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I. INTRODUCTION

Subtractive manufacturing techniques such as milling re-
quire heavy and large machinery, thus making in-situ fab-
rication or alteration of workpieces often unfeasible. In the
case of milling, the workspace and dexterity of a computer
numerical control (CNC)-mill is generally limited by size and
mechanical complexity constraints. Conversely, overactuated
and omni-directional aerial robots such as omnidirectional
micro aerial vehicles (OMAVs) have the ability to manipulate
an almost unbounded workspace and execute complex six
degrees-of-freedom trajectories needed for 5-axis milling. In
the following, we examine the feasibility of using an OMAV
as a floating-base end-effector for milling. Early exploratory
experiments are presented and evaluated. Furthermore, key
challenges imposed by floating-base subtractive manufacturing
are analyzed.

II. RELATED WORK

Aerial robots are increasingly used for non-destructive
contact-based inspection due to their dexterity and workspace.
Recent examples include the use of multidirectional-thrust
aerial vehicles combined with lightweight arms for additional
degrees of freedom [5] and fully omni-directional systems [2]
[3]. While contact-based inspection requires stable flight in
presence of force exchange, it does not alter the workpiece.
Recent examples of active alteration of the environment using
flying robots include painting [6] and drilling holes into soil
after becoming stationary [4].

III. SYSTEM DESCRIPTION

The platform used in this work is a fully omnidirectional
micro aerial vehicle. Six propeller groups with two propellers
each are tilted independently using a servomotor for each
group. Position and attitude are completely decoupled and the
system can exert a wrench in any orientation. A proportional-
integral-derivative (PID) controller is used for attitude and
position tracking in body frame (roughly center of mass). A
detailed description of the used system can be found in [1].

A. End-effector and Spindle

A standard brush-less motor equipped with a miniature drill
chuck is attached at sufficient distance using carbon fiber
tubes. A two-fluted mill bit with 6mm diameter and 12mm
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Fig. 1: 2d milling of extruded polystyrene foam (Styrofoam)
using a milling spindle and stabilizer ring mounted on an
OMAV.

cutting length is used for all styrofoam milling experiments.
In order to stabilize the OMAV during milling and to ensure a
constant and safe milling depth, the end-effector is equipped
with a 2D-stabilizer ring.

B. Trajectory Generation

Electronic Industries Alliance standard RS-274, commonly
referred to as ”g-code”, is the de-facto standard interface used
by CNC-enabled milling machines. To maintain compatibility
with the well-known computer-aided design (CAD)/computer-
aided manufacturing (CAM) workflow, we developed a trajec-
tory planner that generates feasible OMAV trajectories based
on g-code.

IV. EARLY EXPERIMENTS

In the following, early exploratory experiments of styrofoam
milling using the described OMAV are presented. Milling
trajectories are executed with a feed-rate of 2000mmmin−1.
A VICON motion tracker system is used for external state
estimation and workpiece tracking. After a manual take-off,
the OMAV autonomously engages with the workpiece and
executes the milling trajectory.

Figure 2 compares the commanded and realized end-effector
positions. The observed inaccuracies are caused by brisk
force- and torque-disturbances due to the milling process. In
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Fig. 2: Set point of body position transformed to end-effector
position in workpiece frame (blue) and measured
end-effector position in the same frame (orange). RMSE in
the x/y-plane is 40.4mm.

the current, body-frame based, controller formulation these
disturbances impair attitude tracking and thus end-effector
position tracking.

V. CONCLUSION AND FUTURE WORK

Our early exploratory experiments demonstrate the feasibil-
ity of using an OMAV as a floating-base, in-situ milling machine
for soft materials. However, the process of subtractive man-
ufacturing poses a variety of challenges to the construction,
control and perception of an OMAV. These challenges need to
be addressed in order to improve the accuracy and stability of
the milling process.

A. Control

Traditional milling machines rely on stiffness of its end-
effectors in order to achieve high accuracy. A floating-base
system is inherently non-stiff and thus needs accurate and fast
control to force the mill bit onto the desired trajectory. As
the mill bit is mounted off-center, both attitude and position
tracking accuracy is crucial. Prediction of interaction forces
and additional force-torque sensing could improve controller
performance. Additionally, an active disengagement and re-
positioning strategy could mitigate the risk for large deviations.

B. State-estimation and progress tracking

In the absence of an external state-estimation system, visual-
inertial fusion is widely used for on-board state estimation.
The active alteration of the workspace through milling, and
the resulting dust, debris and vibrations, can be detrimental to
the robustness of visual-inertial state estimation. Additionally,
in-situ floating-base manufacturing requires accurate pose es-
timation relative to a given work piece that is known a-priori
and altered in a known way. Additional sensor modalities such
as depth cameras or LIDARs may be beneficial for geometry-
based workpiece localization and progress tracking.

REFERENCES

[1] Karen Bodie, Zachary Taylor, Mina Kamel, and Roland
Siegwart. Towards efficient full pose omnidirectionality
with overactuated mavs. In 16th International Symposium
on Experimental Robotics (ISER 2018), 2018.

[2] Karen Bodie, Maximilian Brunner, Michael Pantic, Stefan
Walser, Patrick Pfändler, Ueli Angst, Roland Siegwart,
and Juan Nieto. An omnidirectional aerial manipulation
platform for contact-based inspection. arXiv preprint
arXiv:1905.03502, 2019.

[3] M. Ryll, G. Muscio, F. Pierri, E. Cataldi, G. Antonelli,
F. Caccavale, and A. Franchi. 6d physical interaction with
a fully actuated aerial robot. In 2017 IEEE International
Conference on Robotics and Automation (ICRA), pages
5190–5195, May 2017. doi: 10.1109/ICRA.2017.7989608.

[4] Yue Sun, Adam Plowcha, Mark Nail, Sebastian Elbaum,
Benjamin Terry, and Carrick Detweiler. Unmanned aerial
auger for underground sensor installation. In 2018
IEEE/RSJ International Conference on Intelligent Robots
and Systems (IROS), pages 1374–1381. IEEE, 2018.

[5] Marco Tognon, Hermes A Tello Chávez, Enrico Gasparin,
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