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This paper introduces Paraswift, a mobile robot ihable to climb an ordinary wall and
deploy a paraglider for a remote controlled retiorground. The goal is entertainment
and technical education through an unusual, eyehitag robot. Multiple requirements
must be met — to provide a mechanism that geneséitasg adhesion for climbing yet is
low weight for flying, to ensure a reliable trammit from climbing to flying, and to
handle collision forces on landing — in a singlenpact robot. The climbing technology
is vortex adhesion with wheeled locomotion. Theaglder is folded into the robot shell
on ascent and deployed at launch time using a nmeghanism based on a 2-DOF
manipulator arm. Flight is remote controlled, anel tobot has a protective frame of glass
fiber reinforced plastic with a hard foam core bsarb collision forces on landing. This
paper describes our work on the complete systesmtjreg with the design, simulation,
and physical testing of individual components, antininating in the integration phase
with successful climbing and flying on multiple \¥galof varying characteristics. We
believe that Paraswift is the first demonstratidraccompact robot that is capable of
vertical climbing and passive flying.
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1. Introduction

Paraswift is a climbing and flying robot that pides an eye-catching
demonstration for entertainment and technical etituctaThe concept is shown
in Figure 1 — the robot climbs a building wall, tefs a paraglider, and
launches from the wall to make a remote contradlescent to earth. An onboard
wireless camera transmits video to a display atiggldevel, allowing spectators
to see the robot eye view. As an entertainment rexpee, Paraswift is a base
jumping robot that draws on public interest in erte sports. As a technical
education experience, Paraswift demonstrates sttageproblems and solutions
about how to combine climbing and flying in what welieve is the first
compact robot to combine vertical climbing and pasflying in one system.

a screen at ground level, (c) flying under rematetiol.

In addition, the work has practical potential. Tim®st reliable current
technology for climbing robots is magnetic adhesiawhich works for
ferromagnetic surfaces such as metal tanks ands pipendustrial settings.
There is also a variety of research on climbingptégues for ordinary walls, but
this is a more difficult problem because the swfacdo not offer a
straightforward adhesion mechanism like magneticefpand ordinary walls
have a range of characteristics like indentations flakiness. Thus falling is a
significant risk for an untethered robot that i4 nsing magnetic adhesion. This
paper demonstrates a deployable paraglider assibjmsafety mechanism for
climbing robots. This is not the topic of the paperd there would be many
research challenges to address, but it can be pedpas a realistic concept for
some applications and settings given the preseatadts.

2. Related work

There are a number of technologies for creatingdiresion force in order
to climb vertical or inclined surfaces. Previousrkvancludes suction [1-5],
magnetism [6], artificial gecko hairs and dry adbes[7-10], and electro-
adhesion [11]. Suction can be achieved in two wayther using a closed
vacuum chamber that requires a seal between ttut aplol the surface [1-3], or
using vortex generation that does not require [4e&]. Magnetic adhesion is
a reliable technology that is being used in realldvapplications such as mobile
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robot inspection in industrial plants, but it ismfioed to ferromagnetic surfaces.
Gecko hairs and dry adhesion are promising teclgiedobut one of the
challenges is that dirt and dust accumulate on divabing pads and the
adhesion force diminishes rapidly. Furthermoresé¢happroaches need a large
contact area with the surface e.g. with legs [Hegs [8, 9] or tracks [10], and
simple wheels with only line contact are insuffitie Electroadhesion is a
promising approach but is difficult to realize dte limited availability of
special materials.

3. Paraswift Robot

31 Overview

The first stage of the work was to specify goald eonstraints for the robot:

e Climb on unmodified building walls

e Fly under remote-control

e Land on unprepared ground

e Onboard camera

»  Stylish appearance and good visual experiencepfestators

The principal functions are to climb, to transitibetween climbing and
flying, to fly, and to land on an ordinary groundrfaice. For the climbing
mechanism, we required an adhesion technologywbatd work on a variety
of building surfaces and which was not heavy. Suctivas the most suitable
choice, along with motorized wheels for locomoti@uction works on varied
surfaces, does not damage or mark the surfacejsaad economical choice.
This required a further decision between a vaculmamber and a vortex.
Vortex adhesion was the best choice for two reasofa) the ratio between
adhesion force and mass is superior to vacuumagahh robot can have lower
weight, (b) no sealing is required between the taba the wall so that it is
easier to climb on walls with geometric irregulisst

For flying, a paraglider was chosen because cfeltstabilizing character
and maneuverability at low velocities, and becausefoldable which allows it
to be hidden inside the robot while it is climbiog the wall.

The major unknown in the initial stage was the sithon between climbing
and flying because this is not a problem with staddolutions and it could not
be modeled in simulation. In the rest of the papections 3.2 - 3.5 describe the
principal functions in more detail. Section 3.6 atéses electrical control and
the onboard camera.
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32 Climbing

The climbing mechanism is shown in Figure 2a. Addresduring the
climbing phase is achieved using an impeller tmaties a vortex with a low-
pressure area at the center as illustrated inithelation in Figure 2b. A non-
sealing carbon fiber case around the impeller kekpskinetic energy of the
vortex inside the system. There is a gap of aboutlbetween the case and the
wall, which avoids energy loss due to friction aaltbws driving over small
geometric irregularities. The wheels are standatdni®del parts with a friction
coefficient of around 1.0 on typical wall surfaces.

The first tests were performed with an impellernfr@a vacuum cleaner
with an outer diameter of 125 mm. Computationalid-lDynamics (CFD)
simulations with ANSYS CFX correlated with thesstéeand the system was
optimized according to our needs. In the implemeienbing mechanism, the
case is made of a carbon fiber reinforced polyrtrecture, weighs 35 g and has
size @260 mm x 30 mm. The impeller is made of sheetal and driven by a
lightweight brushless motor. The number and formthaf rotor blades were
determined in the optimization. The impeller weig@l@sg and has size @175 mm
x 16 mm. The adhesion force is 15 N at a rotatiapaed of 2900 rpm and
energy consumption of 25 W, and 40 N at 7200 rpch&hW.
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Figure 2. (a) The climbing mechanism of the robot, showing tarbon fiber case,
the impeller within the case, and two motorized eikefor locomotion.
(b) CFD simulation of the pressure distributioridiesthe case, with values relative to
the environment.

Safety— The case is covered with a grating to prevecidaatal contact with the
impeller. In addition, the attachment of the impelio the motor is secured with
adhesive, and the robot was handled in operatimg safety gloves.

33 Transition from Climbing to Flying

The paraglider weighs 200 g and has an area of @EHobbyKing
Paraglider Parafoil 2.15 [12]). The goal of a minmm deployment height of
10 m led to a decision to actively open the padaglbefore leaving the wall so
that the robot would have more time to reach stigjlet.
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The paraglider is folded into the robot shell dgriciimbing as shown in
Figure 3a. Bendable carbon fiber rods act as fexwprings that are
compressed when the paraglider is folded into tredl,sand a securing cord
holds the compressed rods in place. Deploymertliieaed using a lightweight
2-DOF manipulator-arm with two servos as jointsteAthe manipulator-arm is
expanded in a horizontal position, the securingldsrremoved and the rods
span the paraglider on its entire width, but #ti#§ folded lengthwise around the
manipulator-arm as shown in Figure 3b. Now the malakor-arm can fully
expand and by doing so it opens the paraglider tetelg as shown in Figure
3c. In this position the paraglider lies looselytbe manipulator arm, and nails
through eyelets in the paraglider prevent it frdimgsng off sideways.

As soon as the vortex is turned off the robot gyidklls away from the
paraglider because of its lesser air resistaneelinbs tauten and the paraglider
takes the robot away from the wall. At this poirtetrobot folds the
manipulator-arm back in to protect it during thedang.

‘ securing cord ( carbon rod ( manipulator arm
Figure 3. Deployment of the paraglider. (a) The folded phdag held together by securing cord,
(b) the manipulator-arm is half expanded, the segucord is released and the previously bent

carbon rods span the paraglider’s entire widthfi{e)manipulator-arm is now fully expanded and
the paraglider is completely unfolded.

34 Flying

The steering mechanism for the paraglider consitswo remotely
controlled servos accessing the left and right gktee paraglider steering lines.
This allows control of both banking and the angleattack of the paraglider
before landing.

Figure 4 gives the results for our initial tests descent velocity versus
payload for a paraglider of area 0.85. fihis determined that average vertical
velocity of the implemented robot would be 4-5 m/s.
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Figure 4. Average vertical velocity of a dummy payload wéth
paraglider area of 0.85%for different payload weights.

Safety— Spectator safety during flying is ensured usirsgfety cord that is
attached to the robot and anchored at the bottatmeofvall. The rope weighs
15 g so this has no effect on the flight charasties of the robot (the robot’'s
weight is 1.7 kQ).

35 Landing

The robot has a protective frame to prevent semsitiomponents from
being damaged on landing. The CAD design is shawhRigure 5a, with the
frame being made out of glass fiber reinforced tmlasovering a hard foam
core. Cushions filled with polystyrene beads prewédiditional damping for the
landing area on the base of the frame (the twdsstva the right-hand side in
Figure 5a). The frame is also designed to protieetrobot in the case of an
uncontrolled crash. The frame is covered with tktermal design shell shown in
Figures 5b and 5c, for visual impact. While theatis climbing, the paraglider
is hidden within the design shell. During the lahing stage, the front of the
shell opens and the paraglider deploys as shoviigire 5b. The design shell
closes again during flight as shown in Figure 5c.

a)

Figure 5. (a) Protective frame. (b) Design shell during $itian from climbing to flying.
(c) Design shell during flying. (Drawings 5b andrade by design team from ZHdK)
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3.6 Electronics and Camera

The electronics are based on a Skybotix Coax 3dbdarprovide a
microcontroller, IMU, and altitude sensor. The poweurce is an 11.1 V LiPo
battery, which enables three cycles of base jumpiith a 15 m climbing
height. The robot is steered — both the wheelsthadaraglider lines — with a
conventional remote control. Signals are receiwe?l44GHz on the Coax board
and are transmitted via SPI to the controller. @hHee motors are accessed by
RS-232.

LiPo Motor ‘
Battery Controller Motors
’ !
t Servos
|Remote control| : Sensors —> Skyb0t|x ‘ Camera Receiver
. CoaX 3 Pad
~
\\\ . *’- T — ///
N l | o=
M RCreceiver Camera e

Figure 6. HardWare diagram

The onboard camera is an AXIS M1011-W, mounted @usiom servo-
driven pan/tilt mechanism on the robot. The lens &&20° field of view. The
robot is stopped on the wall at a desired heightl the camera is used to
capture approximately 200 images for varying pHrdiigles that are sent by
live-stream transmission to a ground laptop. Théctéhg software
PTStitcherNG [13] is used to create a wide-angleop@ma of the robot eye
view, in typically less than 10 s processing time.

4, Results

The robot is shown in Figure 7 in configurationgheut the paraglider,
with the folded paraglider, and with the designlistieweighs 1.76 kg without
the design shell and is 450 mm long, 300 mm wide280 mm high. It weighs
2.18 kg with the design shell. The design shell Ir@sn completed as a static
shell, and automatic opening and closing of thel sheing the transition from
climbing to flying was not yet implemented.
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Figure 7.(a) The robot. (b) With folded paraglider. (c) Withsign shell.

Climbing was successful on multiple surfaces sushback, concrete,
wood and glass. Climbing speed is up to 25 cm/stlamdobot can handle rough
surfaces and geometric irregularities up to 5 mire fobot is capable of agile
changes of direction during climbing under rematatml and can climb down
walls backwards or head first. Some examples afhilig on different surfaces
are shown in Figure 8. The full cycle from climbitg landing is shown in
Figure 9, using a red carpet that was secured faonupper window as a
climbing surface.

Figure 8. The robot climbing on (a) brick, (b) concrete, \{@od, (d) acrylic glass.
)l sy = = . LS
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Figure 9. The four key stages of climbing, transition, flgirand landing. The hanging cord visible
in (@) and (b) is a lightweight safety cord to doais the maximum range of the flying robot.

A minimum jump altitude of 10 m was sufficient tloav the robot to
reach a stable flight and land safely with a fliginhe of about two seconds.
Steering ability during the flight is limited beaauthe flying speed is low, and
attempting to make a large change in directionaarse the paraglider to stall.
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But the steering mechanism successfully fulfille gprimary goal that it can
reliably steer the robot away from the wall.

Most of the testing was done with a safety netthete were also multiple
successful landings directly on hard ground surf@nee accidental crash of the
robot during testing showed that the protectivenfgawas robust enough to
prevent damage to the robot for a fall of 12 m ot@onac, except for small
cracks in the frame.

Discussion— As anticipated, the transition from climbingftging is the
key research challenge. Transition has two stageth€ paraglider is deployed
while the robot is still adhering to the wall arg) the vortex is turned off, the
robot falls, and the paraglider starts to fly. Taiéion is reliable in low wind of
up to 5 km/h. Stronger breezes affect stage (g)ushing the paraglider against
the wall, or tilting the whole paraglider. Possiblays to add robustness to
transition are to modify the deployment mechanibat supports the paraglider
before flight, and to have an anemometer to testfthing conditions are within
acceptable parameters. This was not part of thewruwork.

5. Conclusion

This paper has presented a climbing and base jgmmbot with an
innovative design that strikingly illustrates thespibilities of recent technology
in climbing robots. For the first time, verticalimbing and passive flying are
realized in a single lightweight robot that balamdbe requirements of both
functions. With its unique functionality and appegl design, the robot
represents an attractive showpiece for entertaibraad education about the
new generation of mobile robots.

The climbing mechanism of vortex adhesion is ligkityht and useful for
other applications such as climbing robots thatim&pection. The primary
research challenge for future work is in the tramsifrom climbing to flying,
and ideas for future work were proposed. An int@mggossibility is to develop
the transition mechanism to handle not just colgdolaunch of the robot from
the wall but also accidental falling.
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