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Summary. This paper describes a novel solution to a mobitebing robot on mag-
netic wheels, designed for inspecting the intesiofaces in gas tanks made out of thin
metal sheets. These surfaces were inaccessibleebipps climbing robots due to the fol-
lowing restrictions:

1. Ridges, where the magnetic force decreases tstlrero

2. Angular transitions between the surfaces (135°)

3. Thin metal sheets that cannot provide high mégfaces

The main optimization criterion for this robot wiasdesign it as light as possible, as the
surface was also considered to be very fragileth&shere described type of application
is very special and was not examined much in previpublications, this work also
stresses on the early analysis phase. This phaséyroansists of tests to optimize mag-
netic wheels for thin surfaces and mechanical ¢aticuns for robots on magnetic wheels.
The chosen concept is described in detail, expigiiow the robot moves around and
passes the obstacles. The analysis of the moisatiéases is presented, as well as some
details about magnetic wheels and actuators.

1 Introduction

The robot described here was designed for insgecias tanks that are made
out of thin metal sheets and are installed in hglgps. From time to time, they
have to be analyzed for leaks, especially at thielsvé-or doing this, helium is
injected in the surrounding structure from outsidlesensor that can detect this
helium then is moved to all places inside the tarfind the position of the leak.
Until now, this sensor was carried by a balloort thas operated manually, us-
ing some ropes. As this method was very slow amiégise, a better inspection
system, preferably consisting of a climbing robotroagnetic wheels, had to be
developed. As the environment cannot support mantef the main goal was to
make this robot as light as possible. To simplifg tontrol and increase the re-
liability, another method was using only few actwat To ensure a correct func-
tionality, the most critical risks were analyzedid analysis does not only in-
corporate the possibility of some components withearobot breaking down. It
also accounts for the risks of plastically deforgnthe environment, falling or

slipping.
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The work is structured into seven sections: SeQ@i@movides a short overview
on the state of the art considering mainly climbiogots on magnetic wheels
and their mechanisms to pass obstacles. Sectiopldies the application and
deduces the most critical requirements. In Sedtidhe first tests and analyses
are presented that were necessary to obtain thedesept in an effective way.
Sections 5 and 6 describe the chosen concept giidimhow it works in the
most critical cases. The last section providesaatfummary, together with an
outlook on future versions of the robot.

2 State of the art

The robot analyzed here is a mobile climbing ratbat uses magnetic wheels
for also moving on vertical walls and on the cgjliln order to pass difficult ob-
stacles, it uses active elements within the strectior better structuring, this
section is divided into the following 3 fields @&chnology.

2.1 Mobile climbing robots

Mobile climbing robots are used in various applmas - not only for non-
destructive testing, but also for cleaning, repgiand other tasks. As the appli-
cations are very different, there exist many typesbots. The two main crite-
ria to distinguish these types are the adhesiorharésm and the locomotion
principle. According to [1], the most common adbesinechanisms are magnet-
ism [2]-[12], vacuum suction [13]-[15], specificcathment devices such as rails
[17] or pegs and grippers/clamps [16]. The locopmwttan be based either on
wheels [2]-[8], tracks [11], legs [9] or arms. Raoth profiting from the simple
control of wheeled locomotion and the high obstgudessing capabilities of
legged locomotion, some robots use active elemwittsn the structure ([8],
[15], and [19]). As the here described robot usegmetic wheels and a struc-
ture with active elements, the following descripsanainly stress on this type.

2.2 Climbing robots on magnetic wheels

The simplest structure for a climbing robot is dieke on two (like the “Mag-
nebots” [2]) or more magnetic wheels. These whewlease the normal force
to the ground and thus allow for being more indejeen from the direction of
gravity. The most common structure of such wheseldescribed in U.S. Patent
3,690,393 [3] and drawn in Fig. 3: A cylindrical greet in the middle; two
plates out of magnetic steel and of slightly bigdiameter on both sides (to bet-
ter conduct the magnetic force into the surfaced a thin layer of rubber
around the steel plates (to increase the frictiothé ground fronu=0.3-0.5 to
u=0.5-0.8). Sometimes the wheels are also equipp#dseme special mecha-
nisms that facilitate passing angular transitidrfeese mechanisms can either be
passive [6] or active [7]. The most common appima for these robots are
non-destructive testing on the outside surfacetage tanks [4], [5] and gen-
eral transport tasks [2].
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2.3 Active elements in the structure

Active elements in the structure are often usedheeled robots to profit from
both the advantages of wheeled and legged locometisigh speed and simple
control (wheels) combined with an extended mobi(iggs). Examples for this
type are the “Alicia®” climbing robot with suctiqgqumps [15] or the “Octopus”
rough-terrain robot [19]. In [8], the “Pipe Inspiect Robot (PIR)” is described.
This robot uses 3 pairs of magnetic wheels thatbzalifted with linear actua-
tors in order to pass obstacles on the outsidacesfof pipes. Its structure has
some similarities to our robot, but needs moreatots (26 in the latest version
that is also able to turn) and is not able to mowevery thin surfaces where the
magnetic force gets saturated.

3 Application and requirements

As already pointed out in the introduction, the Igeao develop a climbing ro-
bot that can bring a sensor module (approximatkly) 1o every point in these
specific gas tanks (Fig. 1) — an extremely diffi@rivironment where it was im-

possible to go with previous climbing robots dugh® following difficulties:
i R 250 mm

Two types of obstacles
- Welds + ridges O ——
- 135°-transitions ]

Fig. 1. The environment to inspect

3.1 Obstacles: Ridges and angular 135°-transitions

The most difficult obstacles in this environmene dhe ridges. Their height
ranges up to 40mm. Whereas just rolling onto thesalevnot be difficult with
big enough wheels, the most critical problem i tha magnetic force on top of
these ridges decreases to less than 15% of thiearigalue. Thus, when rolling
on a vertical wall or on the ceiling, the robot Wwbslip or fall down if the at-
traction force is not compensated by another wtedlstays on the ground.

The other type of obstacle is the angular 135°siteom between two surfaces.
As the surface is not rounded, the wheels get mtamb at two points. When
moving away from these points whilst entering teevrsurface, the robot needs
a lot more traction than for just climbing a veatigvall.
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0.15x Fmag

Unwanted Fmag

magnetic force

Fmag

Fig. 2. Obstacles: force decrease on ridges (left); uneehfdrces at angular 135° transitions (right)
Both obstacles only are encountered on paths péiqéar to the ridges (Fig. 1,

dashed yellow line). On horizontal paths (Fig. teem line) there are no obsta-
cles. The distance between the ridges is alwa@sif) between the last ridges
and the 135° transition it is only 250mm. This dliste limits the maneuvering
space of the robot.

3.2 Reduced magnetic force on thin sheet material

The fact that the sheets are very thin (1.5mm) a¢a¢only cause problems in
terms of environment fragility. It also limits tineagnetic forces:

Rubber (~ 0.5mm)
to increase friction

Magnet (NdFeB/N48)
Plates (magnetic steel)

Axis (non-magnetic)

Magnetic flux

- Saturation in the
thin sheets (1.5 mm)
Fmag2 - Force decrease

1.5mm

Fig. 3. Simple magnetic wheel [3] and the force decreasthio ground
In order to result in high attraction forces, thagnetic flux has to go mainly
through the metallic surface of the environmenthesmagnetic resistance there
is lower than in air. If this metallic surface isry thin, the magnetic flux be-
comes saturated there and the force is then limitedur case we measured ap-
proximately 90N for an @60mm-wheel that could h@@ON on 10mm thick
metal plates. For this reason, preventing the réfooh slipping or falling down
in the most difficult situations was crucial.

3.3 General goals

Apart from just moving around in this difficult einenment, the goals were to
achieve a horizontal speed of at least 5m/minggpkhe mass below 10 kg and
to keep the whole system as simple and reliabfmasible.
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4 First analysis and wheel optimization

At first, the prior idea — the fact that a robot magnetic wheels really is the
best concept for this application — had to be iestif When analyzing alterna-
tives, all of them did not seem as promising: Aabtvith suction cups and a
pump would be heavy, complex and not safe in ciggower interruption. A
robot on clamps or on magnetic legs would not Ise éaough to achieve the re-
quired minimum speed (5m/min). Installing railsthe whole surface would be
too much effort. Robots on magnetic tracks did se¢m promising either; as
such tracks would be difficult to turn and be evarrse to pass the ridges. Fi-
nally, a locomotion based on magnetic wheels seaméé the best possibility.
For better estimating the necessary propertiesici a robot, some more analy-
sis in this field of technology was necessary, istimg of some tests, calcula-
tions and simulations.

4.1 Tests and improvement of the magnetic wheels

For testing the magnetic force, we used a tengioing balance and pulled the
wheels off from different types of surfaces. Wherea thick plates (10mm),
200N were measured, on the thin sheets (1.5mm)38iywere possible.

For obtaining enough force on this thin surface ai&o magnetic wheels were
set in parallel. For making the whole structurentey, the wheel plates were
made in a conic shape. This structure saves al@8atd mass without decreas-
ing the magnetic force. For increasing the frictaomd protecting the environ-
ment, all wheel plates are covered with a thin aubb

4.2 Analysis of the ridges

Together with the above tests, we did also anatheebehavior when rolling
over the ridges. As already pointed out in the joev section (Fig. 2) the mag-
netic force thereby decreases to only 15%. Thustder to pass these ridges, an
extra mechanism is necessary that can compensatthifo force decrease.
Among various possibilities for obtaining this go#the one with two non-
motorized extra wheels outside the central body dneen by linear actuators
was considered as the best. How this mechanisnepalse ridges is described
in section VI.

4.3 Mechanical calculation 135°-transitions, roofsand verti-
cal walls

The 135°-transitions were calculated for all 8 sag@clination and both direc-
tions each. As the speed is supposed to be veny #iese calculations could be
done with a static model. Estimating a mass of 1&g realistic values for the
geometry, we estimated a required friction coedfiti of prequire¢=0.37 and a
necessary torque of 3.5Nm in each wheel pair.
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Also, the robot on the roof and when passing tlges on vertical walls (with
traction on only one motorized wheel pair, Fig.vigs analyzed. These two
cases resulted to be less critical than the 13Bfsitions: The necessary motor
torque for passing ridges on a vertical wall isyasibout 50% of the maximum
value, and also the required friction coefficigmquired(risk against slipping)
was calculated to be less critical.

The risk against falling off the roof was not seancritical either, as for passing
ridges and 135°-transitions, the magnetic forcetbdse strong enough to pre-
vent slipping.

5 The chosen concept

Among many promising concepts, the following onig(B) was selected to be
the best, considering simplicity, mass, securitgist slipping and maneuvering
space. It consists of 4 independently motorizedelbaeits, each of them being
equipped with a steering motor, such that it can tn spot. The wheels are de-
signed as described in the last section — withacehaped plates and always two
in parallel.

For passing the ridges, two lifter units are sidabutside the central body.
These lifter units use linear actuators consistihg spindle inside a stepper mo-
tor. This type of actuator has a much better fonass ratio than other actuators
of the same size (300N at only 300g) and thus wafeped. To guide the
movement, linear slide bearings are used. The totals was estimated to 10kg
in the CAD software. This value will perhaps incea little bit, when all sen-
sors and motor controllers will be included. Thegmetic force was measured to
170N for each wheel unit and to 2 x 90N for eaclalsmheel unit on the lifter.
The total size amounts to 200x200x300mm?3, approbaina

2 Linear actuators
(stepper-motor + spindle)

Linear slide bearings for
guiding the linear movement

4 independent wheel units
l.with steering and driving motor
;......-.:.:.-l.‘.:.;;....;
«Magnetic wheels .
o inParaIIeI, conic shape .

Fig. 4. Overview on the chosen concept
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6 Behavior in the most critical cases

6.1 Ridges

For passing the ridges, the main wheels can ke lifff the ground. During this
lift-off, the missing attraction force is taken oviey the non-motorized extra
wheels (Fig. 5). For saving mass, space and redubin force in the linear ac-
tuators, these extra wheels are smaller and lesagsthan the main wheels
(Fmage= 2 x 90N instead of 2 x 170N). As they only havekeep the robot on
the wall but do not have to transmit traction farcthis force was calculated to
be enough.

aZ—

Fig. 5. Sequence of the robot passing a ridge
With realistic values for geometry, mass and magnftrce (m=10kg and
Fmag=170N) the maximum required force in the lineauatdr was calculated to
250N (allowed value: 300N). This force occurs, whie main wheel units are
detached from the ground. The required maximalefataring the rest of the
movement (originating from the mass and the frictiosses in the linear slide
bearings) was also calculated and is much sma&@y
The required torque in each drive motor was catedlao 1.5Nm. The required
friction coefficient was calculated {oeq=0.3 (measured valug>0.5). Thus the
robot is safe against slipping.

6.2 Angular 135°-transitions

For passing the 135°-transitions, the robot hasolioover the obstacle with a
torque distribution that is optimized to have tlens required friction coeffi-
cient in all contact points (Fig. 6). In the wocstse the required motor torque
has to be 1.5Nm in the front wheels and 3.5Nm érttar ones. The maximum
required friction coefficient is thepreq=0.37. These values for friction and mo-
tor torque are higher than for the previous cagigés), but still acceptable
(maximum allowed motor torque: 4.5 Nm; measuredtifrn coefficient:y>0.5).
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Fig. 6. The robot passingia 135°-transition (optimized,tierdistribution)

6.3 Turning

For switching from the vertical path to the horianone, the wheels turn on
spot (Fig. 7). Each wheel is actuated by one sigemotor. Here, assuming a
friction coefficient ofu=0.8 (estimated maximum value) and a distance legtwe
the two wheels in each pair of d=20mm, the necgssiering torque resolves
to 2.7Nm in each steering axis. As the plannedadets (servo motors) can pro-
vide 3.5Nm, turning the wheels is not a problerhesit

Fig. 7. The robot switching from vertical to horizontakips
The possibility to turn the whole robot insteadoofy the wheels was analyzed
as well. In this configuration, fewer actuators Wébhave been needed. How-
ever, it could not be used, as the allowed manéuyespace between the ridges
and the 135°-transitions was not enough to pertbisimovement (Fig. 1).
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7 Conclusion and outlook

In this work, a novel solution to a magnetic wheeatémbing robot for thin and
fragile surfaces was developed, with the capahitityork in all inclinations of
the surface, to pass two types of difficult obstachnd to turn on spot. Due to
optimizations in structure and components, its nvede around 10kg, which
also allows for going in fragile environments withalestroying them. The size
will be around 200x200x300mm3 — small enough tavédl in the environment,
but big enough to pass ridges of 40mm height. Ag d@ actuators are used (in-
stead of 26 in the most similar robot that was tbimthe state of the art [7]),
cost, complexity and reliability will be limited @ reasonable range.

Due to measurements on already built parts (magnetieels and actuators),
calculations and simulations, we could prove tHhietuators will be strong
enough and that the robot will not slip or losetaghat any time. Even for the
most critical case — the risk of slipping in the51-8ransitions — the calculated
required friction coefficient ((require¢=0.37) lies significantly below the mini-
mum value that was measured with a real wheetdsured> 0.5). Thus, it is as-
sured that the concept will work well in the spidfapplication — an environ-
ment that was impossible to be accessed by preeioubing robots.

However, when our industrial partners analyzedratfa@ environment in these
gas tanks, it resulted that the specifications thiahed the base for developing
this concept were not complete: On the largest plathe surface — except the
last 500mm up to the neighboring walls (Fig. 1 gaega) — the sheet thickness
is only 0.7mm instead of 1.5mm, resulting in a gigant loss of magnetic force
there. After doing more detailed stress testslsit eesulted that on these sheets
the allowed mass should be only 5kg — instead &fj1ds it was specified be-
fore. However, on the thick surface even 20kg cdaddallowed. With these
changed specifications, a safe operation couldadaissured any more with the
design described above.

Thus, for dealing with these changed specificatitims whole concept had to be
adapted. The advanced design has already beesdstaud will be realized soon.
It is based on the same obstacle passing mechabigmses the additional idea
to separate the whole system into two robots idstdagoing everywhere with
only one big and complex one:

The bigger robot passes the obstacles and always sin the thick surface
where the magnetic attraction is strong and 20kgpbdt mass is allowed. For
the horizontal paths (no obstacles, but only 5ll@ned), it sends out a smaller
and simpler robot with only one degree of freedBor. the bigger one, the same
obstacle-passing mechanism will be reused, onuztste that is optimized to
the now changed requirements: No turning, but dagrthe smaller robot.
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