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A Soft Drone with Multi-modal Mobility for the Exploration of
Confined Spaces

Amedeo Fabris, Steffen Kirchgeorg, and Stefano Mintchev, Member, IEEE

Abstract— In post-disaster scenarios, rescuers are often con-
fronted with the challenge of accessing confined and cluttered
environments including long and narrow passageways, gaps
in walls or ceilings. Because of their mobility and versatility,
there is a growing interest in developing drones for the
remote exploration of these dangerous and often difficult to
access places. However, the mechanical design and locomotion
strategies of current drones limit the size of the confined space
that can be explored. In this work, we present a quadcopter
capable of traversing long passageways 34% smaller than its
nominal size. The combination of a soft morphing frame and
multi-modal mobility allows the drone to exploit a new dynamic
strategy for passageway traversal. The drone flies at a given
speed towards the entrance of the passageway until it collides
with it. The momentum and ability of the frame to soften
allow the drone to passively fold and enter. Once the drone
is squeezed between the walls of the passageway, it uses two
tracks to crawl through. Through experiments, we characterize
the main mechanical systems of the drone and study the entry
into crevices of different sizes.

I. INTRODUCTION

In recent years, the exploration of confined artificial envi-
ronments has become a major challenge. In search and rescue
scenarios, the access of confined spaces such as narrow and
long crevices, passageways, or gaps in walls and ceilings
may be the only viable path to enter collapsed buildings and
locate trapped people [1]. The remoteness, inaccessibility,
and danger of these places have offered new challenges and
applications for multirotors, which stand out in the field of
robotics for their versatility and their ease of deployment [2].

To access confined environments, drones must traverse
gaps and passageways that are often smaller than their
nominal size. Recent works have proposed several methods
for traversing such confined spaces by combining morphing
capabilities with different perception, control, and planning
strategies [3], [4], [5], [6], [7]. However, aerial locomotion
sets a limit to the minimum size of the gap that a drone can
traverse. Propellers need sufficient free space to rotate and
the aerodynamic turbulence that they generate in proximity to
surfaces hampers the flight in confined environments. More-
over, most of these morphing drones exploit a ’no touch’
paradigm and are not equipped with adequate mechanical
solutions to handle collisions, which are inevitable during
locomotion in confined environments.

Animals have evolved more efficient and robust strate-
gies for negotiating confined environments. These strategies
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Fig. 1. Traversing narrow passageways with drones. The traversal is shown
in the video of the supplementary material. (A) The proposed drone can
halve the size of its soft body and use tracks to crawl through the passage.
(B) Flight configuration and (C) folded configuration of the drone.

often combine multi-modal mobility with the softness of
the animal’s body for size reduction. Flying animals such
as birds and insects actively or passively fold their wings
when flying near or between obstacles [8], [9] and, if the
environment is too cluttered, they also use their legs for
locomotion. For instance, in the case of narrow and long
passageways, goshawks not only fold their wings but also use
their legs to facilitate the traversal and to push themselves
out of the passageway [10]. In addition to multi-modal
mobility, body morphology also plays an important role in
the traversal of confined spaces. Cockroaches, for example,
leverage their inherent soft bodies to flatten and traverse nar-
row crevices [11]. Moreover, the streamlined shape of their
bodies improves traversability in densely cluttered terrains by
facilitating penetration into gaps between vegetation [12].

Inspired by nature, we developed a drone where (i) adap-
tive morphology, (ii) soft behavior, and (iii) multi-modal
mobility coexist. These features work in synergy to deliver
a new dynamic strategy for the task of long and narrow
passageway traversal with drones. In this approach, the drone
flies at sustained speed against the confined space (Fig. 1A,
I). The controlled collision of the drone with the entrance
causes the frame to soften (Fig. 1A, II), and consequently
to passively fold and squeeze inside the confined space
(Fig. 1A, III). Once inside, the drone changes mode of
locomotion and uses two lateral tracks to navigate through
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Fig. 2. Comparison of state-of-the-art methods for narrow gap traversal. The axis shows different values of β, a symbol in the image indicates the ability
(X) or inability (×) to traverse arbitrarily long passageways: (A) drones accessing confined spaces smaller than their nominal size leveraging multiple
features simultaneously β < 0.7; (B) drones relying on adaptive morphology only to access gaps smaller than their nominal size 0.7 ≤ β < 1; (C)
fixed-shape drones only able to access gaps bigger than their nominal size β > 1.

the passageway (Fig. 1A, III). On exit, the drone passively
recovers its shape and can take off again (Fig. 1A, IV and V).
We validate the effectiveness of our approach on a small scale
manually flown quadrotor. The proposed strategy proves its
effectiveness to access and navigate confined spaces down
to 66% of the nominal width of the drone (Fig. 1B and 1C)
without any rupture of the frame during the experiments.

In this work, Sec. II compares different state-of-the-art
methods for gap traversal. Then, Sec. III, describes the
proposed quadrotor and the adopted strategy for accessing
confined spaces. In Sec. V, the preliminary experiments
and the deployment of the drone are presented. Finally, in
Sec. VI, we illustrate the conclusions and the outlook for
future works.

II. RELATED WORK

To compare state-of-the-art methods for gap traversal (Fig.
2), we introduce what we call the gap-to-drone ratio β:

β =
wg

wn
(1)

where wg is the width of the gap that the drone aims to
overcome, whereas wn is the nominal width of the drone
(tip to tip) during flight. Therefore β < 1 when the traversal
strategy helps the drone in analysis to overtake a gap smaller
than its nominal size (Fig. 2A and B). Whereas β ≥ 1 implies
that the traversal strategy exploited by the drone only allows
the traversal of gaps bigger or equal to the size of the aerial
vehicle in the nominal configuration (Fig. 2C).

Falanga et al. [3] propose a drone for traversing narrow
gaps by leveraging the agile flight of a fixed-shape quadrotor.
Although the high agility of the drone allows the traversal
of inclined gaps, the drone can’t reduce its size, which leads
to β > 1 (Fig. 2C).

To traverse gaps smaller than their size (β < 1), drones
need an adaptive morphology to reduce their size. In [4]
and [5], the authors rely on an active morphing mechanism
to fold the arms of the drone (Fig. 2B). While the former
drone [4] can overcome both horizontal and vertical gaps in a
controlled fashion, i.e. by continuously maintaining stability
during flight in all configurations, the latter [5] resort to a
fully-aerial ballistic motion for traversing only vertical gaps.
While both works achieve β < 1, the fully-aerial ballistic

traversal of Riviere et al. [5] offers better performance in
terms of morphing capabilities with respect to [4] but at the
expense of control loss on the roll axis during the maneuver.
Since continuous stable flight is not achievable with the
adopted change in morphology, the drone can reduce its size
more, but the fully-aerial ballistic movement limits the length
of the gap that can be traversed. In Bucki et al. [6], the drone
uses a fully-aerial ballistic strategy as well for traversing
vertical gaps, and achieves the best performance to date with
a gap-to-drone ratio of β = 70% (Fig. 2B).

Since all these works avoid physical interaction with the
environment, the size of the smallest traversable gap is
increased by the addition of a safety factor on top of the
width of the most compact configuration achievable by the
drone during flight. This limitation is overcome by the work
of Patnaik et al. [7], the authors present a quadrotor with
passive adaptive morphology able to softly interact with the
environment. During the traversal, the arms fold passively
and the propeller guards rub against the surface of the
passageway (Fig. 2B).

In all cases, the width and length of the traversable
passageway remain limited by the use of aerial locomotion.
The need to actively generate thrust during traversal requires
space for the propellers to spin. In extremely folded con-
figurations, propellers may overlap and reduce their thrust
[13]. In this condition, the drone may struggle to sustain its
weight. In addition, propellers suffer from ceiling effects and
generate turbulence in proximity to surfaces that can disturb
or even hamper the stable flight of the drone [14]. A fully-
aerial ballistic traversal can overcome these limitations, but
arbitrary long passageways cannot be traversed.

In this work, the current state-of-the-art in gap traversal
will be challenged to access narrower (i.e. β < 0.70) and ar-
bitrarily long passageways. This result is achieved by adding
the features of soft interaction and multi-modal mobility to
the already established use of adaptive morphology (Fig.
2A).

III. TRAVERSAL METHODOLOGY

We propose a new dynamic strategy to traverse narrow and
long passageways based on three main features (Fig. 3): (i)
adaptive morphology of the drone frame, (ii) ability of the
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Fig. 3. Top view schematics of the dynamic strategy. The proposed approach leverages morphing capability, softness and multi-modal mobility
simultaneously.

frame to soften, and (iii) multi-modal mobility. The strategy
consists of four steps:

• Approach. The drone flies towards the center of the
entrance of the passageway. The frame is in a rigid state
to ensure stable and controlled flight (Step 1, Fig. 3).

• Entrance. The drone collides with the entrance of the
passageway (Step 2, Fig. 3). The forces experienced
by the drone during this controlled collision cause the
frame to transition from a rigid to a soft state. The frame
can now adapt its morphology and passively fold to
reduce its size. The softening of the frame also reduces
the risk of damages during the collision. The velocity of
the drone before the impact confers a momentum that
pushes the drone inside the passageway. The penetration
is facilitated by the streamlined shape of the quadrotor,
which also compensates for misalignment with the
entrance of the passageway. Finally, the deceleration is
detected by the onboard sensors and the system turns
off the propellers and activates the tracks for terrestrial
locomotion.

• Terrestrial Locomotion. After entering, the soft frame
of the drone adapts to the size of the passageway
and pushes the terrestrial appendages against the lateral
walls. The drone can now crawl through the passageway
(Step 3, Fig. 3).

• Exit. Once outside the passageway, the frame passively
recovers the nominal morphology, switching back from
the soft to the rigid state. At this point, the drone can
take off and continue its mission (Step 4, Fig. 3).

Multi-modal mobility allows the drone to exploit the most
appropriate locomotion strategy at every step. It can fly to-
wards the entrance of passageways, and can then crawl inside
where the aerial locomotion loses efficacy. The ability of the
frame to soften is combined with its adaptive morphology. It
allows the drone to withstand the controlled collision that is
needed to squeeze and enter inside very narrow passageways.
This passive morphing capability also benefits from lighter
components as opposed to the ones needed in an active
folding mechanism.

IV. DRONE DESIGN

This section describes the mechanical design of the drone
and provides an overview of the onboard electronics.

A. Mechanical design

The quadrotor consists of three main parts (Fig. 4): (i) a
morphing frame with foldable arms; (ii) a central rigid body
hosting the components allowing the frame to soften during
the entry collision; (iii) a terrestrial locomotion system.

The adaptive morphology of the frame is implemented
with two articulated parallelogram mechanisms composed of
3 hollow carbon rods each interconnected among them and
to the central body thanks to 3D printed ABS revolute joints.
A series of gears (Fig. 4A) synchronizes the folding of the
two parallelogram mechanism (Steps 2 and 3, Fig. 3). Two
frontal appendages trigger the folding of the frame during
the impact of the drone with the entrance of the passageway.
They consist of two 3D printed ABS flat structures with
an inclination of 45◦. During the folding of the frame, the
spinning propellers are folded inwards with the potential to
collide and damage parts of the drone as well as their blades
(Figure 1A, II). To counteract this issue, two sets of flaps
made out of a flexible filament (NinjaFlex, Fig. 4) are placed
strategically to decelerate all propellers.

The central body of the drone is made out of smooth
Medium-Density Fibreboard (MDF) and presents three holes
to lighten the frame and facilitate cable management. While
the rear part of the central body hosts all the electronics,
the frontal part hosts the components that provide the dual-
stiffness behavior to the frame of the drone (Fig. 4B). The
system consists of magnets and springs and takes inspiration
from the solution proposed by the authors in [15], [16]. The
magnets lock the parallelogram mechanism in the deployed
configuration providing the rigidity necessary to fly in a
stable and controlled manner. The magnets are strong enough
to prevent the frame from folding due to the torque generated
by the propellers, but they disengage when the drone collides
with the entry to the passageway. The extension spring is
connected to a pulley through an inextensible wire (Spider-
Wire, diameter 0.39mm) and resists the folding of the frame.
The spring confers the soft behavior to the frame once the
magnet is disengaged, partially absorbs the energy of the
impact during the entrance maneuver, and presses the tracks
against the side of the passageway. Finally, the two springs
act as suspensions in case of obstacles or bumps encountered
during the navigation inside the passageway and their exerted
pressure is equally distributed thanks to the synchronized
nature of the folding mechanism (Fig. 4A). It is important
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to note that, in the absence of this synchronization, the
unbalanced pressure exerted on the sides of the passageway
might hinder the drone to move forward and recover the
nominal configuration during the exit maneuver.

The drone crawls inside the passageway with two driven
tracks made out of NinjaFlex positioned on the sides of
the drone. Their lateral location allows to leverage the
inevitable contact with the wall of the passageway to move
forward while guaranteeing a trade-off between the weight
of active components and mobility inside the passageway.
Their presence at the extremity of the frame can help pull
the drone inside the passageway or push it out at the end of it.
The tracks are driven from a pair of frontal sprocket wheels
connected to a motor (Fig. 4C). To facilitate the locomotion
on the bottom of the passageway, a set of three bottom wheels
is installed beneath the main body of the drone, which also
acts as a landing gear (Fig. 4).

B. Electronics

In flight mode, our quadrotor is driven by four 5030 two-
blade propellers mounted on DYS BX1306 3100KV brush-
less DC motors. The motors are controlled by a Racerstar
(35A BLheli S 3-6S 4 in 1) Electronic Speed Controller
(ESC), which receives the desired rotor speed commands
from a mRo PixRacer R15 flight controller on which the
PX4 firmware is flashed. The Pixracer board receives manual
commands from a remote controller that is bound to a FrSky
XM + RC receiver. The autopilot is powered on by a Power
Distribution Board (PDB) which is connected directly to
the ESC. Both the ESC and the PDB are connected to a
SWAYTRONIC LiPo battery 3S 11.1V 950mAh 35C / 70C.
The stack of electronic boards is protected in the eventuality
of collisions by a sheet of 0.4mm thick fiberglass.

The terrestrial locomotion is made possible by a dual

brushed ESC connected on one end to the PDB and the other
end to two DC motors (250:1 Micro Metal Gearmotor HP
6V, Pololu, USA) that drive the tracks of the drone.

V. RESULTS

In this section, a description of the preliminary experi-
ments is given along with the results of the deployment of
the manually flown quadcopter.
A. Dimensioning of the Dual-stiffness Components

The magnets are selected to prevent the frame from folding
during flight due to the torque applied by the propellers
on the articulated parallelogram mechanism. With reference
to Fig. 4, this condition can be computed considering the
equilibrium equation of the mechanism:

Fmdm ≥ T2 − T1 (2)

where Fm is the holding force generated by the magnets,
T1 and T2 are the torques of neighboring propellers on one
side of the drone, and dm is the distance between the center
of the pulley and the center of the magnet. In the worst-case
scenario, when T1 = 0 and T2 assumes the maximum value
of 0.03Nm, the magnets need to generate an holding force
of at least Fm = 130 g to prevent the folding of the frame.
Therefore we selected magnets producing a force of 330 g
which ensures a safety factor of 2.5.

Three different springs were tested for the folding mecha-
nism of the drone. As depicted in Fig. 5, each of these springs
applies different torque profiles on the mechanism. Overall,
the entry of the drone inside the passageway is facilitated
by using weaker springs as they cause a low resistance to
the folding of the drone. Weak springs require a lower speed
to fold the frame of the drone and consequently low pitch
angle which is desirable to facilitate the entry maneuver
(see next section). However, they absorb less energy during



Fig. 5. Plot of the tested springs with their respective spring constants
k. x-axis: folding angle α (Fig. 4B) of the drone; y-axis: elastic torque
exerted by the spring with elastic force Fel and a pulley having radius
Rpulley = 15mm.

the collision, thus leading to a faster folding of the arms
forcing them to bounce on the main body of the aircraft.
As a result, the arms quickly unfold. This motion causes the
appendages to collide a second time against the sides of the
passageway and the drone struggles to access the confined
space. Oppositely, during the ground locomotion, stronger
springs are more desirable. They help the tracks to exert more
pressure against the walls of the passageway, thus increasing
traction, as well as facilitate the drone’s self-alignment with
the passageway in case of a misaligned entrance. However,
these springs require more energy to fold, therefore high
velocities for successfully entering confined spaces which
may lead to larger pitch angles hindering the entry inside
the passageway. To find the right trade-off between entering
feasibility and terrestrial locomotion resilience, we selected
the tension spring 2 coupled with a pulley having radius
Rpulley = 10mm.

B. Experimental Characterization of the Entry Maneuver

Before deploying the drone, we experimentally studied the
maneuver to enter inside a horizontal passageway (Step 2,
Fig. 3). This maneuver is very dynamic and its success is
influenced by the speed of the drone v, its pitch angle θ, the
lateral misalignment with respect to the entrance ∆y, and
the width of the passageway wg . We quantified the effect
of these variables on the success of the maneuver through
the experimental setup illustrated in Fig. 6 that allowed us
to adjust each variable independently. The setup consists of
a pendulum to launch the drone and a passageway with six
varying widths and a fixed height. To select the horizontal
speed of the drone upon impact with the passageway, we set
the starting position of the pendulum at different inclinations
γ and we position the passageway next to the lowest point
of the pendulum’s motion. Moreover, a drone needs to pitch
to move forward during flight. Therefore we equipped the
pendulum with an adjustable end to launch the quadrotor
with different pitch angles θ. This variable is crucial as a
significant change in pitch could lead the impact forces to
not be entirely transmitted along the morphable direction of
the drone, hampering its entry maneuver. The last parameter
tested to study the entering maneuver is the maximum ad-
missible lateral misalignments ∆y between the drone and the
entrance of the passageway (Fig. 6, Top view). We launched
the drone with different lateral misalignments ranging from
1 cm to 5 cm. All these launches are performed for each of
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Fig. 6. Schematic view of the pendulum tests. The image also displays the
definition of the variables of our experimental study. Some experiments of
the entry maneuver are shown in the video of the supplementary material.

the six widths (wg) of the passageway. To have a statistical
estimation of the successful entrance of the drone inside the
passageway, each experiment is repeated three times. The
entrance is considered to be successful if the quadrotor can
engage with both tracks on the sides of the passageway in
two launches out of three.

Fig. 7 summarizes the results of our experimental study
of the drone in succeeding (green) or failing (red) to enter
inside each of the six passageways. The maximum admissible
misalignment ∆y in cm is specified for each successful
entrance.

In general, the range of possible velocities and pitch angles
to succeed in entering the passageways decreases from the
largest passageway to the narrowest (Fig. 7, green vs red).
Indeed, the narrowest passageway represents the folding limit
of the platform. Furthermore, narrower passageways require
higher speeds (v > 2m/s) as the drone needs to fold more to
enter the passageway successfully. On the other hand, a large
pitch angle (θ = 30◦) leads to failed entries. In this scenario,
if the drone is too slow (v < 2m/s) it struggles to fold its
frame whereas if it is too fast it flips around the pitch axis.
Although a lower pitch angle of 20◦ already improves the
entrance rate of the drone for all the passageways, the system
still faces the issues discussed above but in a smaller range
of velocities. On the contrary, for θ ≤ 10◦, we achieve very
similar behavior in terms of successful entrance, enlarging
the velocity envelope in which entering the passageway is
possible.

Overall, by observing the tested lateral misalignment, the
drone is more tolerant on larger passageways than it is
on smaller ones, especially at low speeds (green values
of ∆y in Fig. 7). Indeed, narrow passageways allow for
smaller maximum misalignment. In this case, the wall of the
passageway is more likely to enter and get caught between
the appendages of the drone, rendering it unable to access
the confined space. The same reasoning applies to bigger
passageways, but with larger misalignment. Nevertheless, if
the drone is launched against large passageways and ∆y ≥
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Fig. 7. Velocity envelope of the drone for a successful (green) and a failed (red) entering maneuver obtained with the selected spring. The maximum
admissible misalignment ∆y in cm is specified for each successful entrance. The passageways are larger from left to right. y-axis of the plots represent
the pitch of the drone; x-axis of the plots represent the speed of the drone along the traversable direction of the passageway.

5 cm, it can hit a single wall of the passageway with only
one of the appendages. In this scenario, if the speed of the
drone is high (v > 2m/s), the impact is enough to fold the
drone. However, this single point of impact acts as a pivoting
contact forcing the drone to rotate around the yaw axis. As
a result, the quadcopter could land rotated with respect to
the passageway unable to recover its alignment with respect
to the passageway. For mild misalignments and speeds, this
behavior may be counteracted by an asynchronous folding
mechanism. In this scenario though, the system would strug-
gle to move forward using its terrestrial locomotion due to
the unbalanced outward pressure exerted on the side of the
passageway.

Finally, if we consider only the launches executed with
the selected spring and for low pitch angles (i.e. θ ≤ 10◦),
the drone was able to enter successfully inside a given pas-
sageway with a success rate of 75% for all tested velocities.

C. Manual Flight Tests

To deploy our system, the same passageway as for the
pendulum experiments was used. A chessboard is located in
front of the passageway and allows to estimate the speed as
well as the misalignments of the drone with respect to the
passageway during the collision (Fig. 8, also shown in the
video of the supplementary material).

Table I gives an overview of the results obtained during
the deployment. All the passageways are listed from the
narrowest to the largest with their respective width and gap-
to-drone ratio. The third column of the table highlights the
success rate of the drone in entering the passageways during
three manual flights. The second-last column shows the
estimated speed of the drone along the traversable direction
of the passageway averaged over all the collisions which
led to a successful entrance. The last column shows the
maximum misalignment that occurred with an entrance of
the drone inside the confined spaces. Overall, the system
had entered all the passageways except for the largest one
and the narrowest one. Passageways having width 34 cm,
30.8 cm, and 27.1 cm were entered 2 times out of 3, whereas
the second largest passageway was accessed 1 time out of
3. The maneuver showed robustness to misalignment, and
also to headings of the drone that were not perpendicular
to the plane of the entrance of the passageway. Finally,

Deployment Overview

wg [cm] β
Success

Rate [%]vxavg [m/s] ∆ymax

23.1 0.57 0 2.8±0.1 3
27.1 0.66 66 3±0.1 3
30.8 0.76 66 2.16±0.28 4
34 0.83 66 2.2±0.46 3

36.6 0.9 33 3±0.0 0
38.5 0.95 0 2.6±0.75 6.5

TABLE I
SUMMARY OF THE RESULTS OF THE DEPLOYMENT.

in all successful entries, the pitch at the moment of the
collision was always less than 10°. Moreover, the drone
showed mechanical resilience as it never broke during all
the experiments except for some front propellers, but the
integration of the soft flaps solved this issue.

Although the system showed resilience to small misalign-
ments, the drone was not able to access the passageway with
a misalignment ∆y ≥ 6 cm as it was the case for all the
flights against the widest passageway. In this scenario, the
misalignment was also combined with a rolling maneuver
at sustained speed (i.e. v = 2m/s) causing the system to
yaw during the collision. Nevertheless, these problems that
affect the success rate of the proposed solution are mostly
related to the inherent imprecision of the manual flight. As
expected from the experiments in Sec. V-B, the entrance of
the smallest passageway having wg = 23.1 cm was very
hard to achieve due to both the difficulty to center it in
manual flight and also its very narrow dimension close to the
smallest size of the drone. In this scenario, if the passageway
was centered all the failed entries were caused by the arms
bouncing on the main body of the drone which started to
increase the width of the drone before entering inside the
passageway. The confined space could be accessed with a
higher speed of the drone v > 3m/s as highlighted by the
pendulum tests. However, this target velocity is even more
difficult to achieve in manual flight if combined with the
requirement to center the entrance of the confined space.

Overall, the drone can access the passageways, also when
slightly misaligned, with a pitch angle θ ≤ 10 and with a
speed ranging from 1m/s up to 3m/s or more depending on
the width of the confined space. To the best of the authors’
knowledge, the system managed to improve the ability of the
drone to access confined spaces by entering the passageway
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Fig. 8. Top view and side view sequence of a successful entrance in the passageway having β = 0.66. The the experiment is filmed from above and the
additional side view is possible thanks to an inclined mirror.

having β = 0.66 during flight and β = 0.57 during the
pendulum tests.

VI. CONCLUSIONS AND FUTURE WORKS

In this work, we proposed a novel dynamic approach for
drones to access and explore confined spaces. The combi-
nation of adaptive morphology, multi-modal mobility, and
softness allows the drone to fly, squeeze, and crawl in narrow
passageways. The versatility offered by the combination of
these features is valuable not only for search and rescue,
but also for other multi-domain tasks such as environmen-
tal monitoring [17] and infrastructure inspection [18]. The
quadrotor achieve a state-of-the-art gap-to-drone ratio and
performed multiple entries without permanent damages on
the frame.

Although the current design proved to be a valuable proof
of concept, the deployment of the drone highlighted some
limitations. For instance, the drone can’t exit from suspended
passageways, i.e. passageways that aren’t at ground level. In
this scenario, the drone could be provided with the necessary
propulsion to snap out of the passageway, unfold, and recover
stable flight thanks to state-of-the-art control algorithms
such as [19]. Moreover, significant misalignments of the
drone with respect to the passageway as well as a wrong
speed had often resulted in failed entries. In this regard, an
optimal result could be obtained by equipping the quadrotor
with the autonomy needed to center the passageway and
remain within the velocity envelope of the experimental
characterization of the entry maneuver. Finally, the terrestrial
locomotion can be improved by adding active terrestrial
components also beneath the drone making it more robust
to misaligned entries.
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