic concepts that
are combined within one holistic scenario. Low num-
bers of biomimetic concepts, however, do not indicate
insufficient results. It merely gives an indication of the
complexity and innovation potential involved.

— Type of transport: When defining ADR scenarios,
they can be differentiated according to the role of the
chaser. In some scenarios, the chaser performs all of
the required detection, capturing and deorbiting activ-
ities, while in others, it merely presents a transport
system able to release submodules responsible for the
removal of the target. Here, it is specified for each
scenario if the chaser is used as the spacecraft that it
is carrying out the mission or if its contained payload
takes over this task.

5 Selected biomimetic ADR scenarios

In the following, the three selected scenarios will be
presented including all of the encompassed biomimetic
concepts and the scenario’s requirements for the mission
parameters introduced above (Sect. 4.4).

5.1 Scenario A: gecko kit canon

This scenario requires precise data on debris parameters
to find an appropriate surface for the subsequent attach-
ment. Therefore, the close-range rendezvous concept has
to deliver all necessary information and provide a good
fail-to-save approach to enable a successful mission while
preventing a collision between chaser and target.

Many invertebrates demonstrate a so-called compound
eye, which consists of numerous spherically arranged
and cone-shaped sensing units called ommatidia. These
units portray high sensitivities, a variety of dimensions,
and accept light from narrow angles [45, 46]. Hence, the
idea of creating artificial compound eyes has been studied
before, even in the context of space applications for object
detection and space laser communications [47, 48]. Taking
this concept one step further, the idea is to combine the
compound eye and its detection abilities with other bio-
mimetic visual sensing concepts. Sticking to the spherical
arrangement of a compound eye, the individual ommatidia
are partially replaced by a variety of additional optical
sensing options. Those can help overcome limitations of
the compound eye detection mechanism itself as well as
issues of current detection technologies.

The first technology to be included is based on the lob-
ster’s eyes that provide an especially wide field of view
as well as sufficient focusing energies, making it particu-
larly suitable for all-sky- and sun-monitoring. Due to its
advantages, it has already been implemented in X-ray tel-
escopes, one of which was employed on a Czech satellite
[12,49-51].
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Targets orbiting Earth are exposed to an alternating illu-
mination cycle. Hence, the reflected light coming from an
object is increasing and decreasing. Therefore, to detect
reflected lighting patterns from an object facing away
from the sun, the light sensitivity of systems needs to be
improved. The white lady spider has developed an efficient
neural mechanism that uses temporal and spatial summa-
tion of visual stimuli, which allows multiple stimuli to be
integrated to capture visual information in dim lighting
conditions [52, 53]. Using this type of visual and neu-
ral mechanism could offer the possibility to increase the
detection of poorly reflecting objects in space.

Conventional optical systems for in-orbit detection and
identification of target parameters often suffer dynamic
illumination conditions or solar glare [54]. Thus, recent
ideas regarding the detection and tracking of space debris
have revolved around technologies using different types
of light. One of which is using wavelength in the infrared
spectrum instead, which several animals are able to detect.
Especially certain species of fire beetles have developed a
sensing organ equipped with photomechanic sensors able
to detect infrared radiation from far distances. The radia-
tion and subsequent temperature increase cause the liquid
inside their receptor cells to expand, resulting in a rise in
pressure and a subsequent deformation triggering a neural
response [55-58]. However, Yilmaz and colleagues [54]
argue that a thermal profile of all objects in space has to be
established before this technology will find application in
the space industry.

Another type of illumination that can be used to avoid
issues associated with visible light-based optical sensors
is presented by (un)polarized light. In nature, insect pol-
linators, particularly bees utilize polarized light patterns
for navigation, since it is independent from the time of day
[59-61]. Preliminary research has concentrated on determin-
ing the polarimetric properties of different commonly used
materials for space technologies and establish recognizable
patterns to allow a remote characterization and identification
of debris [20].

When it comes to the final approach of a target in space,
real-time tracking is important to avoid faulty maneuvers. In
nature, the dragonfly is able to pursue its prey within a tur-
bulent environment with distracting stimuli present and still
manages to capture a selected target with a 97% success rate.
They do so by using so-called small target motion detector
neurons, which are very sensitive to target contrast. Hence,
they present an efficient and highly adaptable visual process-
ing system that has already been adapted and transferred
into tracking algorithms [62, 63]. These could improve the
processing of collected data from the combined technologies
within the compound eye. In addition to the highly efficient
target tracking and processing of visual input of the drag-
onfly, the locust demonstrates another attractive mechanism
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to avoid collisions between the chaser and the target. Using
their lobula giant movement detector neurons, locusts are
able to recognize approaching obstacles even in low-contrast
conditions or textured backgrounds in motion. Once a col-
lision alert is triggered, the locust can adapt its behavior
mid-flight to alter its trajectory and avoid the collision. This
collision avoidance mechanism seems very promising and
has already been considered for the implementation in smart
vehicle technology [64, 65].

The biological models mentioned above are depicted in
Fig. 4. Using a compound eye with different optical sensing
technologies incorporated that are not only included once
but multiple times for the close-range rendezvous in orbit
provides an elaborate range of information that can, for
example, improve the aiming process at appropriate dock-
ing areas on the target. In addition, having multiples of one
technology demonstrates a high redundancy and thus, secu-
rity in case of partial system failure.

Once a sufficient amount of information on the target’s
behavior and surface features is determined, the chaser
shoots a deorbiting kit towards the target, aiming at a previ-
ously determined attachment point. The kit launch system
includes a passive energy storage based on the grasshopper
hind leg to efficiently propel the kit towards the target. The
grasshopper can achieve high catapult forces by slowly con-
tracting one of its muscles while spending only little of its
energy. A release triggered by the relaxation of another mus-
cle causes the very fast and strong resulting action [66, 67].
Using this kind of system decreases the power consumption
by the chaser, but provides an efficient firing mechanism. In
addition, the force is sufficient to shoot the kit onto the tar-
get, allowing the chaser to maintain a safe distance between
itself and the target, thus, decreasing the risk of collision, yet
low enough to avoid damages and potentially generate addi-
tional debris as well as knocking the target onto a dangerous
trajectory. The kit itself is dodecahedronally shaped to pro-
vide a high storage volume inside while allowing for large
and omnidirectional attachment surface on the outside. The
latter is covered with an adhesive mimicking the gecko’s feet
to automatically attach whenever it comes into contact with
the target. The gecko’s feet make use of a hierarchical com-
pliance of microscopic hairs paired with the van der Waals
forces to conform to rough surface and produce sufficient
adhesion to enable walking over smooth and vertical sur-
faces [68]. Gecko adhesives have been studied extensively
and have already been considered partially tested within the
space environment [69-72]. Thus, they provide a promis-
ing concept to gently attach to objects in space. Further-
more, during the shooting process, the kit remains attached
to the chaser by a rope that enables the reeling in of the kit
in case the first aiming and hitting attempt is not success-
ful. Thus, the approach can be repeated until the mating is
achieved. While preliminary tests have resulted in first ideas
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Fig.4 Photographs of the biological models included in the compound eye, 1) fly compound eye, 2) lobster 3) white lady spider, 4) locust, 5)

fire beetle, 6) bee, 7) dragonfly
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Fig.5 Photographs of the biological models included in scenario A. Picture 1) shows the fly compound eye that incorporates the biomimetic
technology concepts presented in Fig. 2, 2) grasshopper hind leg, 3) gecko feet adhesion, 4) plant leaf folding

about velocities and spin rates required in order to form a
successful connection [69], further experiments need to be
conducted to determine the adhesive capabilities of gecko
adhesive materials when shot towards a target.

Since the chaser in this scenario does not approach the
target very closely and will not make a physical connec-
tion itself, there is no need to detumble the target or form a
pre-attachment before initiating the contact phase. However,
in case of dealing with a highly uncontrollable target, the
shooting of the kits can be timed so that it adds a coun-
terforce to the spin, thereby slowly reducing its rotational
velocity by shooting multiple Kits as proposed by Kawamoto
and colleagues [73].

Once the connection to the target is made, the rope from
the chaser to the kit is cut, thereby separating the chaser
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connection to the target. The chaser can go on towards a
next target. Inside the deorbiting kit, a drag sail is folded up
very small and efficiently based on the folding observed in
the leaves of plants [74, 75] that can automatically unfold. A
thermal release mechanism, passively controlled by external
temperature changes (similar to the thermal knife without
using current to heat up the system [76]), triggers the auto-
matic unfolding of the sail. The initial temperature of the
target (and all its components) increases through the natural
radiation of the sun (depending on orbital location and rota-
tion of the target) that causes the release mechanism to snap
and release the sail. All of the remaining biological models
for this scenario are depicted in Fig. 5.

The chaser setup designed for this scenario is demon-
strated in Fig. 6. This scenario is designed for the removal

@ Springer
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of the chaser conceptualized for
scenario A. The chaser contains
a payload of multiple deorbiting
kits (yellow cubes) that can be
loaded in front of a catapult that
shoots them towards the target
once the compound eye (pink)
has determined an appropriate
position and timing. The kits
have a gecko adhesive on their
outer surface (green squares)
that allows them to stick to the
target once they come into con-
tact. If the launch of the kit is
successful, the string connecting
the target and chaser is cut and

Fig.6 Sketch Representation (

- a

the chaser moves away from the

target so that the kit can release
its drag sail folded up inside

\_

VAN /

of type I targets, since the chaser includes multiple deorbit-
ing kits and can adjust the number of fired kits based on the
size of the target. Hence, a sufficiently large drag reduction
can be created by multiple drag sails, thereby accelerating
the deorbiting despite the rather large mass of the objects.
This, however, also limits its application to LEO, since aug-
menting an object’s atmospheric drag is only possible in
this orbital region. Still, it circumvents the additional invest-
ment of fuel associated with propulsion deorbiting, since
the chaser can remain in its orbit and go on to approach and
target new objects.

5.2 Scenario B: gecko pad and bee harpoon

Similar to scenario A, this one, too, requires very precise
data for the detection and identification of debris parameters,
since the chaser approaches the target very closely and per-
forms difficult mating activities. Therefore, the previously
introduced compound eye concept (Sect. 5.1) is adopted
here as well, providing increased safety for the chaser as it
offers better determination of appropriate approach lines and
maneuvers. In addition to the compound eye, all remaining
biological models incorporated in this scenario are depicted
together in Fig. 7.

Furthermore, this scenario encompasses a pre-attachment
in form of a kinematically redundant robotic arm, which is
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a frequently conceptualized idea to detumble a target [25,
26]. This robotic arm is modelled after an elephant’s trunk, a
highly flexible organ consisting of many muscles, therefore,
providing multiple degrees of freedom and high compliance.
This demonstrates high maneuverability and adjustability
to complex debris motions, shapes and structural features
[77-79]. The length of this robotic arm, however, also deter-
mines the maximum possible distance between the chaser
and target to initiate the first contact.

To reduce the risk of pushing the target away from the
chaser during the capturing phase, a preliminary connec-
tion is established using an adhesive pad inspired by the
gecko’s feet, similar to the one described above, attached
to the artificial trunk as an end-effector. This allows for
the establishment of a connection to the target without
the application of large forces or velocities. In addition,
in case the first connection is not successful or the place-
ment is not ideal, the connection can be undone and the
approach repeated until the perfect spot for the preliminary
mating is found, since the gecko’s dry adhesion is revers-
ible. Furthermore, Trentlage and Stoll [69] showed that
a foam-like suspension layer underneath the gecko mate-
rial can enable the capture of curved objects such as the
surface shape of rocket upper stages. Hence, underneath
the gecko material, a layer of foam inspired by the pomelo
fruit’s peel is included. The pomelo demonstrates an open
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Fig. 7 Photographs of the biological models included in scenario B, 1) the compound eye as described above for scenario A, 2) elephant trunk,
3) gecko feet adhesion, 4) pomelo fruit peel dampening, 5) chameleon tongue, and 6) bee stringer.

cell foam structure of varying pore size distributed over its
thick peel, which protects the fruit inside when falling from
trees of up to 10 meters in height. It, therefore, presents
excellent impact damping and energy dissipating capabili-
ties. More recently, the beneficial features of the pomelo’s
peel have been recognized by the science community and
articles have been published studying and modelling the
foam-like structure [80, 81]. Therefore, it is hypothesized
that a bio-inspired material is equally able to dampen the
impact between the arm and the target as well as reduce
the impact of the preliminary connection onto the target’s
trajectory [27].

Once the preliminary contact is established and the
debris cannot escape the hold of the chaser, a harpoon is
fired towards the target. On the example of the chameleon’s
tongue, the system is charged and fired in a very energy
efficient way, reducing the overall energy demand of the
mission scenario. Chameleons display the ability to achieve
accelerations exceeding 400 m/s* due to their rapid elastic
recoil of collagen tissue incorporated within its tongue [82].
While this speed is much higher than the forces necessary
to pierce the surface layer of the target and penetrate deep

enough into the outer insulation layer to accomplish a firm
connection (approximately 20 m/s necessary according to
[83]), it enables the firing of the harpoon from larger dis-
tances, which is only limited to the length of the robotic
arm. The chameleon achieves such accelerations by slowly
contracting one of its tongue muscles that stretches another
muscle. The latter is released, while the usual muscle con-
traction is decoupled, imparting the entire stored energy onto
the harpoon [82, 84].

The shaft of the harpoon itself presents a conventional
harpoon design of a smooth and hollow tube. The tip of the
harpoon, however, is modelled after the stinger of the bee
that is very sharp and can easily penetrate the surface of
the target. In addition, the bee’s stinger demonstrates small
hooks at its end to interlock with the skin of the attacked
organism [85]. Thus, this feature is also adapted and trans-
ferred to the harpoon’s tip to ensure that it remains in physi-
cal contact with the debris’ inner wall. This method cre-
ates very high impact forces at the target, which increase
the danger of producing additional debris. The required
impact force is assumed to be reduced with an additional
and preceding contact between chaser and target, since the
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penetration speed of the harpoon into the target’s wall mate-
rial can be reduced. While the robotic arm requires a lot of
processing, control and navigational power, it is not expected
to create a sufficiently rigid attachment to manipulate and
manoeuvre very heavy target towards re-entry alone. Hence,
the preliminary attachment to the debris with said arm can
be used to further prevent the two spacecrafts from drifting
apart, while the lengthy processes of aiming and alignment
of harpoon and target are conducted. After an appropriate
area on the target has been determined, the harpoon is fired.
Once a rigid connection is made, the robotic arm can be
detached from the target and stored away back in the chaser.
The harpoon connected to the chaser with a rope remains
inside the debris, while the chaser slowly moves away from
the target to create a safe distance between the two. Then,
the chaser’s own propulsion system can be used to pull the
target behind it and deorbit the object.

The developed chaser for this scenario is depicted in
Fig. 8 and shows the combination of all the mentioned
techniques in one spacecraft. This scenario allows for the
targeting of debris in the LEO and GEO, since it uses its
own propulsion system to remove the target from its current
trajectory. Moreover, this method presents a short-term deor-
biting approach that is very suitable for large targets such as
EnviSat in type I. It also does not require a large structure
for the capturing but attaches to a comparatively small area
on the target itself.

5.3 Scenario C: venus flytrap

Contrary to the other two scenarios presented above, the
accuracy and precision of data obtained from the target prior

Fig.8 Sketch Representation
of the chaser conceptualized
for scenario B. The chaser

has a kinematically redundant
robotic arm (light blue) with
an end-effector consisting of

a pomelo fruit peel dampen-
ing foam (yellow) and a gecko
adhesive surface (dark green).
This end-effector displays the
component of the chaser that
actually attaches to the target.
In addition, it has a harpoon
firing system (light green) that
shoots one harpoon towards the
target after the pre-attachment
has been successful. The aim-
ing process of the harpoon is
done via the compound eye
(pink). Using the chaser’s own
propulsion system, the target is
deorbited
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to the capturing activities are not as crucial. Hence, one can
rely on the existing conventional optical sensing systems
such as videometers, advanced video guidance sensors, ren-
dezvous and docking sensors, or laser mappers [86] to detect
and track the target.

The chaser in this scenario has a containment structure
attached to one of its sides that is designed after the model
of the Venus flytrap that presents two outward bending lobes
in one of their bi-stable positions. Carnivorous plants such as
the Venus flytrap shown in Fig. 9 exhibit trigger hairs on the
inside of their jaw-like lobes. Once prey is attracted through
the sweet nectar that is excreted, it settles on the lobes,
simultaneously touching several of the flytrap’s hairs. The
bending of the hairs triggers an electric signal and initiates

Fig. 9 Photographs of the biological model included in scenario C,
showing a Venus flytrap that has caught a fly.
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a rapid closing of the lobes to capture the prey [87-89].
Similarly, this principle can be adapted and transferred to
debris removal, since it has already been implemented as a
small-scale robot [88], showing the potential of this mecha-
nism for its technical implementation.

The chaser approaches the target against the travel direc-
tion, so the hairs make the initial contact once the target has
traveled far enough into the lobes. Up to this point, the target
is not impacted by the removal mission. When it is in close
vicinity to the chaser’s body, however, a sufficient number
of the mechano receptor hairs will have been triggered and
the bi-stable mechanism autonomously switches from its
outward-facing to its inward facing stable position. This
allows a complete surrounding of the target without requir-
ing preceding attachment or detumbling actions. Moreover,
it does not pose much risk of damaging the target during the
capturing process, since it makes very little contact with the
debris itself before it is fully contained. Yet, the containment
structure is limited in size based on the payload constraints
of the carrier rocket. Thus, this scenario is designed to tar-
get debris of type III and below. Since this system does not
require additional energy for the closing and thus capturing
process, it is very energy efficient. In addition, this bi-sta-
ble mechanism demands the triggering of multiple stimuli
before closing, thus, avoiding inadvertent triggering of the
mechanism by dust, particles or small fragments.

Once the target is safely contained by the chaser, it can
use its own propulsion system to remove the target from its
current orbit. While it is only applicable to one target as the
chaser deorbits together with the debris, it allows for the
targeting of objects in LEO and GEO, because it uses its own

Fig. 10 Sketch representation
of the chaser conceptualized for
scenario C. The chaser presents
a containment structure that is
bi-stable, meaning it has two
resting positions and requires
the application of energy to
change from one into the other
position. The green outward
facing arcs represent the Venus
flytrap’s lobes. The yellow
T-shaped structures attached to
the lobes are the trigger hairs
that are able to receive a stimuli
and the blue bars represent the
cells that swell due to the trig-
gering of the hairs that causes
them to extend and thus force
the lobes to switch to their
alternate position

propulsion system and, therefore, does not rely on certain
forces or dynamics to be present.

The chaser design for this scenario is depicted in Fig. 10.
Since the chaser’s own propulsion system is used for the
deorbiting of the target, the chaser is the active spacecraft
performing the removal activities. This scenario is limited in
its application to a single target, however, independent from
its orbital location. Due to the anticipated constraints for
the size of the containment chamber, this scenario will most
probably be effective when targeting debris types III and I'V.
Since this scenario will not make contact with the target at
a specific point but will enclose it instead, the conditions of
the targets are irrelevant.

6 Conclusions

Within this article, the BIOINSPACED project and its cata-
logue of valuable biological models for technical implemen-
tation in ADR were introduced along with the method of
evaluation of collected concepts. The supplementary mate-
rial contains the complete catalogue of the biomimetic con-
cepts sorted according to their function and ability. It also
summarizes the ten initially established scenarios, that hold
great value and innovative ideas for biomimetic ADR. The
three most promising and innovative conceptual designs for
ADR scenarios were presented in this article. All of them
display fundamentally different approaches, targeting dif-
ferent debris objects and are applicable in different orbits.
All of them, however, display many beneficial traits due to
the consideration and integration of biomimetics and many
diverse biological models. The BIOINSPACED project has
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already demonstrated the value that nature’s pool of ideas
has to offer when it comes to the development of innovative
and improved systems even within the space industry. In
the last phase of the project, one of the three presented sce-
narios will be chosen and implemented as a demonstrator to
showcase the functionality of the established concepts and
present the potential of biomimetics.

Besides the three selected scenarios within the scope of
this project, many of the remaining collected concepts and
developed scenarios hold much potential for the application
to ADR. Especially the concepts of tactile sensing in space
applications to circumvent common limitations of conven-
tional optical systems and passive entanglement of debris
(particularly small scale fragments) are of much interest and
should be investigated in future. Furthermore, encapsulating
the target before making actual contact with it and, therefore,
almost completely eliminating the risk of additional debris
production present interesting opportunities especially for
in-orbit maintenance and servicing.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12567-022-00438-z .

Acknowledgements The BIOINSPACED study has received fund-
ing from the European Space Agency under grant agreement no.
4000130585 “Biomimicry (Biomimetics) for space debris mitigation”
in the frame of ESA’s Discovery & Preparation studies. Special thanks
goes to all brainstorming workshop participants, who contributed to the
collection of biomimetic concepts and ideas and the remaining project
members, especially our student assistance Lotte Pohl and Jula Kniep
for outstanding support and organisation.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Ben-Larbi, M.K,, et al.: Towards the automated operations of large
distributed satellite systems. Part 1: Review and paradigm shifts.
Adv. Space Res. 67(11), 3598-3619 (2021). https://doi.org/10.
1016/j.asr.2020.08.009

2. Ben-Larbi, M.K,, et al.: Towards the automated operations of large
distributed satellite systems. Part 2: Classifications and tools. Adv.

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Space Res. 67(11), 3620-3637 (2021). https://doi.org/10.1016/j.
as1.2020.08.018

Space Debris Office. ESA’s Annual Space Environment Report.
Ed. by ESA Space Debris Office. (2021). https://www.sdo.esoc.
esa.int/environment_report/Space_Environment_Report_latest.
pdf

Singh, R.A., Yoon, E.S., Jackson, R.L.: Biomimetics: The science
of imitating nature. Tribol. Lubr. Technol. 65(2), 40 (2009)
Oeftner, J., Lauder, G.V.: The hydrodynamic function of shark
skin and two biomimetic applications. J. Exp. Biol. 215(Pt 5),
785-795 (2012). https://doi.org/10.1242/jeb.063040

Hwang, J., et al.: Biomimetics: Forecasting the future of science,
engineering, and medicine. Int. J. Nanomed. 10, 5701-5713
(2015). https://doi.org/10.2147/1JN.S83642

Gottlieb Binder GmbH & Co. KG, Produkte Binder: Gecko R
Nanoplast R. (24.06.2020). https://www.binder.de/de/produkte/
gecko-nanoplast/

Sto SE & Co. KGaA, Fassadenfarbe Lotusan R: Schmutz perlt
mit dem Regen ab. (24.06.2020). https://www.sto.de/s/inspiration-
information/bionische-produkte/lotusan

Gao, Y., et al.: Deployable wood wasp drill for planetary sub-
surface sampling. IEEE Aerosp. Conf. (2006). https://doi.org/10.
1109/aero0.2006.1655756

Menon, C., Ayre, M., Ellery, A.: Biomimetics, a new approach for
space systems design. ESA Bull. 125, 20-26 (2006)

Nakajima, K., Schwarz, O.: How to use the ovipositor drilling
mechanism of hymenoptera for developing a surgical instrument
in biomimetic design. Int. J. Des. Nat. Ecodyn. 9(3), 177-189
(2014). https://doi.org/10.2495/DNE-V9-N3-177-189

Daniel, V., 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 shield-
ing composite materials. Space Sci. Rev. (2019). https://doi.org/
10.1007/s11214-019-0589-7

Trentlage, C., et al.: Development and test of an adaptable
docking mechanism based on mushroom-shaped adhesive
microstructures. In: AIAA (2016). https://doi.org/10.2514/6.
2016-5486

de Alba-Padilla, C., Trentlage, C., Stoll, E.: Vision based robot
control for grasping space applications using gecko material. In:
Proceedings of the Symposium on Advanced Space Technolo-
gies in Robotics and Automation, Long Beach, CA, USA, pp.
13-16 (2016)

Ben Larbi, M.K., et al.: Active debris removal for mega constel-
lations: Cubesat possible? https://www.researchgate.net/publi
cation/317722040_Active_Debris_Removal_for_Mega_Const
ellations_CubeSat_Possible (2017)

Ayre, M.: Biomimetics applied to space exploration. WIT Trans.
Ecol. Environ. (2004). https://doi.org/10.2495/DN040591
Egan, P., et al.: The role of mechanics in biological and bio-
inspired systems. Nat. Commun. 6, 7418 (2015). https://doi.
org/10.1038/ncomms8418

Banken, E., Schneider, V., Pohl, L., Kniep, J., Strobel, R., Ben
Larbi, M K., Stoll. E., Pambaguian, L., Jahn, C., Oeffner, J.:
Assessing Bioinspired Concepts for Space Debris Removal
and evaluating their feasibility for simple demonstrator design
(2021). In: Proceedings of the 8th European Conference on
Space Debris. https://conference.sdo.esoc.esa.int/proceedings/
sdc8/paper/24/SDC8-paper24.pdf

Fehse, W.: Automated rendezvous and docking of spacecrafts.
Vol 16. Cambridge aerospace series. Cambridge University
Press, Cambridge (2003)

Pasqual, M.C., Cahoy, K.L.: Active polarimetric measurements
for identification and characterization of space debris. IEEE
Trans. Aerosp. Electron. Syst. 53(6), 2706-2717 (2017). https://
doi.org/10.1109/TAES.2017.2711718


https://doi.org/10.1007/s12567-022-00438-z
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.asr.2020.08.009
https://doi.org/10.1016/j.asr.2020.08.009
https://doi.org/10.1016/j.asr.2020.08.018
https://doi.org/10.1016/j.asr.2020.08.018
https://www.sdo.esoc.esa.int/environment_report/Space_Environment_Report_latest.pdf
https://www.sdo.esoc.esa.int/environment_report/Space_Environment_Report_latest.pdf
https://www.sdo.esoc.esa.int/environment_report/Space_Environment_Report_latest.pdf
https://doi.org/10.1242/jeb.063040
https://doi.org/10.2147/IJN.S83642
https://www.binder.de/de/produkte/gecko-nanoplast/
https://www.binder.de/de/produkte/gecko-nanoplast/
https://www.sto.de/s/inspiration-information/bionische-produkte/lotusan
https://www.sto.de/s/inspiration-information/bionische-produkte/lotusan
https://doi.org/10.1109/aero.2006.1655756
https://doi.org/10.1109/aero.2006.1655756
https://doi.org/10.2495/DNE-V9-N3-177-189
https://doi.org/10.1007/s11214-019-0589-7
https://doi.org/10.1007/s11214-019-0589-7
https://doi.org/10.2514/6.2016-5486
https://doi.org/10.2514/6.2016-5486
https://www.researchgate.net/publication/317722040_Active_Debris_Removal_for_Mega_Constellations_CubeSat_Possible
https://www.researchgate.net/publication/317722040_Active_Debris_Removal_for_Mega_Constellations_CubeSat_Possible
https://www.researchgate.net/publication/317722040_Active_Debris_Removal_for_Mega_Constellations_CubeSat_Possible
https://doi.org/10.2495/DN040591
https://doi.org/10.1038/ncomms8418
https://doi.org/10.1038/ncomms8418
https://conference.sdo.esoc.esa.int/proceedings/sdc8/paper/24/SDC8-paper24.pdf
https://conference.sdo.esoc.esa.int/proceedings/sdc8/paper/24/SDC8-paper24.pdf
https://doi.org/10.1109/TAES.2017.2711718
https://doi.org/10.1109/TAES.2017.2711718

Biomimetic space debris removal: conceptual design of bio-inspired active debris removal...

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Maediger, B., et al.: RTES: Robotic technologies for space
debris removal. In: International symposium on artificial intel-
ligence, robotics and automation in Space i-SAIRAS, pp. 1-8
(2014)

Peters, T.V., Olmos, D.E.: COBRA contactless detumbling.
CEAS Space J. 8(3), 143-165 (2016). https://doi.org/10.1007/
$12567-016-0116-6

Sugai, F., et al.: Detumbling an uncontrolled satellite with con-
tactless force by using an eddy current brake. IEEE/RSJ Int.
Conf. Intell. Robots Syst. (2013). https://doi.org/10.1109/IROS.
2013.6696440

Voirin, T., Dubois-Matra, O., Kowaltschek, S.: NOMAD: A
contactless technique for active large debris removal. In: 63rd
International Astronautical Congress (2012)

Liu, Y., et al.: Trajectory planning and coordination control of
a space robot for detumbling a flexible tumbling target in post-
capture phase. Multibody Syst. Dyn. (2020). https://doi.org/10.
1007/s11044-020-09774-6

Wang, M., et al.: Detumbling strategy and coordination control
of kinematically redundant space robot after capturing a tum-
bling target. Nonlinear Dyn. 92(3), 1023-1043 (2018). https://
doi.org/10.1007/s11071-018-4106-4

Nishida, S., Kawamoto, S.: Strategy for capturing of a tumbling
space debris. Acta Astronaut. 68(1-2), 113—-120 (2011). https://
doi.org/10.1016/j.actaastro.2010.06.045

Bennett, T., Schaub, H.: Touchless electrostatic three-dimen-
sional detumbling of large axi-symmetric debris. J. Astronaut.
Sci. 62(3), 233-53 (2015)

Aglietti, G.S., et al.: RemoveDEBRIS: An in-orbit demonstra-
tion of technologies for the removal of space debris. Aeronaut.
J. (2020). https://doi.org/10.1017/aer.2019.136

Forshaw, J.L., et al.: The active space debris removal mission
remove debris. Part 1: From concept to launch. Acta Astronaut.
168, 293-309 (2020). https://doi.org/10.1016/j.actaastro.2019.
09.002

Aglietti, G.S., et al.: The active space debris removal mission
remove debris. Part 2: In orbit operations. Acta Astronaut. 168,
310-322 (2020). https://doi.org/10.1016/j.actaastro.2019.09.001
Kamps, T., et al.: Systematic biomimetic part design for additive
manufacturing. Proced. CIRP 65, 259-266 (2017). https://doi.org/
10.1016/j.procir.2017.04.054

Hoffmann, F., Kesel, A.B.: Biologically inspired optimization of
underwater vehicles hull geometries and fin propulsion. In: IEEE
(2019)

Lavrakas, Paul J. J.: Encyclopedia of survey research methods.
SAGE Publications, Thousand Oaks (2008). https://doi.org/10.
4135/9781412963947

Ostrom, C.L., Opiela, J.N.: Orbital debris mitigation and cube-
sats. In: 8th European Conference on Space Debris (2021)
Putzar, R., Schifer, F.: Vulnerability of spacecraft nickel-cadmium
batteries to hypervelocity impacts. In: 8th European Conference
on Space Debris (2021)

Sommer, S., et al.: Temporal analysis of Envisat’s rotational
motion. In: 7th European Conference on Space Debris 2017 ESA
SD Vol.7, Nr.1. https://conference.sdo.esoc.esa.int/proceedings/
sdc7/paper/437/SDC7-paper437.pdf (2017)

Kucharski, D., et al.: Attitude and spin period of space debris envi-
sat measured by satellite laser ranging. Geoscience and remote
sensing. IEEE Trans. 52, 7651-7657 (2014). https://doi.org/10.
1109/TGRS.2014.2316138

Pons, A.P., Noomen, R.: Ariane 5 GTO debris mitigation using
natural perturbations. Adv. Space Res. 63(7), 1992-2002 (2019).
https://doi.org/10.1016/j.asr.2018.12.001

arianespace, Ariane 5: User’s Manual. In: Ariane Space Service
and Solutions. (2016). https://www.arianespace.com/wp-content/
uploads/2011/07/Ariane5_Users-Manual_October2016.pdf

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Tadini, P., et al.: Active debris removal of a cosmos-3M second
stage b hybrid rocket module. In: VIII International Science and
Technology Conference ”"Dynamics of Systems, Mechanisms and
Machines, pp. 218-237 (2012)

Battie, F., et al.: VEGA launch vehicle upper stage re-entry surviv-
ability analysis. IEEE First AESS Eur. Conf. Satell. Telecommun.
(ESTEL) (2012). https://doi.org/10.1109/ESTEL.2012.6400200
arianespace.: VEGA: User’s Manual. In: Ariane Space Service
and Solutions. (2014). https://www.arianespace.com/wp-content/
uploads/2018/05/Vega-Users-Manual_Issue-04_April-2014.pdf
Sylvestre, H., Parama, R.V.R.: Space debris: Reasons, types,
impacts and management. Indian J. Radio Space Phys. (IJRSP)
46(1), 20-26 (2017)

Gonzalez-Bellido, P.T., Wardill, T.J., Juusola, M.: Compound eyes
and retinal information processing in miniature dipteran species
match their specific ecological demands. Proc. Natl. Acad. Sci.
USA 108(10), 4224-4229 (2011). https://doi.org/10.1073/pnas.
1014438108

Deng, Z., et al.: Dragonfly-eye-inspired artificial compound eyes
with sophisticated imaging. Adv. Func. Mater. 26(12), 1995-2001
(2016). https://doi.org/10.1002/adfm.201504941

Zhao, P., et al.: The model research of satellite space laser com-
munication based on compound eye array. Int. Bhurban Conf.
Appl. Sci. Technol. IBCAST) (2017). https://doi.org/10.1109/
IBCAST.2017.7868132

Zheng, Y., et al.: Detection of the three-dimensional trajectory
of an object based on a curved bionic compound eye. Opt. Lett.
44(17), 4143-4146 (2019). https://doi.org/10.1364/0L.44.004143
Tamagawa, T., et al.: Multiplexing lobster-eye optics: A concept
for wide-field x-ray monitoring. J. Astron. Telesc. Instrum. Syst.
6(2), 25003 (2020). https://doi.org/10.1117/1.JATIS.6.2.025003
Hudec, R., Remisova, K.: Biomimetics and astronomical
X-ray optics. Contrib. Astron. Obs. Skalnate Pleso 47, 67-75
(2017). https://doi.org/10.1117/12.2266591

Hudec, R., et al.: LOBSTER: New space x-ray telescopes. Int.
Conf. Space Opt. (2006). https://doi.org/10.1117/12.2308126
Ngrgaard, T., Henschel, J.R., Wehner, R.: The night-time tem-
poral window of locomotor activity in the Namib Desert long-
distance wandering spider, Leucorchestris arenicola. J. Comp.
Physiol. A 192(4), 365-372 (2006). https://doi.org/10.1007/
s00359-005-0072-7

Ngrgaard, T., et al.: Vision in the nocturnal wandering spider Leu-
corchestris arenicola (Araneae: Sparassidae). J. Exp. Biol. 211(Pt
5), 816-823 (2008). https://doi.org/10.1242/jeb.010546

Yilmaz, O., et al.: Thermal analysis of space debris for infrared
based active debris removal. Proc. Inst. Mech. Eng. Part G 20(10),
1-13 (2017). https://doi.org/10.1177/ToBeAssigned

Goris, R.C.: Infrared organs of snakes: An integral part of vision.
J. Herpetol. 45(1), 2—14 (2011). https://doi.org/10.1670/10-238.1
Schneider, E.S., Schmitz, A., Schmitz, H.: Concept of an active
amplification mechanism in the infrared organ of pyrophilous mel-
anophila beetles. Front. Physiol. 6, 391 (2015). https://doi.org/10.
3389/fphys.2015.00391

Schmitz, H., et al.: The infrared sensilla in the beetle Melanophila
acuminata as model for new infrared sensors. Bioeng. Bioinspired
Syst. (2009). https://doi.org/10.1117/12.821434

Martin-Palma, R.J., Kolle, M.: Biomimetic photonic structures
for optical sensing. Optics Laser Technol. 109, 270-277 (2019).
https://doi.org/10.1016/j.optlastec.2018.07.079

Foster, J.J., et al.: Bumblebees learn polarization patterns. Curr.
Biol. 2412, 1415-1420 (2014). https://doi.org/10.1016/j.cub.2014.
05.007

Lucas, M.A., Chahl, J.S.: Challenges for biomimetic night time
sky polarization navigation. Bioinspiration Biomim Bioreplication
(2016). https://doi.org/10.1117/12.2219083

@ Springer


https://doi.org/10.1007/s12567-016-0116-6
https://doi.org/10.1007/s12567-016-0116-6
https://doi.org/10.1109/IROS.2013.6696440
https://doi.org/10.1109/IROS.2013.6696440
https://doi.org/10.1007/s11044-020-09774-6
https://doi.org/10.1007/s11044-020-09774-6
https://doi.org/10.1007/s11071-018-4106-4
https://doi.org/10.1007/s11071-018-4106-4
https://doi.org/10.1016/j.actaastro.2010.06.045
https://doi.org/10.1016/j.actaastro.2010.06.045
https://doi.org/10.1017/aer.2019.136
https://doi.org/10.1016/j.actaastro.2019.09.002
https://doi.org/10.1016/j.actaastro.2019.09.002
https://doi.org/10.1016/j.actaastro.2019.09.001
https://doi.org/10.1016/j.procir.2017.04.054
https://doi.org/10.1016/j.procir.2017.04.054
https://doi.org/10.4135/9781412963947
https://doi.org/10.4135/9781412963947
https://conference.sdo.esoc.esa.int/proceedings/sdc7/paper/437/SDC7-paper437.pdf
https://conference.sdo.esoc.esa.int/proceedings/sdc7/paper/437/SDC7-paper437.pdf
https://doi.org/10.1109/TGRS.2014.2316138
https://doi.org/10.1109/TGRS.2014.2316138
https://doi.org/10.1016/j.asr.2018.12.001
https://www.arianespace.com/wp-content/uploads/2011/07/Ariane5_Users-Manual_October2016.pdf
https://www.arianespace.com/wp-content/uploads/2011/07/Ariane5_Users-Manual_October2016.pdf
https://doi.org/10.1109/ESTEL.2012.6400200
https://www.arianespace.com/wp-content/uploads/2018/05/Vega-Users-Manual_Issue-04_April-2014.pdf
https://www.arianespace.com/wp-content/uploads/2018/05/Vega-Users-Manual_Issue-04_April-2014.pdf
https://doi.org/10.1073/pnas.1014438108
https://doi.org/10.1073/pnas.1014438108
https://doi.org/10.1002/adfm.201504941
https://doi.org/10.1109/IBCAST.2017.7868132
https://doi.org/10.1109/IBCAST.2017.7868132
https://doi.org/10.1364/OL.44.004143
https://doi.org/10.1117/1.JATIS.6.2.025003
https://doi.org/10.1117/12.2266591
https://doi.org/10.1117/12.2308126
https://doi.org/10.1007/s00359-005-0072-7
https://doi.org/10.1007/s00359-005-0072-7
https://doi.org/10.1242/jeb.010546
https://doi.org/10.1177/ToBeAssigned
https://doi.org/10.1670/10-238.1
https://doi.org/10.3389/fphys.2015.00391
https://doi.org/10.3389/fphys.2015.00391
https://doi.org/10.1117/12.821434
https://doi.org/10.1016/j.optlastec.2018.07.079
https://doi.org/10.1016/j.cub.2014.05.007
https://doi.org/10.1016/j.cub.2014.05.007
https://doi.org/10.1117/12.2219083

E. Banken et al.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Evangelista, C., et al.: Honeybee navigation: Critically examining
the role of the polarization compass. Philos. Trans. R. Soc. Lond.
B 369(1636), 20130037 (2014). https://doi.org/10.1098/rstb.2013.
0037

Bagheri, Z.M., et al.: Performance of an insect-inspired target
tracker in natural conditions. Bioinspiration Biomim. 12(2),
025006 (2017). https://doi.org/10.1088/1748-3190/aa5b48
Colonnier, F., et al.: A bio-inspired sighted robot chases like a
hoverfly. Bioinspiration Biomim. 14(3), 036002 (2019). https://
doi.org/10.1088/1748-3190/aaffa4

Yue, S., et al.: A bio-inspired visual collision detection mechanism
for cars: Optimisation of a model of a locust neuron to a novel
environment. Neurocomputing 69(13-15), 1591-1598 (2006).
https://doi.org/10.1016/j.neucom.2005.06.017

Keil, M.S., Roca-Moreno, E., Rodriguez-Vazquez, A.: A neu-
ral model of the locust visual system for detection of object
approaches with real-world scenes. (2018). https://doi.org/10.
48550/arXiv.1801.08108

Konez, A., Erden, A., Akkok, M.: Preliminary design analysis of
like-grasshopper jumping mechanism. In: The 12th International
Conference on Machine Design and Production (2006)

Leng, C.Y.: Biomimicry: Grasshoppers inspired engineering inno-
vation. Int. Robot. Autom. J. 5,5 (2017). https://doi.org/10.15406/
iratj.2017.02.00020

Kim, S., et al.: Smooth vertical surface climbing with directional
adhesion. IEEE Trans. Rob. 24(1), 65-74 (2008). https://doi.org/
10.1109/TR0O.2007.909786

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

Cauligi, A., Chen, T. G., Suresh, S. A., Dille, M., Garcia Ruiz, R.,
Vargas, A. M., Pavone, M., Cutkosky, M. R.: Design and devel-
opment of a gecko-adhesive gripper for the astrobee free-flying
robot. (2020) http://arxiv.org/abs/2009.09151

Bylard, A., et al.: Robust capture and deorbit of rocket body debris
using controllable dry adhesion. IEEE (2017). https://doi.org/10.
1109/AERO.2017.7943844

Jiang, H., et al.: A robotic device using gecko-inspired adhesives
can grasp and manipulate large objects in microgravity. Sci.
Robot. 2, 1-11 (2017). https://doi.org/10.1126/scirobotics.aan45
45

Kawamoto, S., Matsumoto, K., Wakabayashi, S.: Ground experi-
ment of mechanical impulse method for uncontrollable satellite
capturing. In: Proceedings of the 6th International Symposium
on Artificial Intelligence and Robotics & Automation in Space
(2001). http://robotics.estec.esa.int/i-sairas/isairas2001/papers/
paper_as004.pdf

de Focatiis, D.S.A., Guest, S.D.: Deployable membranes designed
from folding tree leaves. Philos. Trans. R. Soc. Lond. Ser. A
360(1791), 227-238 (2002). https://doi.org/10.1098/rsta.2001.
0928

@ Springer

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Patil, H.S., Vaijapurkar, S.: Study of the geometry and folding
pattern of leaves of Mimosa pudica. J. Bionic Eng. 4(1), 19-23
(2007). https://doi.org/10.1016/S1672-6529(07)60008-0
Konink, T., Kester, G.: Multipurpose holddown and release
mechanism (MHRM). In: Proceedings of the 13th European Space
Mechanisms and Tribology Symposium (2009)

Zhao, J., et al.: A soft biomimetic module of elephant trunk driven
by dielectric elastomers. IEEE (2018). https://doi.org/10.1109/
ROBIO.2018.8665147

Behrens, R., et al.: An elephant’s trunk-inspired robotic arm: tra-
jectory determination and control. In: Proceedings of 7th German
Conference, pp. 417-421 (2012)

Yang, Y., Zhang, W.: ET arm: Highly compliant elephant-trunk
continuum manipulator. ICIRA (2014). https://doi.org/10.1007/
978-3-319-13966-1_29

Biihrig-Polaczek, A., et al.: Biomimetic cellular metals-using hier-
archical structuring for energy absorption. Bioinspiration Biomim.
11(4), 045002 (2016). https://doi.org/10.1088/1748-3190/11/4/
045002

Ortiz, J., Zhang, G., McAdams, D.A.: A model for the design of a
pomelo peel bioinspired foam. J. Mech. Des. (2018). https://doi.
org/10.1115/1.4040911

Anderson, C.V., Deban, S.M.: Ballistic tongue projection in cha-
meleons maintains high performance at low temperature. Proc.
Natl. Acad. Sci. 107(12), 5495-5499 (2010). https://doi.org/10.
1073/pnas.0910778107

Lappas, V.J., Forshaw, J.L., Visagie, L.: RemoveDebris: An EU
low cost demonstration mission to test ADR technologies. (2014).
International Astronautical Congress, Sep 2014, Toronto, Canada.
Lu, Z., et al.: A catapult robot with chameleon-inspired multi-
body elastic nested system. In: 2017 IEEE International Confer-
ence on Robotics and Biomimetics : December 5-8, 2017, Macau
SAR, China. (2017)

Meyers, M.A., et al.: The cutting edge: Sharp biological materi-
als. Biol. Mater. Sci. 60, 19-24 (2008). https://doi.org/10.1007/
s11837-008-0027-x

Oumer, N.W., Panin, G.: Camera-based tracking for rendezvous
and proximity operation of a satellite. In: Bordeneuve-Guibé, J.,
Drouin, A., Roos, C. (eds.) Advances in Aerospace Guidance,
Navigation and Control, pp. 625-638. Springer International Pub-
lishing, Cham (2015)

Kreuzwieser, J., et al.: The Venus flytrap attracts insects by the
release of volatile organic compounds. J. Exp. Bot. 65(2), 755-
766 (2014). https://doi.org/10.1093/jxb/ert455

Shahinpoor, M.: Biomimetic robotic Venus flytrap (Dionaea mus-
cipula Ellis) made with ionic polymer metal composites. Bioin-
spiration Biomim. 6(4), 046004 (2011). https://doi.org/10.1088/
1748-3182/6/4/046004

Forterre, Y., et al.: Mechanics of venus “Flytrap Closure”. In: XXI
ICTAM (2004)


https://doi.org/10.1098/rstb.2013.0037
https://doi.org/10.1098/rstb.2013.0037
https://doi.org/10.1088/1748-3190/aa5b48
https://doi.org/10.1088/1748-3190/aaffa4
https://doi.org/10.1088/1748-3190/aaffa4
https://doi.org/10.1016/j.neucom.2005.06.017
https://doi.org/10.48550/arXiv.1801.08108
https://doi.org/10.48550/arXiv.1801.08108
https://doi.org/10.15406/iratj.2017.02.00020
https://doi.org/10.15406/iratj.2017.02.00020
https://doi.org/10.1109/TRO.2007.909786
https://doi.org/10.1109/TRO.2007.909786
http://arxiv.org/abs/2009.09151
https://doi.org/10.1109/AERO.2017.7943844
https://doi.org/10.1109/AERO.2017.7943844
https://doi.org/10.1126/scirobotics.aan4545
https://doi.org/10.1126/scirobotics.aan4545
http://robotics.estec.esa.int/i-sairas/isairas2001/papers/paper_as004.pdf
http://robotics.estec.esa.int/i-sairas/isairas2001/papers/paper_as004.pdf
https://doi.org/10.1098/rsta.2001.0928
https://doi.org/10.1098/rsta.2001.0928
https://doi.org/10.1016/S1672-6529(07)60008-0
https://doi.org/10.1109/ROBIO.2018.8665147
https://doi.org/10.1109/ROBIO.2018.8665147
https://doi.org/10.1007/978-3-319-13966-1_29
https://doi.org/10.1007/978-3-319-13966-1_29
https://doi.org/10.1088/1748-3190/11/4/045002
https://doi.org/10.1088/1748-3190/11/4/045002
https://doi.org/10.1115/1.4040911
https://doi.org/10.1115/1.4040911
https://doi.org/10.1073/pnas.0910778107
https://doi.org/10.1073/pnas.0910778107
https://doi.org/10.1007/s11837-008-0027-x
https://doi.org/10.1007/s11837-008-0027-x
https://doi.org/10.1093/jxb/ert455
https://doi.org/10.1088/1748-3182/6/4/046004
https://doi.org/10.1088/1748-3182/6/4/046004

	Biomimetic space debris removal: conceptual design of bio-inspired active debris removal scenarios
	Abstract
	1 Introduction
	2 The BIOINSPACED project
	3 BIOINSPACED catalogue and feasibility analysis
	4 ADR environment and mission requirements
	4.1 The adapted ADR ecosystem
	4.2 From concepts to mission scenarios
	4.3 Building biomimetic ADR scenarios
	4.4 Mission parameters and goals

	5 Selected biomimetic ADR scenarios
	5.1 Scenario A: gecko kit canon
	5.2 Scenario B: gecko pad and bee harpoon
	5.3 Scenario C: venus flytrap

	6 Conclusions
	Acknowledgements 
	References




