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Abstract— The tasks that unmanned aerial vehicles (UAVs)
have taken upon have progressively grown in complexity over
the years, alongside with the level of autonomy with which
they are carried out. In this work, we present an example
of aerial screwing operations with a fully-actuated tilt-rotor
platform. Key contributions include a new control framework
to automate screwing operations through a robust hole search
and in-hole detection algorithm. These are achieved without
a-priori knowledge of the exact hole location, and without
the use of external tools, such as vision based hole detection
or force sensors. Wrench coupling is implemented to account
for the platform’s kinematic constraints during screwing. The
application of a constant contact force and a compliant response
to induced disturbances are obtained with the use of admittance
control. The full framework is validated with extensive flight
experiments that demonstrate the effectiveness of each sub-
system, as well as the complete architecture. We also validate
the robustness of the detection algorithm against false positives.
Within the results we demonstrate the ability to perform the
automated task with a 86% success rate over 35 flights, and
measured hole search time of 9s (median value).

I. INTRODUCTION

In the last decades, underactuated unmanned aerial vehi-
cles (UAVs) have mainly been used as sensing platforms,
especially for applications in visual inspection, monitoring
and mapping. The research field in aerial manipulation
greatly expands upon aerial robots’ capabilities and reach,
by demonstrating their use for interaction tasks with the
surroundings. Example applications include grasping, load
transportation, peg-in-hole, aerial writing, and the exertion
of force against different targets and surfaces for use cases
like none destructive testing, sensor placement, human-aided
drilling and screwing [1]-[6]. Thanks to their vertical take-
off and landing (VTOL) abilities, agility and accessibility,
they have become suitable candidates for servicing and
maintaining infrastructure, offsetting the risks involved with
such operations carried out by humans at height [7]-[9].
Most contact-based applications demand different behaviours
of the UAV during the free flight and the contact phases.
Three main aspects are associated with aerial interaction
tasks, namely force control, motion planning and target
detection. The state-of-the-art shows examples of different
controllers used, in combination with different perception
methods to aid the autonomy aspect. With regards to in-
teraction controllers implemented for aerial manipulation,
two main approaches are found: direct and indirect methods.
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Fig. 1: Aerial screwing with a fully-actuated UAV.

Indirect methods are widely used to generate a compliant
behavior in response to external forces with impedance or
admittance control schemes [1], [4], [10]. Other works make
use of direct force control by adopting onboard force and
torque sensing, in a closed-loop fashion [11], [12]. With
regards to motion planning and trajectory generation, three
approaches are found to render autonomy: when the system
is manually operated by a pilot and therefore no trajectory is
defined (no autonomy) [13], when a Motion Capture System
(MoCap) is used to determine the target pose in real-time
(low autonomy) and compute the trajectory [1], and when
the trajectory generation is fully based on visual feedback
that estimates the target pose (high autonomy) as in [6].
Lastly, as different control envelopes are used for contact and
free flight, the transition between them is either appointed
to a human operator as seen in [6], [13], or autonomously
achieved via onboard force sensing and state estimation [11],
[12].

Based on the above efforts, this work presents a novel
approach to aerial screwing using a fully-actuated UAV with
fixed tilted rotors. To achieve this, we develop a detailed
cascade control architecture that addresses various nuances
involved in the screwing process. This enables to have a
higher autonomy in delivering aerial screwing without the
use of external tools, such as vision based hole detection or
force sensors. As part of our proposed strategy we implement
an admittance controller to adjust the vehicle’s position
during the contact phase, and render a continuous force
during the screwing operation while maintaining the vehicle’s
stability. Within the scope of the paper, autonomous detection
of the hole in the target area and a robust response to false
positives are part of the key results; while motion planning
prior to the screwing task is not hereby considered. The
contributions of this work can be then summarized:

« We present an aerial manipulator system, capable of

978-1-6654-7927-1/22/$31.00 ©2022 IEEE 3340

Authorized licensed use limited to: TU Delft Library. Downloaded on January 09,2023 at 16:26:42 UTC from IEEE Xplore. Restrictions apply.



screwing into vertical walls indoors with a success rate
of 86% out of 35 flights without vision or force sensors.

« We propose a technique to autonomously find the target
hole without any a-priori knowledge of the exact hole
location.

« We propose a control strategy that is robust against the
UAV’s reduced degree of freedom during the screwing
process.

« We exploit the inherent capabilities of fully actuated
UAVs in force generation to strengthen the robustness
of aerial screwing.

II. PROBLEM STATEMENT

As we focus on the screwing process, we assume the
hole to be present on the target surface beforehand. The
aerial screwing process can be divided into several phases,
or sub-tasks. Prior to and after the screwing task, the UAV is
hovering in free-flight. For the operational phases in between,
we define the following constraints and assumptions:

1) Target Surface Localization
We assume the target area to be a vertical flat surface
of which position and orientation are known a-priori,
and that we can approach the surface perpendicularly.
However, the hole location is only known within an
area of several centimeters on the target surface.

2) Transition from Free Flight to Contact Flight
The UAV is approaching the target surface until the
screw tip is in contact to the target surface. When
contact is detected, a contact force is generated to
ensure continuous contact.

3) Screw-Target Interface
We assume the surface texture in the surrounding area
of the hole to be smooth enough to allow a lateral
sliding of the screw tip. We also assume the screw to
have a flat tip, e.g. similar to a bolt, to allow sliding
motion over the target surface.

4) Hole Detection and Screw Insertion
In some rare occurances, the screw might enter the
hole directly at first contact. In most cases, the hole is
unlikely to be found at the first hit. Hence, the screw
will be moved over the target surface until the screw tip
enters the hole, which is essentially a combination of
a push-and-slide and a peg-in-hole task. This increases
the robustness and repeatability of the process, as the
information on the exact hole location is not necessary.
When the screw tip enters the hole, lateral movements
of the screw tip are no longer possible due to the
mechanical coupling. This translates to lower degrees
of freedom (DOF) in the system as a whole. The screw
is rotated until it is completely screwed in and a desired
tightening torque is reached.

5) Undocking and Transition into Free Flight
To undock the UAV from the screw, a force vector
pointing away from the target surface is generated by
the force controller until the UAV returns to free flight.
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Fig. 2: Aerial manipulator with used reference frames. The
axis colors are: x-red, y-green, z-blue.

III. SYSTEM DESIGN AND MODELLING

The system consists of a fully actuated UAV and a 1 DOF
manipulator for screwing. The fixed world frame is denoted
with W; the body-fixed frame B lies in the center of the UAV;
frame 7 is centred in the tool center point (TCP), i.e. the
screw tip; and the target resp. hole frame I is located at the
center of the search area on the target surface, as depicted in
Fig. 2. If not explicitly specified differently, all translational
quantities (position p, force f, etc.) are expressed w.r.t. the
world frame W, all rotational quantities (angular velocity ®,
inertia tensor ®, torque T etc.) are expressed w.r.t. the body
fixed frame B.

A. Aerial Vehicle

The UAV of mass m is a fully actuated hexacopter with
fixed tilted rotors. The simplified dynamic model of the UAV
can be described by its equation of motion:

mpB 0 mge; _ fex
(@@) + (w X @w) + ( 0 ) - (Tex:> T Waer, (1)

with the external forces f.,, and torques Tey. It is assumed
that the origin of the frame B coincides with the center of
gravity of the UAV. The actuation wrench w, is related
to the rotor angular velocities by wy = J®2,, with the
constant mapping matrix J, derived in [14].

B. Manipulator

The 1 DOF manipulator for screwing consists of a servo
motor and a rigid transmission shaft extending beyond the
rotors in the negative x axis of frame B. The screw head
is clamped into a screw holder similar to a socket wrench
insert at the end of the shaft and is aligned with the rotation
axis of the manipulator.

C. Architecture

The overall system architecture is shown in Fig. 3. A state
machine manages the flight states based on contact and hole
detection results. The reference pose given by the trajectory
generator ¢ is adapted by an admittance filter to achieve
a compliant behavior in the presence of external forces and
kinematic constraints during the screwing operation and to
generate the desired contact force. A 6-DOF pose controller
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Fig. 3: Overall system architecture.

controls the angular velocities of the six rotor units. The
current pose .y is estimated fusing measurements from an
IMU and an indoor localization system with an Extended
Kalman Filter. The manipulator is controlled separately and
interfaced via simple commands to start or stop the screwing
process. The key components are described in detail in
section IV.

IV. CONTROL

A. Pose Control

The full pose of the UAV is controlled with a 6 DOF PID
controller and additional feedback linearization. The control
law is given by

t
Fen = Knidpy +KpApg + Ky, /0 Appdt (@)

for the position, and
t
Tetl = KPqu + KDqu + Klq /0 Ath =+ Tlin €))
for the orientation, with the linearization torque
Tiin= 0 X O® 4

from (1). The diagonal matrices Kp, Kp, Kjg > 0 represent
the controller gain. The orientation error Ag is calculated
from the orientation Ry p as

®)

with the vee-operator V that maps a skew symmetric matrix
to the corresponding vector, thus making the error equivalent
to an angle-axis-representation. The full wrench output to
actuate the UAV is composed the following

1
Agq = B RVTVB,desRWB - RvTVBRWB,deS} v

(6)

Wact = Weul — Wyr
with the estimated external force as feed forward:

@)

B. Wrench Estimation

To estimate external forces and torques, a hybrid wrench
estimator based on [1] is utilized. The estimated external
wrench

®)

is calculated based on the actuation wrench w,, the linear
acceleration pp and angular momentum ®® of the UAV. The
differential equation to obtain the external force estimate is
given by

~ t ~
Fou =K+ /0 (~Fo— foa +mby+mge:) &’ (9)

whereas the external torque is estimated using
!
;i-ext = KT . (/0 [(D X O — %ext — Tact] dt/ + @m) (10)

with the filter gain matrices K7, K; > 0.

C. Admittance Filter

The admittance filter, applying additional compliance to
the translational system behavior, is based on [1] and ex-
tended to allow controlling the contact force and the torque
coupling to deal with the additional kinematic constraints
during screwing.

The filter dynamics is described with

MApf+BApf+CApf:P}ext+fcoup_ffc' (11)

The mass M, stiffness C and damping B can be chosen
freely to create the desired system behavior. The desired
position for the pose controller pg4., is obtained from the
filter dynamics by

Pyes :pref_APf- (12)

To achieve a high lateral position accuracy, a compliance to
external forces is only applied perpendicular to the target
surface. Assuming the world frame W and the target frame
H to be parallel, the projection matrix P is given by P =
diag([100]). The coupling force f,,, and the force of the
force controller f. are explained in the following. When
the screw tip enters the hole, the lateral screw tip motion
is constrained and lateral forces at the screw tip arise from
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pose estimation errors and misalignment of the UAV w.r.t. the
hole. Due to the reduced degree of freedom of the UAV, the
position and orientation controller cannot act independently
anymore. Thus, a decoupled 6-DOF pose control results
in counteracting control forces and torques. By introducing
wrench coupling, the UAV position becomes compliant to
applied torques in order to allow the UAV position to align
with the hole even without knowing the exact hole location.
Assuming that the contact is established in x-direction w.r.t.
the world frame and the screwdriver rotates about the x-axis
of the UAV, the coupling force is calculated with the scaling
factor keoup >0 as

0 0 O
fcoup:kcoup' 0 0 —1| Tex (13)
-1 0 O

An external torque about the z-axis generates a force in
y-direction to align the UAV horizontally, while a torque
about the y-axis generates a force in z-direction to ensure
the vertical alignment.

To control the contact force perpendicular to the target
surface, a force controller applies the force f ¢ to the ad-
mittance filter. Thereby, the desired position py. is adjusted
so that the position controller generates the desired contact
force from the induced position error. The force controller
is designed as a PID controller with the input force error
Af=P (]’ext - fdes). This approach thus ensures the desired
contact force regardless of the actual implementation or
model parameters of the position controller or admittance
filter and takes full advantage of the fully actuated UAV
structure.

D. Aerial Screwing State Machine

The strategy hereby proposed for the aerial screwing task
is based on a cascaded finite state machine (FSM), illustrated
in Fig. 4. In addition to what was previously presented
in [6], the following strategy carefully breaks down the
operations involved in the screwing process and presents a
higher fidelity model to the real-world application, enabling a
robust and repeatable outcome. The FSM receives a reference
trajectory to the approximate location of the hole &.¢ and
renders the motion to accomplish the screwing task. During
the state Trajectory Tracking, the vehicle is in free-flight and
the trajectory to the approximate target location &ireer is used
as reference pose étarget for the admittance filter. When con-
tact with the target surface is detected, the system transits to
the Contact stage, where the force controller is activated and
the desired contact force fges is set. Subsequently, a Search
Pattern state is enabled to move the screw tip systematically
along the target surface to find the hole. During the search,
the end-effector is kept perpendicular to the surface, which
is assumed to be flat, and the vehicle moves parallel to
the target surface. This state is maintained until the screw
tip is detected to be in hole. The detection algorithm is
described in section V. An additional state, Hole Test, verifies
this condition: as the TCP is inside the hole, radial circular
motion is imposed at the screw tip by slightly changing

¥ hole lost:
ot S h. in-hol Hol in-hol
detected earch- In-hole ole- In-hole .

[ Pattern }detected{ Test }detecled
screwing finished
Fig. 4: Finite state machine architecture of the aerial screwing
state machine.

Trajectory-
Tracking

hole lost:

Contact

the desired orientation of the UAV while keeping the body
position constant. The verification is completed if the screw
tip holds its position during the hole test. Subsequently, the
Screwing process is started. In this state, the wrench coupling
is activated and the torque-feeding actuator is started. An
inner control loop runs on the manipulator, continuously
evaluating the motor’s current-torque output (see Section I'V-
E). When the screwing process terminates, the final state
Detaching is initiated where a negative contact force is
demanded on the admittance controller to disconnect the end-
effector from the screw. After detachment, the TCP can move
freely and therefore the Trajectory Tracking state is entered
again, guiding the UAV to the home position.

E. Manipulator Control

The manipulator control is also based on a finite state ma-
chine architecture to represent the different stages throughout
the screwing process. Starting in state Idle, a transition
to state Turning is initiated by a start command from the
FSM. In state Turning the motor operates in current control
mode with limited speed. A desired maximum motor current
proportional to the desired tightening torque is set. Thus, the
desired motor current is only reached for a tightened screw.
If the desired motor current is reached for a certain duration
without any rotation of the motor, the screwing is stopped
and a transition to state 7ightened is initiated. The result
is subsequently reported to the FSM and the manipulator
control returns to state Idle.

V. DETECTION

To automate the screwing process and be able to use the
proposed approach in the real world, both the detection of
contact with the target surface and the hole location are of
key importance. The detection algorithms rely, amongst other
quantities, on the position of the TCP w.r.t. the world frame,
expressed in the target frame z pr. For this section, estimated
quantities are denoted with superscript [J, whereas desired
quantities are denoted with superscript [J.

A. Contact Detection

Contact established between the TCP and the target wall
is the prerequisite and the trigger for activating the force
controller on the aerial system. To improve robustness, the
contact detection takes three different quantities into account:

1) Position error in the normal direction Ap :

It is assumed that the contact surface prevents the TCP
to reach its desired position. Thus, a position error in
the direction normal to the contact surface (x-axis in
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frame H), while the UAV aims to move towards the
wall (57, <0), is an indicator for contact:

HﬁT.x*HﬁTJ . -
HELX HEZX 4 5. <0
ApiL = { Apo Hox

0 else. (19
with the normalization constant Apy.

2) Envelope of the TCP position in normal direction €, :
During free flight, disturbances may cause the TCP to
deviate from the desired position. At contact, the TCP
x-position (in H frame) is aided by the presence of the
wall itself, therefore the error in the normal direction
is less subject to oscillation. The normalized position
envelope is defined over the last N estimates of the
TCP position as

. _ €10~ [maxy (yPr.x) — miny (5Pr.0)]
+ €10

15)

with the reference envelope width €| .

3) Estimated contact force f:
As a third indicator for established contact, the normal-
ized estimated contact force y f, is considered with

s
fo

and normalized with the desired contact force £, > 0.

fi (16)

From these three indicators, a confidence value o is continu-
ously computed from which the contact detection is inferred.
_c1rApitcer-€lto3 f1

o, )
‘ Z?:] Ci

in contact

o > ac,thresh (18)

with the empirically determined weight coefficients ¢; and
threshold O thresh-

B. Hole Detection

In a similar way, the hole detection algorithm accounts for
two quantities:
1) Envelope of the TCP lateral motion g:
When the screw tip enters the hole, its lateral motion
is blocked. This phenomenon is indicated by a reduced
lateral motion of the TCP:

VA + A — €0

&=
: €0

19)

with Ay = [maxy (, fy) —miny (;;fy)]. and Az compa-
rably derived.

2) Estimated distance between the TCP and the wall d,,:
The distance to the wall is defined as the difference
of the estimated wall position to the momentary TCP

position as

do — HPwallx — gPT x

, = HEWalx HETX
dW,O

with the normalization factor d,,o. In addition, a de-
creased wall distance indicates that the screw has
entered the hole. The wall position y pyar x is estimated

(20)

based on the TCP position during sliding on the target
surface.
In the rare instance where the screw tip enters the hole at first
contact, i.e. without sliding on the target surface, the above
approach proves invalid as d,, cannot be computed. There-
fore, a disambiguation for the overall in-hole confidence o,
is proposed:

g if d,, is invalid
=9 ¢4y to5-d @1)

———  else.

c4+cs

If no valid wall distance is available, the hole detection is
solely based on the lateral motion of the TCP. The in-hole
detection results positive if contact is detected for at least 1s,
and the in-hole confidence is above a threshold oy, > 04 thresh

for at least 1s.

VI. FLIGHT EXPERIMENTS
A. Setup

The used UAV has a mass of 5.25kg, its 15 inch rotors are
alternately inclined by £20°. The flight controller code runs
on a ground computer and is described in more detail in [15].
To begin with, a plastic bolt and target hole with M20 thread
are fabricated. Both the thread of the bolt and of the hole are
machined. The surface area where the TCP can slide during
the task consists of a 20cm wide square, mounted on a 1-
axis force sensor for ground-truth measurements. The friction
coefficient between screw tip and slide area is approximately
U~ 0.15. The screw tip can enter the target hole with a
maximum lateral displacement of about =1 mm. The screw
holder is designed for a standard hexagon screw head, and
it is connected to a Dynamixel XM540-W150 motor via a
carbon fibre shaft.

During the search pattern, a star-shaped pattern of 6
cm diameter is followed to locate the hole. The pattern is
designed to systematically cover an area around the assumed
hole location. In contrast to a grid-shaped pattern, the star-
shaped pattern causes a higher search density close to the
assumed hole location. A precise following of the pattern
is not necessary as its cause is to cover an area around the
hole and not to define a distinct search path. In case of a
higher uncertainty of the hole location, the search pattern
can be scaled up to cover a wider area. During the hole
test phase, an angular displacement of 2° is imparted on the
UAV generating lateral forces of approx. 0.5N at the TCP
and verifying the in-hole presence. The peak torque reached
when tightening the screw is approximately 0.5 Nm. All other
relevant parameters used in flight experiments are specified in
Tables I and II. The detection parameters are experimentally
optimized throughout several calibration flights. The value
for normalizing force  f, corresponds to the desired contact
force of 2N.

A HTC Vive! MoCap system is used to acquire the UAV’s
absolute pose. Additionally a Phidgets 10442 IMU is used

lwww.vive.com

Zhttps://www.phidgets.com/?&prodid=1038
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Fig. 5: Target surface with hole and end-effector with plastic
screw.

TABLE I: Contact and hole detection parameters.

Ky Apo | €10 | afx | dwo | Qesnresn | C124 | c3 | 5
K+ €10 Qp thresh
10-T343 | 2cm | Iecm | 2N | Smm 0.4 2 5 1

to improve the state estimation. The MoCap system can be
replaced by visual odometry and an onboard distance sensor
for outdoor experiments. To reduce communication latency
between the UAV and the control software running on a
ground computer, the UAV is connected with data cables to
the ground computer. Power is supplied to the aerial system
via a wired connection, to enable longer operational time.

B. Results & Discussion

To validate the proposed concept, 35 experiments are
conducted. By observing the UAV’s position in Fig. 6 (top
plot), one can appreciate the different states of the finite state
machine, highlighted by the colored areas. During screwing
(between 48s and 72s), the x-position of the UAV slowly
decreases as the screw tip immerses into the hole. In all
following plots, the UAV position is shown in the J{ frame
with an offset for better visibility.

The low-pass filtered forces and torques acting on the UAV
body in flight are depicted in Fig. 6 (middle, bottom plots).
The estimated and desired contact force, depicted in solid
and dashed blue respectively, match very well throughout
the whole experiment. The force sensor readings (green line)
show deviations from the estimate during search pattern and
hole test phase (between 39s and 495s), however they match
well during the screwing phase. This behaviour is appointed
to the presence of higher lateral forces, i.e. f, and f;, that
come into play due to: 1) the friction between screw tip

TABLE II: Wrench estimator and admittance controller pa-
rameters.

K.K. | M C B
10-Ta,s | 5-T3.3 | diag([20, 20, 30]) | diag(]100, 100, 122])

o
s

£} _\ <—Hole entere] —X—y 27
— £
=1 e
g of e
h=1
= <
0.1k I Hole T?st _ ]
4 T T T L = —
l fx fy fz fJ;.des fr.sensorr
Mwmwbmﬁq/\a B
M/\MA\/*MN\,\,,\,\/\//\/\M/ f\

o ’
screwmg stopped —

RS mew
N &

: b
w,”‘”“,’“ il

0 3 40 45 50 55 60 65 70 75
time [s]

Fig. 6: Desired (dashed) and estimated position of the

TCP (top), estimated forces (middle) and estimated torques

(bottom), with highlighted states of the FSM.

|—e. —Ap,
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2 Hole 7 =T
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1k Hole Test ! in Hole ]
1 1 1 1 1 1 1 1 1
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time [s]

Fig. 7: Contact confidence (top) and hole confidence (bot-
tom) during operation.

and target surface as the TCP slides along the target, 2) the
data and power supply cables attached to the UAV, 3) the
constraint reaction forces due to the hole test and 4) due to
the misalignment of the UAV with the hole position. As the
screw is completely screwed in, a peak in the x-torque with
a subsequent plateau can be observed (blue line in bottom
plot at 70s stops). Reference measurements with a torque
sensor show a peak tightening torque of 0.5Nm. However,
due to the low-pass filtering the peak torque shown in the
plot is a little lower.

A key part of the proposed strategy is in the detection of
the target and hole, prior to screwing. The transition from
one state to another is based on the quantities described in
Section V, and illustrated in Fig. 7. As the contact is estab-
lished, all contact detection quantities show a simultaneous
and significant increase in value. The same applies for the
hole detection quantities as the screw enters the hole. As the
screwing starts and the screw further immerses into hole, the
position error Ap, is no longer considered for computing
the contact confidence o, since it would deceive the hole
detector to have missed the target surface. In the current
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Fig. 9: Search pattern tracking for a flight with long search
phase

approach, a motion capture system is used to ensure a good
state estimation. Alternatively, a rangefinder could be used
for estimating the wall distance and an onboard camera could
be used to estimate the lateral movement of the screw tip
relative to the target surface.

As the UAV detaches from the inserted screw, a motion
of the TCP perpendicular to the contact surface causes the
detector to detect a loss of contact (purple line in top plot at
72s).

The effect of the proposed wrench coupling method is
shown at an example in Fig. 8. Without wrench coupling,
the orientation controller increases the yaw torque (i.e. about
the z axis) to correct the yaw error that results from a lateral
misalignment between the UAV and the hole. When the UAV
detaches from the screw head and the contact constraints
are released, this torque results in high yaw errors. Thanks
to the wrench coupling, the yaw torque is limited as the
UAV position is adjusted to align with the hole, significantly
reducing the yaw error after detachment.

To illustrate the effectiveness of the search pattern, the
TCP position of one sample experiment with a long search
duration is shown in Fig. 9. The TCP follows the desired path
qualitatively and with a slight delay. Considering the small
search pattern size and the friction caused by the stick-slip
characteristic, the TCP follows the desired path sufficiently
well.

C. Robustness and Success Rate

To demonstrate the robustness of the hole detection algo-
rithm, flight experiments are carried out where the TCP is
purposely placed in the corner of the target surface, far apart
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Fig. 10: Lateral TCP motion on y —z axes (top plot) in a
sample experiment where the TCP movement is purposely
blocked by hard stops (dashed lines). The light gray areas
indicate the Search Pattern states, while the dark gray areas
indicate the Hole Test state. The bottom plot shows the hole
confidence ¢y, and the corresponding threshold 0, ghyresh being
responsible for the transition between the two states.

from the real hole location. When in the corner, the TCP’s
lateral motion is limited in two directions by a mechanical
border surrounding the target area, as depicted in Fig. 5. This
hard stop blocks the TCP motion, causing an increase in the
in-hole confidence o, and therefore triggering the Hole Test
state whenever o, > 0 thresh applies for more than 1s.

As the lateral motion in the remaining two directions is
still possible, the hole test fails and the Search Pattern state is
re-activated. Results from these tests are illustrated in Fig. 10.
In the shown experiment, the longest hole test duration is 4.6s
(from 47s to 52s) which is close to the maximum hole test
time of 5.5s. As a falsely succeeded hole test is conceivable,
the re-activation of the Search Pattern state is also possible
from the Screwing state for additional robustness as shown
in Fig. 4.

In order to demonstrate the robustness and repeatability
of the whole framework, Fig. 11 shows a comparison of 30
successful flights. The time elapsed between initially entering
the Search Pattern state and finally entering the Hole Test
state is plotted against the true hole location within the search
pattern.

The overall success rate for all 35 flights is 86%. A
flight is considered as successful if the screw is completely
screwed in, and the UAV reaches free flight again. Overall, 5
failed tests are experienced caused by flight instability. The
reason for this behaviour can be appointed to weak state
estimation experienced after many subsequent flights were
carried out. This was however solved after rebooting the
system and it is most likely independent from the presented
methodology. A video of the performed flights is provided
at https://youtu.be/jGIbtuPdbJg

VII. CONCLUSION

This paper presents an approach for automated aerial
screwing staged out with contact detection, hole search, hole
detection, screwing and detaching operations. A point of
strength of our proposed strategy lies in the thoroughness
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Fig. 11: True hole location relative to center of search
pattern (expected hole location) and hole search duration.
The desired search pattern is shown in red.

of the control architecture and its robustness to reject false
positives. The pipeline has a success rate of 86% over 35
flights, and a median hole detection time of 9s. Overall,
our approach exploits the inherent features of fully-actuated
platforms by applying 3D forces to the end-effector while
maintaining a perpendicular orientation w.r.t. the target sur-
face. In doing so, we avoid the use of external tools such as
vision to aid detection or force sensing to guide the compliant
behaviour while in contact.

Further work will investigate the integration of visual
feedback in the form of visual inertial odometry to perform
outdoor operations in full autonomy. Moreover, robustness
against different sizes of screw, surface inclinations and
surface textures will also be investigated.
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