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Abstract—Aerial robots show significant potential for forest
canopy research and environmental monitoring by providing
data collection capabilities at high spatial and temporal reso-
lutions. However, limited flight endurance hinders their appli-
cation. Inspired by natural perching behaviours, we propose a
multi-modal aerial robot system that integrates tensile perching
for energy conservation and a suspended actuated pod for
data collection. The system consists of a quadrotor drone, a
slewing ring mechanism allowing 360° tether rotation, and a
streamlined pod with two ducted propellers connected via a
tether. Winding and unwinding the tether allows the pod to
move within the canopy, and activating the propellers allows
the tether to be wrapped around branches for perching or
disentangling. We experimentally determined the minimum
counterweights required for stable perching under various
conditions. Building on this, we devised and evaluated multiple
perching and disentangling strategies. Comparisons of perching
and disentangling manoeuvres demonstrate energy savings that
could be further maximized with the use of the pod or tether
winding. These approaches can reduce energy consumption
to only 22% and 1.5%, respectively, compared to a drone
disentangling manoeuvre. We also calculated the minimum idle
time required by the proposed system after the system perching
and motor shut down to save energy on a mission, which is
48.9% of the operating time. Overall, the integrated system
expands the operational capabilities and enhances the energy
efficiency of aerial robots for long-term monitoring tasks.

I. INTRODUCTION
A. Canopy Access with Aerial Robots

The forest canopy, which comprises the collective foliage,
twigs, and branches of a forest, plays a vital role in determin-
ing species richness, atmospheric exchange, and understory
microclimate [1]. However, studying forest canopies poses
significant challenges due to their physical location (20 to
60 meters above the ground) and complex three-dimensional
environments that are often dense and GPS-denied [2].
While scientists can observe forests from above using high-
resolution optics on satellites and aeroplanes, dense canopies
obstruct views of the forest floor and the interior of the
canopy. Consequently, the primary method of obtaining data
from inside the canopy still relies on manual intervention,
such as using ropes, towers and walkways, ladders, and
cranes to place the instruments in the field [3]. These methods
to access canopies are laborious, expensive, and pose safety
risks [4], [S5]. As the evolution of aerial robots advances,
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Fig. 1. Multi-modal aerial robot system under a tree canopy, able to perch
and disentangle from the branch.

their significant potential for environmental monitoring and
exploration becomes more pronounced [6]. Sensors mounted
on aerial robots offer a unique opportunity to collect data
with high spatial and temporal resolution over relatively
large areas, thus bridging the existing gap between field
observations and traditional remote sensing by aircraft and
satellites. Costs and personnel consumption are consequently
significantly reduced [7], and the use of aerial robots within
the forest canopy is explored [8].

B. Perching Technology and Spider-inspired Pods

From an operational efficiency standpoint, current drone
battery technology imposes significant limitations on flight
time [9]. For example, DJI’s medium-sized enterprise quadro-
tor drone offers a mere 38-minute flight time, which is
shortened to approximately 20 minutes with a payload [10].
This time scale hardly supports work in complex environ-
ments requiring operational complexity, including repeated
landings and takeoffs to recharge the batteries [11]. In nature,
animals often perch in trees and stay there for long periods
to conserve energy or to avoid danger. Perching at a height
also helps them observe their surroundings. Inspired by this
natural phenomenon, scientists developed the idea of drone
perching, which could alleviate the massive energy expen-
diture incurred during long flights [12]. However, ensuring
a safe and reliable perching and taking off from the same
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position has been a challenge, especially when the perching
object is unknown, and has a complex and irregular geom-
etry (e.g. within a tree canopy). To address this challenge,
various practical perching mechanisms have been proposed
and customized to specific environmental conditions. [12]—
[14] proposed different grippers in the form of claws and
microspines to perch on round objects. [15] integrates the
mechanism with microspines to increase friction to hold
the weight of the drone platform. [16] and [17] enable the
drone to be perched on tree branches through a tether. [18]
developed a small, metamorphic perching aerial robot that
can grasp tree branches using its multi-rotor arms. The robot’s
bistable arm is rigid in flight but conforms to its purpose in
perching. [19]-[21] use grippers based on inflatable high-
strength fabrics and bistable mechanisms to enable grasping
and perching on objects of unknown shapes and sizes.
Although perching reduces energy consumption overall, its
efficiency varies depending on how the specific mechanism
works. Among the proposed perching mechanisms, teth-
ered perching shows excellent potential to reduce energy
consumption for long-term data collection tasks due to its
simplicity and stability, as well as other aspects including tree
exploration from the top [17]. The tethered perching approach
also allows sensor installation after disconnecting or cutting
off the tether connection. Its simplicity, energy efficiency, and
lightweight design make it adaptable and environmentally
friendly in a way that reduces noise. Furthermore, this simple
configuration is compatible with additional mechanisms or
sensors, showing its potential for integration and versatility.
However, as stated in [17], the upside-down position of
the drone after perching has consistently been an issue.
This inconvenient take-off position makes disentangling after
perching more complex and less energy-efficient. Another
innovative way to enhance the versatility of aerial robots is
the use of suspended pods. When mounted on drones, these
pods offer a promising solution for long-duration missions.
Drone operations may impact wildlife due to high-frequency
propeller noise. Furthermore, the need for ever-increasing
data volumes still poses problems for methods that only
use drones directly to collect data [22]-[24]. To address
these issues, a solution is to switch off the motors and
apply tethered perching combined with a suspended pod.
This method mitigates potential disturbances to the ecological
balance while exploiting the individual strengths of the drone
and the suspended pod. [25] investigated the design and
modelling of a robot that swings at the end of a tether.
However, this research did not further investigate specific
use scenarios for tethered robots. Later, [26] presented a
tethered bi-copter with horizontal propellers to aid in the
environmental monitoring of glaciers. Recently, [27] has
taken spiders as inspiration and [28], [29] proposed the design
of a tethered, suspended pod for tree canopy research. The
pod has two horizontal propellers and is suspended from a
tether.

Propeller guard

« Prevent entanglement of the,
tether with the propeller

« Protect propellers against
collisions

Multirotor vehicle
« Flying part

« Involved in Perching
& Disentangling

Ring Mechanism
 Decouple of tether & drone
+ Ensure right take-off
position of the drone

Total Mass:

Tether
« High-strength PS fabric
« High friction & flexibility
* UV- and Wear-resistant

Suspended Pod
« Forest sensing capabilities
* Asisting Perching

& Disentangling

Fig. 2. Illustration of the multi-modal robot system design and its weight
distribution.

C. Tethered Perching for Data Collection

This work demonstrates a multi-modal aerial robot system,
as shown in Fig. 1. By combining a perching device and a
suspended pod, the aerial robot gains the ability to perch
for energy conservation and can deploy specialized equip-
ment or sensors from the pod to collect data in complex
environments such as within the tree canopy, reducing the
workload of ecologists and increasing their safety. This
integrated approach maximizes the operational potential of
the aerial robot and allows it to adapt to a wide range of
environmental monitoring scenarios. The system consists of
five main components (Fig. 2): a drone, propeller guards, a
ring mechanism, a tether, and a suspended pod. Thanks to the
propeller and tether winding system on the suspension pod, it
can not only manoeuvre within the canopy and collect data,
as shown in [28], [29], but also assist with perching and
decoupling to further improve energy efficiency. The main
contributions of this work are summarized as follows:

1) Introducing a multi-modal aerial robot system for en-
vironmental data collection, that integrates a drone and
a flexible tethered pod, allowing the system to perch
on a tree branch and disentangle.

2) Designing a ring mechanism to ensure that the aerial
system can take off from an upside-down position by
removing the dependency of a fixed point anchoring
from the drone body.

3) Experimentally evaluating the effectiveness of differ-
ent perching and disentangling strategies implemented
through drone body, proposed pod and tether systems.

II. SYSTEM DESIGN

As shown in Fig. 2, the multi-modal aerial robot system
is composed of a drone with a mounted ring mechanism and
a suspended pod with two propellers. The pod and the ring
mechanism on the drone are connected by a tether.
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Fig. 3. Illustration of the ring mechanism and pod design: (A) 3D model of
the pod. (B) Tether winding system. (C) 3D model of the ring mechanism.

A. Drone and Ring Mechanism

We assembled a drone according to the specifications in
Table I and installed a ring mechanism on the drone as
shown in Fig. 3 (C). This mechanism serves a dual purpose.
Firstly, it enables the tether to rotate freely around the drone,
ensuring that the drone’s propellers maintain an upward ori-
entation after perching. Secondly, it mitigates issues related
to a shifting centre of gravity and propeller interference,
commonly observed with fixed tether anchor points. Given
that the pod is suspended beneath the drone during flight,
the ring mechanism is engineered to withstand both radial
and axial forces. Specifically, the radial forces arise from
the pod’s weight, while the axial forces are generated by the
pod’s swinging motion. To meet these requirements, we used
a slewing bearing structure.

The ring mechanism features an outer and an inner ring,
separated by rolling elements. This configuration enables it
to accommodate axial, radial, and moment loads, making it
particularly well-suited for applications that demand smooth,
controlled rotation. As depicted in Fig. 2, the inner ring
is affixed to the drone frame, whereas the outer ring is
linked to the tether. This design ensures that the tether can
rotate freely, independent of the drone’s movements after
the system perches on a branch. To achieve a lightweight
construction while maintaining functionality, the slewing ring
incorporates a single row of 45° crossed rollers, as described
in [30]. The total weight of this mechanism is 102 grams. To
further optimize the system, a tether tube has been installed

TABLE I
SPECIFICATIONS OF THE DRONE AND POD.

Components Drone Pod

Frame Standard F450 Custom

Flight controller Ardupilot APM2.8 Pixracer R15

Propeller Motor DII 2212 920KV Flash hobby A1408 M5
Retraction servo motor SPT5325LV-360

ESC Simonk 30A EMAX bullet pro 35A
Propeller 9450 4043

Battery 4S 1300 mAH Lipo | 4S 450 mAH Lipo
Total weight 1008 g 508 g

at the tether anchor point. This feature serves to constrain
the tether’s movement within the propeller guard, effectively
preventing it from coming into contact with the propellers.

B. Suspended Pod

The pod is actuated by a retractable tether and a set of
ducted propellers. This multifunctional design enables the
pod to assist in the perching operation, navigate through
forest canopies, and collect data via onboard sensors. The
design details of the pod are illustrated in Fig. 3 (A), and its
detailed specifications are available in Table 1.

The frame of the pod is constructed from 2 mm plywood
and serves as the foundational element for all other com-
ponents. The egg-shaped design, as depicted in Fig. 3 (A),
provides multiple structural benefits. Specifically, the egg’s
curvature contributes to a uniform distribution of external
forces, as well as superior resistance to deformation, as
substantiated by [31]. Additionally, the shape - narrow at
both ends and wider in the middle - minimizes the risk of
entanglement when navigating through forest canopies. Fig.
3 (B) shows the cone positioned atop the pod. This cone
serves a dual purpose: it acts as a protective shield against
external debris and water infiltration - a crucial feature given
the pod’s operation in densely wooded areas - and functions
as a buffer between branches and the pod’s structure.

1) Winding System: Experimental observations revealed
that without controlled winding, the tether tends to accumu-
late in the spool’s centre. This results in suboptimal use of the
available spool length and creates a bulky spool that can inter-
fere with the pod’s limited internal space, compromising the
retraction functionality. To address this issue, we engineered
a winding system that incorporates a spool, a servo motor, a
double helix screw, and a tether guide, as illustrated in Fig.
3 (B). The tether is secured to the spool after threading it
through the fixed cone and the tether guide. When activated,
the servo motor initiates spool rotation, which in turn drives
the double helix screw via a gear mechanism. This action
generates a lateral reciprocating motion in the tether guide,
ensuring uniform tether alignment on the spool. Except for
the bearings, all winding system components are fabricated
using fused deposition manufacturing with polylactic acid
(PLA).

2) Minimum Counterweight: In our design evaluations,
the primary objective is to minimize the weight of the sus-
pended pod to reduce energy consumption during flight. The
perching and disentangling processes involve scenarios with
either one or two wrapping loops of the tether. If the drone’s
minimum counterweight requirements are not met, the tether
will lack sufficient friction to maintain a perched position.
Consequently, assessing the minimum counterweight in these
scenarios is crucial for the success of the perching process.
Test variables include the number of tether loops wrapped
around the branch (ranging from 1 to 3) and the angle
of the branch relative to the ground (varying from 0° to
30°). The tether used in these tests has a 1 mm diameter
and is constructed from polyester fabric. The test branch
features a smooth surface and a diameter of 73.2 mm. To
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Fig. 4. Minimum counterweights for different wrapping loops and branch
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loop.

clarify the relationships between these variables, all measured
counterweights were normalized by dividing them by the
drone’s take-off weight.

Fig. 4 displays the minimum counterweights required for
perching. Notably, the tether becomes unstable when the
branch angle is at 30° with only a single loop around it. This
scenario is represented by a weight ratio of 1. The figure aids
in identifying the viable payload weight for a tethered system.
Here, “viable” implies that the tether can produce enough
friction to maintain stability on the branch, or in other terms,
that the weight ratio exceeds its minimum threshold. These
viable regions are highlighted with corresponding colours. It
is crucial to note that the weight ratio should never exceed 1,
as this would imply the payload outweighs the drone itself.
In the present system, the pod’s weight accounts for 30.8% of
the total weight. When using only one loop for wrapping, this
weight falls below all identified minimum counterweights,
indicating that at least two loops are necessary for successful
perching. Thus, we subsequently utilized two wrapping loops
to validate the proposed system. Additionally, our observa-
tions reveal that the required counterweight decreases with
an increasing number of wrapping loops, but rises as the
branch angle increases. Comparative analysis of the minimum
counterweights for various scenarios highlights the significant
impact of the number of wrapping loops on tether friction.
By contrast, the effect of the branch angle appears to be
minimal for the cases that require more than one loop. This
can be attributed to the fact that the increase in contact
surface, achieved by adding more loops, has a far greater
influence on friction than other factors such as branch angle.
This phenomenon is accurately described by the Capstan
equation and a more comprehensive explanation of this effect
is detailed in [32].

III. WORKING PRINCIPLES

By employing the proposed system, we aim for sustained
periods of data collection with aerial robots which can perch
on tree branches and shut down the motors.

A. Perching

The perching strategy can differ based on the components
utilized: it can involve both the pod and drone (referred to

as ’duo-perching”) or only the drone (referred to as “solo-
perching”). A schematic illustration of these strategies is
presented in Fig. 5. The perching method relies on the friction
between the tether and the branch surface, augmented by
the self-weight of the pod, to counterbalance the drone’s
weight. Duo-perching is executed in a three-step process,
as depicted in Fig. 5 (A). Initially, the system approaches
the target branch while the pod’s winding system releases
an adequate length of tether. As previously analyzed, our
target is to achieve two wrapping loops. The first loop is
performed by the drone, which flies over the branch and
descends below the pod. Once the drone stabilizes, the pod
activates its propellers to execute the second loop. Utilizing
a blend of thrust and centrifugal force, the pod manoeuvres
itself around the branch. Fig. 5 (B) depicts the solo-perching
scenario. In this case, the drone is responsible for completing
both wrapping loops around the branch, effectively carrying
out the entire perching process on its own.

B. Disentangling

We also implemented “duo-disentangling” and “’solo-
disentangling” strategies. The duo-disentangling process con-
sists of three steps, as illustrated in Fig. 5 (D). Initially, the
pod is retracted until it is in close proximity to the branch,
thereby minimizing the radius needed for disentangling. Sub-
sequently, the pod reverses the first loop, effectively mirroring
the perching process but in the opposite direction. Manoeuvre
around the branch can be achieved by retracting the tether
or using the pod’s propellers. Once this step is complete,
the tether is further retracted in preparation for the drone’s
takeoff. It is crucial at this stage to maintain a minimal
distance between the pod and the drone to prevent any
pendulum effects and ensure a safe takeoff. The disentangling
of the second loop occurs automatically as the drone departs
from the branch. In the case of solo-disentangling, depicted
in Fig. 5 (E), the drone is solely responsible for the entire
disentangling procedure. It accomplishes this by executing
two loops around the branch, reversing the perching steps.
Concurrently, the pod is retracted to shorten the length of the
tether, enhancing stability and ensuring a safer drone takeoff.

IV. TESTS AND RESULTS

A set of analyses and tests were conducted to both validate
the robustness of the system’s design and assess its potential
for energy conservation. The flight tests were conducted on
a fixed branch structure simulated forest canopy conditions.

A. Energy Consumption

As evidenced in Fig. 6, our analysis indicates that tensile
perching can yield substantial energy savings, but it requires
a minimum perching duration. Specifically, we determined
that a minimum of 48.9% of the total operational time
must be spent in a perched state to gain any energy-saving
benefits for our proposed robotic system. Moreover, we have
identified the minimum idle times correlated with increments
of system weights that are necessary to achieve these en-
ergy savings, which are applicable to various design cases
regardless of the specific platform. Fig. 6 further shows that
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any idle time exceeding the specified values, adjusted for
various pod weights, will result in energy conservation. Our
tethered perching system offers a viable solution for drones
to minimize energy expenditure during extended aerial data
collection missions.

Subsequently, we carried out flight tests to evaluate the
energy efficiency of various perching and disentangling
strategies. Given the reciprocal nature of perching and disen-
tangling manoeuvres, we operated under the assumption that
both processes would consume equivalent amounts of energy,
thereby eliminating the need for duplicate data collection.
The energy expenditure for both flight and perching activities
is determined by battery charge data, which was accurately
measured using the drone’s onboard flight controller. Fig. 7
illustrates the battery charge required and experimental snap-
shots for drone-based perching and pod-based disentangling.
The drone-based perching can be divided into two parts:
the first loop and the second loop. As explained earlier, the
drone completes two wrapping loops around the branch for
a solo-perching strategy (Fig. 7 (i) and (ii)). For the duo-
perching strategy, the first loop is achieved by the drone and
the second loop by the pod using onboard propellers (Fig.
7 (1) and (v)). Fig. 7 (A) shows the energy usage for the
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Fig. 6. Normalized energy consumption and required idle time over system
weight.

first and second loops. The drone hovered briefly between
the two to stabilize itself. The first loop consumes about
60 mAh of power, while the second loop requires about
49 mAh. Overall, their energy consumption is comparable,
but the first loop consumes more energy. This outcome is
consistent with our expectations because the drone requires
extra time for adjustments, including tether length and dis-
tance to the branch before perching the first loop. For pod-
based maneuvers, we explored two methods for comparison:
disentangling through tether retraction, facilitated by the
onboard winding system, and disentangling via propeller-
generated thrust. In the first method, the unique shape of the
pod and the fixed cone at its apex enable automatic movement
around the branch as the tether is retracted (Fig. 7 (iii)). In
the second method, the propellers generate a brief burst of
thrust, allowing the pod to swing around the branch by inertia
(Fig. 7 (iv)). This is possible because friction between the
tether and the branch prevents the free sliding of the pod.
Fig. 7 (B) and (C) indicate a notable difference in energy
consumption between these two methods. Specifically, the
winding system consumes 0.73 mAh, while the propeller-
based method requires 11 mAh—roughly 15 times more
energy. It is worth noting, however, that disentangling using
the winding system demands a longer time and higher control
accuracy. The use of the pod and the winding system results
in significantly lower energy consumption, only 22% and
1.5%, respectively, of the energy expenditure to disentangle
purely with the drone (equivalent to perching the second
loop). As part of an auxiliary investigation, the method’s
repeatability was assessed. Twenty-five iterations of drone
perching and disentangling were conducted, resulting in
successful completion in 23 instances. In relation to the pod,
it successfully disentangled on every occasion utilizing both
propellers and the winding system. Additionally, it achieved
perching in 9 out of 10 attempts, with the weak yaw control
being the limiting factor.
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The experimental snapshots of the aerial robot system performing perching and disentangling are shown in (i)-(v).

B. Critical Distances

A critical consideration when using the pod’s propellers
for perching is the minimum distance between the pod and
the branch. If this distance drops below D,yi,, the perching
manoeuvre may fail as the pod may be unable to navigate
around the branch. Similarly, the distance between the drone
and the branch is a vital parameter for identifying suitable
perching locations. To better understand these minimum
distance requirements, we have carried out calculations for
various branch diameters, with results presented in Fig. 8.
These values represent the minimum distances necessary for
successful perching, thus serving as benchmarks for different
perching strategies.
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Fig. 8. Critical distances for perching with the pod or the drone with
increasing diameters of the branch.

V. CONCLUSION

In this work, we introduced a multi-modal aerial robot
system designed for long-duration environmental monitoring
in complex terrains like forest canopies. Utilizing a ten-
sile perching mechanism and a specialized pod, the system
achieved significant energy savings, requiring perching and
staying idle for 48.9% of operational time to realize these
energy savings. Various perching and disentangling strate-
gies were tested and optimized, highlighting the significant
benefits of the tether winding system, which is up to 15
times more energy-efficient than propeller-based methods.
Critical distances for successful perching were also presented,
contributing valuable insights for future missions. These
results considerably enhance the capabilities and energy effi-
ciency of aerial robots for long-term monitoring tasks while
minimizing environmental disturbance, with important impli-
cations for ecological research. Future work will focus on
miniaturizing system components, incorporating additional
sensing capabilities, and advancing the control and autonomy
of the system through more extensive field trials in real-world
environments.

ACKNOWLEDGMENT

The authors would like to acknowledge and thank Diego
Pérez Gonzalez for his help in testing the system.

REFERENCES

[11 G. G. Parker et al., “Structure and microclimate of forest canopies.”
Forest canopies., pp. 73—-106, 1995.

3832



(2]

(3]

(4]

[5]

(6]

[7

—

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

M. Lowman, “Life in the treetops—an overview of forest canopy
science and its future directions,” Plants, People, Planet, vol. 3, no. 1,
pp. 16-21, 2021.

B. B. Kocer, B. Ho, X. Zhu, P. Zheng, A. Farinha, F. Xiao, B. Stephens,
F. Wiesemiiller, L. Orr, and M. Kovac, “Forest drones for environmen-
tal sensing and nature conservation,” in 2021 Aerial Robotic Systems
Physically Interacting with the Environment (AIRPHARO). IEEE,
2021, pp. 1-8.

P. De Frenne, J. Lenoir, M. Luoto, B. R. Scheffers, F. Zellweger,
J. Aalto, M. B. Ashcroft, D. M. Christiansen, G. Decocq, K. De Pauw
et al., “Forest microclimates and climate change: Importance, drivers
and future research agenda,” Global Change Biology, vol. 27, no. 11,
pp. 2279-2297, 2021.

M. G. Barker and M. A. Pinard, “Forest canopy research: sampling
problems, and some solutions,” in Tropical Forest Canopies: Ecology
and Management: Proceedings of ESF Conference, Oxford University,
12—-16 December 1998. Springer, 2001, pp. 23-38.

B. Ho, B. B. Kocer, and M. Kovac, “Vision based crown loss estimation
for individual trees with remote aerial robots,” ISPRS Journal of
Photogrammetry and Remote Sensing, vol. 188, pp. 75-88, 2022.

S. Manfreda, M. F. McCabe, P. E. Miller, R. Lucas, V. Pajuelo Madri-
gal, G. Mallinis, E. Ben Dor, D. Helman, L. Estes, G. Ciraolo
et al., “On the use of unmanned aerial systems for environmental
monitoring,” Remote sensing, vol. 10, no. 4, p. 641, 2018.

A. Jaakkola, J. Hyyppd, X. Yu, A. Kukko, H. Kaartinen, X. Liang,
H. Hyyppid, and Y. Wang, “Autonomous collection of forest field
reference—the outlook and a first step with uav laser scanning,”
Remote sensing, vol. 9, no. 8, p. 785, 2017.

D. Floreano and R. J. Wood, “Science, technology and the future of
small autonomous drones,” nature, vol. 521, no. 7553, pp. 460-466,
2015.

DJI, “matrice-200-series-v2,” 2023, https://www.dji.com/de/matrice-
200-series-v2/info [Accessed: (17.08.2023)].

B. B. Kocer, V. Kumtepeli, T. Tjahjowidodo, M. Pratama, A. Tripathi,
G. S. G. Lee, and Y. Wang, “Uav control in close proximities-ceiling
effect on battery lifetime,” in 2019 2nd International Conference on
Intelligent Autonomous Systems (ICoIAS). 1EEE, 2019, pp. 193-197.
K. C. Broers and S. F. Armanini, “Design and testing of a bioinspired
lightweight perching mechanism for flapping-wing mavs using soft
grippers,” IEEE Robotics and Automation Letters, vol. 7, no. 3, pp.
7526-7533, 2022.

W. R. Roderick, M. R. Cutkosky, and D. Lentink, “Bird-inspired
dynamic grasping and perching in arboreal environments,” Science
Robotics, vol. 6, no. 61, p. eabj7562, 2021.

S. Kirchgeorg, B. Benist, and S. Mintchev, “Soft gripper with ad-
justable microspines for adhering to tree branches,” in Climbing and
Walking Robots Conference. Springer, 2022, pp. 61-74.

S. Kirchgeorg and S. Mintchev, “Hedgehog: Drone perching on tree
branches with high-friction origami spines,” IEEE Robotics and Au-
tomation Letters, vol. 7, no. 1, pp. 602-609, 2021.

H.-N. Nguyen, R. Siddall, B. Stephens, A. Navarro-Rubio, and
M. Kovag, “A passively adaptive microspine grapple for robust, con-
trollable perching,” in 2019 2nd IEEE international conference on soft
robotics (RoboSoft). 1EEE, 2019, pp. 80-87.

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

3833

F. Hauf, B. B. Kocer, A. Slatter, H.-N. Nguyen, O. Pang, R. Clark,
E. Johns, and M. Kovac, “Learning tethered perching for aerial robots,”
in 2023 IEEE International Conference on Robotics and Automation
(ICRA). 1IEEE, 2023, pp. 1298-1304.

P. Zheng, F. Xiao, P. H. Nguyen, A. Farinha, and M. Kovac, “Meta-
morphic aerial robot capable of mid-air shape morphing for rapid
perching,” Scientific Reports, vol. 13, no. 1, p. 1297, 2023.

P. H. Nguyen, K. Patnaik, S. Mishra, P. Polygerinos, and W. Zhang,
“A soft-bodied aerial robot for collision resilience and contact-reactive
perching,” Soft Robotics, 2023.

L. Zheng and S. Hamaza, “Albero: Agile landing on branches for
environmental robotics operations,” IEEE Robotics and Automation
Letters, vol. 9, no. 3, pp. 2845-2852, 2024.

M. Askari, M. Benciolini, H.-V. Phan, W. Stewart, A. J. Ijspeert, and
D. Floreano, “Crash-perching on vertical poles with a hugging-wing
robot,” 2024.

C. D. Francis and J. R. Barber, “A framework for understanding
noise impacts on wildlife: an urgent conservation priority,” Frontiers
in Ecology and the Environment, vol. 11, no. 6, pp. 305-313, 2013.
J. Broucek, “Effect of noise on performance, stress, and behaviour of
animals,” Slovak journal of animal science, vol. 47, no. 2, pp. 111-123,
2014.

L. L. Pater, T. G. Grubb, and D. K. Delaney, “Recommendations for
improved assessment of noise impacts on wildlife,” The Journal of
Wildlife Management, vol. 73, no. 5, pp. 788-795, 2009.

P. J. McKerrow and D. Ratner, “The design of a tethered aerial robot,”
in Proceedings 2007 IEEE International Conference on Robotics and
Automation. 1EEE, 2007, pp. 355-360.

M. Polzin, F. Centamori, and J. Hughes, “Heading for the abyss:
Control strategies for exploiting swinging of a descending tethered
aerial robot,” in 2023 IEEE International Conference on Robotics and
Automation (ICRA). 1EEE, 2023, pp. 5373-5378.

K. Zhang, P. Chermprayong, T. Alhinai, R. Siddall, and M. Kovac,
“Spidermav: Perching and stabilizing micro aerial vehicles with bio-
inspired tensile anchoring systems,” in 2017 IEEE/RSJ International
Conference on Intelligent Robots and Systems (IROS). 1EEE, 2017,
pp. 6849-6854.

S. Kirchgeorg and S. Mintchev, “Multimodal aerial-tethered robot for
tree canopy exploration,” in 2022 IEEE/RSJ International Conference
on Intelligent Robots and Systems (IROS). 1EEE, 2022, pp. 6080-
6086.

S. Kirchgeorg, E. Aucone, F. Wenk, and S. Mintchev, “Design,
modeling and control of avocado: A multimodal aerial-tethered robot
for tree canopy exploration,” IEEE Transactions on Robotics, 2023.
L. Kania, M. Krynke, and E. Mazanek, “A catalogue capacity of
slewing bearings,” Mechanism and machine theory, vol. 58, pp. 29-45,
2012.

S. Solomon, “The eggshell: strength, structure and function,” British
poultry science, vol. 51, no. supl, pp. 52-59, 2010.

R. Lim, K. Lim, and S. Foong, “Design and analysis of a gravitic tether-
based grappler for aerial payload deployment,” in 2022 IEEE/ASME
International Conference on Advanced Intelligent Mechatronics (AIM).
IEEE, 2022, pp. 695-702.



