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Abstract— Unmanned aerial vehicles (UAVs) for contact-
based tasks at height can greatly improve the safety of the
human workers involved. However, enabling physical inter-
action with typical under-actuated UAVs is non-trivial. Due
to their coupled translational and rotational dynamics and
limited station-keeping performance, it is difficult to maintain
precise and consistent contact. We address these problems in the
context of physical interaction with vertical, cylindrical target
objects, such as trees. We present a novel UAV design with
a pair of tilt-rotors and a landing gear that can reconfigure
into a front-mounted, two-fingered gripper. This landing gear
is implemented as a cable-driven under-actuated system, which
requires only one actuator to control both the reconfiguration
and the grasping (i.e., five degrees of freedom in total). The tilt-
rotors and reconfigurable landing gear enable the UAV to obtain
support from the target object during physical interaction
tasks. Such support results in more than 80% improvement
in position- and heading-keeping performance. We achieve
this performance upgrade without a significant increase in the
power consumption of the UAV thanks to our lightweight design
with minimal actuators. This marks progress towards safe,
high-precision physical interaction against vertical, cylindrical
target objects.

I. INTRODUCTION

Unmanned aerial vehicles (UAVs) are unmatched in their
ability to operate in hard-to-reach places at high altitudes.
This has resulted in their use across many applications, from
search and rescue [1] to nature conservation [2]. Most of
these applications involve simple surveillance tasks where
the UAV can maintain safe distances from any obstacles.
More recently, there has been a drive to reap the benefits of
UAVs in applications involving physical interaction with the
environment. For example, UAVs have been used for aerial
screwing and drilling [3], contact-based inspection of power
lines [4], and sensor placement on trees [5]. These tasks are
typically conducted by human workers, which often require
them to reach dangerous locations. Providing UAVs that can
handle these tasks has significant implications for worker
safety and the amount of resources required.

However, transitioning from vision-based to contact-based
tasks is non-trivial for UAVs [6]-[8]. Many applications
require contact to be made at a specific location on the target
object, for example, to mate with a previously placed bolt
for unscrewing. Furthermore, during physical interaction,
deviation from a pose setpoint can lead to high levels of
stress on the end effector. These factors present the need for
high positional accuracy prior to and during contact. Such
accuracy is difficult to achieve due to the under-actuation
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Fig. 1. Novel UAV prototype for high-precision physical interaction.

of typical rotary-wing UAVs, i.e., they have fewer actuators
than degrees of freedom (DoFs), and their translational and
rotational dynamics are coupled. Furthermore, the wall effect
starts to occur while flying very close to a target object and
acts as a disturbance. All these make it difficult to precisely
control the UAV’s pose and accurately maintain contact with
external objects.

One approach used in the literature to mitigate these
issues is adding further DoFs to the manipulator so that
it can move relative to the UAV’s body [9], [10]. This
alleviates the need for high positional accuracy of the UAV
because the manipulator can reach the target location even
though the UAV is not perfectly positioned. Alternatively,
the manipulator can also be rigidly fixed to the UAV’s body
when fully-actuated or over-actuated UAVs are used [6]-[8],
[11]. Such UAV designs have a number of actuators equal to
or greater than the number of DoFs, respectively, which allow
them to translate without pitching and rolling, and hover
at any arbitrary angle. However, this comes at the cost of
additional actuators; therefore, researchers have also explored
minimal configurations to obtain only the required benefit.
For example, by mounting a single horizontal thruster, the
UAV in [12] can generate forward thrust without pitching.

To further improve a UAV’s stability during interaction
and allow for the generation of larger forces, one can also
explore using the target object as support via perching
mechanisms. The key challenge here is keeping the design
lightweight, hence the adoption of under-actuated cable-
driven mechanisms [13], [14], bi-stable mechanisms [15],
and reconfigurable UAV bodies [16], which typically al-
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low for fewer added actuators and components. The most
common approach for perching on vertical surfaces is using
suction-based mechanisms [3], [17], [18]. While this method
performs well in urban environments with smooth concrete
target surfaces, it does not translate well to rougher surfaces
like tree bark. Furthermore, several such perching mecha-
nisms are mounted to under-actuated UAVs and, therefore,
require agile maneuvers for landing on vertical or near-
vertical surfaces [18]-[20]. This may not be suitable for
heavy UAVs with high payloads.

In this manuscript, we present a novel multi-rotor plat-
form for precise contact-based applications against vertical,
cylindrical target objects, such as trees and poles. The UAV
has a pair of variable tilt-rotors and a landing gear that can
reconfigure into a front-mounted gripper. These require the
addition of only two actuators to the UAV, resulting in an
overall lightweight design. These mechanisms allow the UAV
to stabilize itself against the target object. Through real-world
experiments involving interaction with a tree-like target,
we show that this capability yields significantly improved
position and yaw control. This is key in enabling more stable
and safer interactions of the UAV with the environment.
Importantly, our system is not limited to smooth vertical
surfaces and avoids requiring agile maneuvers to make
contact. In summary, the key contributions of this work are:

o A novel UAV design with two tilt-rotors and a landing
gear that can be reconfigured as a gripper.

o Design of such lightweight and versatile landing gear
which requires only one servo motor for actuation.

o Improved position and yaw control during physical
interaction for safer high-precision applications against
vertical surfaces of cylindrical objects.

The remainder of this manuscript is structured as fol-
lows. Section II describes the proposed UAV, Section III
discusses its control, and Section IV describes the real-
world experiments conducted. Finally, Section V describes
the current system’s limitations, and Section VI draws the
key conclusions.

II. THE UAV

The UAV concept is shown in Fig. 1. It has four primary
thrust rotors arranged in a 450 mmx450 mm square, and
two smaller tilt-rotors which are longitudinally centered and
laterally 200 mm apart from the center line. The UAV has a
landing gear that can reconfigure into a gripper, henceforth
referred to as the reconfigurable landing gear (RLG).

A. Tilt-Rotors

To enable the UAV to generate a forward or backward
force without pitching, we add a pair of tilt-rotors to the
UAV. This acts as an almost minimal configuration to
decouple pitch and longitudinal motion. This allows for
more controlled and precise movement when approaching
the target object and can aid in generating supportive forces
for contact-based work, such as a feed-force for drilling. The
mechanism used to tilt the rotors is shown in Fig. 2. The two
rotors are fixed to one arm, which runs through the center

Fig. 2. The tilt-rotor mechanism, consisting of two rotors (green), which
rotate simultaneously about the arm’s central axis. A gear (red) is fixed to
a servo motor head, which drives a gear (purple) on the rotor arm. The arm
rotates via bearings (yellow), which fit within a custom housing (blue).

of the UAV body. This arm is rotated via a 1:1 gear train
powered by an off-axis servo motor. Rotation of the arm
allows for simultaneous tilting of the rotors about the UAV’s
y-axis.

B. Reconfigurable Landing Gear

The key novelty of the UAV is the RLG, which can be
raised for use as a gripper, as shown in Fig. 3. This enables
grasping onto the target object such that the UAV can rigidly
fix itself in place, allowing for the opposition of a wider
range of forces during interaction. Therefore, the RLG can
provide improved station-keeping performance and facilitate
applications with greater and more varied force requirements,
such as aerial drilling [6]. In cases where a full grasp on the
target object cannot be achieved, the tilt-rotors can also assist
with a forward thrust. This will press the UAV against the
target object for a more rigid connection.

We designed a reconfigurable system to minimize the
UAV’s weight, as it removes the need for an independent
gripper and a landing gear. Furthermore, our design improves
the UAV’s weight distribution. To avoid collision between
the propellers and the target object, the gripper must extend
beyond the reach of the propellers. This can cause a weight
imbalance, limiting stable and efficient flight. Lowering the
RLG shifts the center of mass towards the center of the UAV,
resulting in improved weight distribution for regular flights.

The RLG has five DoFs (i.e., two joints per finger and
one for the reconfiguration). These joints are all coupled
via an under-actuated, cable-driven system, which requires
only one servo motor for actuation. Such design choice
yields a lightweight system and enables the use of a pulley
differential to allow for the gripper to conform to the target
surface. We place the servo motor near the center of the UAV
for improved weight distribution and collision resistance.
Figure 3 depicts the system in its key positions. The RLG
is passively drawn into the landing gear position in Fig. 3a
using elastic cables at the joints. To transition through the
remaining positions, the RLG is designed as a series of
mechanisms operated by winding in an inelastic cable about
the servo drum. The mechanisms are operated sequentially by
locking the joints at certain positions via the part geometry.
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The reconfigurable landing gear, made up of the cable drum (light blue), the pulley differential casing (purple) and the pulley (orange), the

RLG mount (yellow), the base link (green), the proximal links (red), and the distal links (dark blue). The inelastic cables (red) and elastic cables (blue)
are also depicted. The key positions of the RLG include the (a) landing gear position, (b) RLG being raised, (¢) RLG raised and open, and (d) closed
gripper. Note that the base link (green) is transparent for clarity in certain close-ups.

In the landing gear position shown, locking the base link
about the fixed RLG mount is achieved using a disc on the
proximal link coupled with a recess in the RLG mount. When
grounded, the elastic components, as well as the weight of
the UAV, draw the disc into the recess, which acts as a key
to prevent the rotation so that the landing gear does not
collapse outwards. Once the UAV is in the air, winding in
the cable releases this lock, allowing this rotation to occur.
As it is being raised, as shown in Fig. 3b, rotation of the
proximal link is blocked by the RLG mount, ensuring the
gripper cannot close until it is completely raised. Rotation
of the distal link in this position is prevented by ensuring
the joint has a higher rotational stiffness, such that the force
needed to rotate is higher than that needed to raise the RLG.
The RLG mount blocks the base link once it reaches the
upright position, as shown in Fig. 3c. Closure of the RLG
is then shown in Fig. 3d, where the disk on the proximal
link can now pass through a slot in the RLG mount. This
also provides a lock against the rotation of the base link
for improved rigidity. The system acts as an under-actuated
gripper in this position, similar to those in [21]. A pulley
differential enables the gripper’s joints to rotate at differing
rates as the cable is wound up, allowing the gripper to
conform to the target. Finally, the elastic cables return the
RLG to its initial state as the inelastic cable is unwound.

C. Prototype

All structural components were 3D-printed in polylactic
acid (PLA) filament, laser-cut from acrylic sheets, or cut
from carbon-fiber tubes. We used 1 mm diameter fishing
line for the inelastic cable, rubber bands for the elastic
components, a thin foam for the contact surface of the
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Fig. 4. The electronics architecture implemented for the UAV, including
onboard and offboard components.

proximal and distal links of the RLG, and an assortment
of steel and nylon fasteners. The electrical components are
shown in Fig. 4. The resulting UAV weighs 2.27 kg, with
approximately 25% of the mass belonging to the tilt-rotor
and RLG components.

III. CONTROL

The following subsections describe the control of the UAV.
The control plugins for the tilt-rotors and the RLG were
incorporated into the PX4 firmware [22] running on the
Pixhawk 4 flight controller.
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Fig. 5. The control architecture used to operate the UAV. We integrate our system into the existing PX4 control framework [22].

A. Flight Control

In regular flight, the UAV pitches to travel forward and
backward. Position control is entirely autonomous using an
oftboard position controller in the Robot Operating System
(ROS) paired with the onboard lower-level PX4 controllers.
The tilt-rotors are in the vertical position, thereby providing
support for upward thrust. Once pitching is disabled via the
RC transmitter, the tilt-rotors start tilting, providing longitu-
dinal force to travel forward and backward. Position in the
y and z body frame axes are still controlled autonomously.
However, the tilt-angle is directly mapped to the RC trans-
mitter pitch stick, where the maximum point on the pitch
stick corresponds to the maximum tilt-angle. This enables
an assisted manual flight mode where the UAV operator
can maintain some control over the interaction during, for
example, inspection or drilling. The speed of the tilt-rotors
during this assisted flight mode is adjusted according to the
tilt-angle to maintain a constant upward thrust and minimize
the disturbance imparted on the system, as per:

— Wy
cos (ﬁtilt)

where w is the rotational velocity of the tilt-rotors, w,, is their
rotational velocity when in the upright position, and F;;; is
the tilt-angle from the vertical. Note that a limit of +45° is
imposed on the tilt-angle to avoid saturating the tilt-rotors.

The architecture is depicted in Fig. 5. The position vector
isT= [z y 2]7, and the attitude vector is defined as ¥ =
[¢ 0 1]T, which corresponds to roll, pitch, and yaw, respec-
tively. The switch pitch_disable defines whether pitching or
the tilt-rotors are used to generate forward thrust. Finally,
4 contains the torque commands about all three axes and a
scalar thrust value: § = [6,, d,, 6., d7]7, and T describes
the rotor thrust commands: T= [Ty To T3 Ty Ts Tg)t.
The input to the PX4 attitude and rate controller is a
quaternion setpoint; however, Euler angles are shown for
simplicity. We obtain position feedback using an external
motion capture (MoCap) system.

)

B. Articulated Landing Gear Control

The articulated landing gear is controlled by defining three
positions of the Dynamixel MX-106T servo motor, which

operates in continuous mode. Each position corresponds
to one of the following three states: landing gear position
(Fig. 3a), gripper raised and open (Fig. 3c), and gripper
raised and closed' (Fig. 3d). The current state is selected
during flight using the RC transmitter.

IV. TESTING

We conducted several real-world experiments to assess
the UAV’s performance, including free-flight and interaction
tests. These are outlined in the following subsections.

A. Independent forward thrust

We begin by verifying the UAV’s ability to generate an
independent forward thrust without pitching. This ability
will enable more controlled movement when approaching a
target for interaction and will support the RLG for improved
grasping. We conduct two flights: a typical under-actuated
flight where pitching is required to move forward and a flight
where only thrust vectoring by tilt-rotors is used for moving
forward. In both flights, the UAV navigates 1 m forward from
its initial position. The forward speed is similar across the
two tests, albeit slightly varied due to the assisted manual
flight mode used during the tilt-rotor flight. The results
are shown in Fig. 6. As expected, when transitioning from
under-actuated flight to tilt-rotor flight, the UAV could travel
forward with a greatly reduced change in pitch angle.

B. Interaction

Next, we test the UAV’s ability to achieve high position
accuracy during physical interaction. We perform an ablation
study to identify the contributions of the tilt-rotors and the
RLG to the UAV’s performance. This includes running the
following tests, referred to as Test 1 (T1), Test 2 (T2), and
Test 3 (T3):

T1: Traditional station-keeping next to the target object
without tilt-rotors or RLG, as a baseline.
Station-keeping while grasping onto the target object
without tilting the rotors.

Station-keeping while grasping onto the target object
with support from the tilt-rotors.

T2:

T3:

'Note that this final position must be tuned for current testing purposes
to fit the size of the tree being grasped.
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Fig. 6. Orientation data during flight from z = 0 to z = 1m to verify
the UAV’s ability to generate an independent forward thrust.

(a) Test 1

1757 () Test2

Fig. 7. The tests for assessing the performance of the RLG and the tilt-
rotors. (a) T1 involves traditional station-keeping. (b) T2 adds the use of
the RLG, while (¢) T3 further adds the use of the tilt-rotors. The red arrows
depict the direction of tilt-rotor thrust. (d) The 3D-printed target object used
for testing has a rough outer surface designed to mimic tree bark.

The three tests are depicted in Fig. 7. The target object has
a diameter of approximately 210 mm, which is intentionally
larger than what the RLG can fully grasp. This allows us
to validate the performance of the tilt-rotors and RLG when
working cooperatively. The target object is 3D-printed from
PLA, with a textured outer surface to mimic tree bark.

The UAV’s deviation from the initial position (given as the
Euclidean norm) and from the initial heading in each test is
shown in Fig. 8. It is clear from T1 that the UAV’s free-
flight station-keeping performance is limited. During the 10-
second period of interaction, the UAV deviated from its initial
position by up to 51 mm, and from its initial heading by 8°.
T2 showed initial improvement, demonstrating the potential
for the gripper to improve precision. However, pitching of
the UAV loosened the RLG’s grasp on the target object over
time, causing the UAV to drift into traditional station-keeping
after approximately 5 seconds. This resulted in no overall
improvement compared to T1. Finally, in T3, we disabled
pitch and provided a constant forward force using the tilt-
rotors to assist the RLG in maintaining contact with the
target. This resulted in significantly more stable contact. The
UAV only deviated from its initial position by at most 7mm
and from its initial heading by approximately 1°. Compared
to T1, this is a reduction in maximum deviation in position

Position Norm
T

0.06 T T T T

Deviation (m)
o
o
w

Time (s)

Yaw Angle,
T T T

Deviation (degrees)
o N
T

B 4f | ——— Testt
—————— Test2
6 Test 3
s 1 1 1 ) 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
Time (s)
Fig. 8. Deviation from the initial position and heading during 10 seconds

of interaction. We report the ground truth data from the MoCap system.
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Fig. 9. UAV power consumption during testing, which shows minimal loss
in efficiency caused by the tilt-rotors and RLG.

and heading of 86% and 88%, respectively.

We also recorded the power consumption of the UAV
during each test using the CUAV HV power module, as
shown in Fig. 9. During T1, the UAV had an average
power consumption of approximately 785 W. We note that
during T1, which acts as our baseline, the UAV carries the
weight of the tilt-rotor and RLG components without using
them. Hence, this power consumption value is likely inflated.
During the start of T2, when the RLG was grasping the target
object, this appeared to alleviate some of the effort required
by the rotors, reducing the average power consumption of
the UAV to approximately 770 W. Finally, the addition of the
tilt-rotors offset that reduction in power consumption, raising
the average to about 790 W. Overall, we achieved significant
performance improvements from T1 to T3 at the cost of a
less than 1% increase in average power consumption.

V. LIMITATIONS

Despite demonstrating promising performance gains, there
are limitations to the current system. Firstly, given that the
RLG positions are hard-coded, we are not effectively using
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the RLG’s ability to conform to the target object’s shape.
In future work, we will use feedback from the servo motor
(e.g., current drawn) to define a point for the gripper to stop
closing. While this should allow for an improved grasp, it
may also affect the UAV’s power consumption.

There are also limitations of the UAV’s flight control.
Firstly, MoCap is used for state estimation during our ex-
periments, which does not translate to real-world environ-
ments. Hence, alternative methods, such as visual servoing
for approaching the target, will be explored. Furthermore,
during interaction, the UAV maintains its position where the
grasp is initiated. This position may not be aligned with the
current position setpoint due to the UAV’s limited free-flight
position control performance. Since the setpoint is static,
the controller will attempt to oppose the support from the
gripper. Visual servoing would rectify this problem to some
extent by eliminating the use of a global setpoint. However,
we will also look into implementing a more interaction-
friendly control scheme, such as admittance control [23].

VI. CONCLUSION

In this work, we presented a UAV design with tilt-rotors
and a reconfigurable landing gear. These mechanisms enable
the UAV to obtain support from a target object during
physical interaction applications and improve the control
accuracy. When both mechanisms are activated, the position
and heading control accuracy of the UAV is improved by
86% and 88%, respectively, while flying against a vertical,
cylindrical target object with a rough surface. Our future
work will include assessing the size of the independent
forces and torques the UAV can generate during the inter-
action. We will then apply our system to real-world, high-
precision, contact-based applications. We will also explore
greater autonomy of the UAV during interaction, which
includes adding feedback to the RLG’s control system and
implementing more interaction-friendly flight control.
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