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This paper describes the design and prototype implementation of a compact climbing 
robot with magnetic adhesion, which is only 8mm high and allows for moving in any 
direction on the stators or rotors of power generators. Thanks to a new locomotion 
system based on flexible magnetic rollers (= magnetic wheels fixed on motorized flexible 
shafts; patented technology), the robot is able to span over gaps and non-magnetic zones 
both in axial and circumferential direction while still being flexible enough for adapting 
to the large curvature of the rotor/stator (~0.5m-2m). With this new design, it is now 
possible for the first time to access all types of large power generators (>100MW) with 
only one device – while still keeping the mechanical complexity at a level which allows 
for realizing the robot in a robust way and at reasonable cost. After a brief description of 
the industrial environment where it is supposed to be used (inspection of generator 
stators with the rotor still installed), this paper describes the basic mechanical concept, 
pointing to the core innovation and the advantages towards previous designs. The paper 
concludes with a prototype implementation and some test results; and provides an 
outlook on future extensions in the final industrial version. 

1.   Introduction 

This paper describes the design and prototype implementation of a new robotic 
crawler for the inspection of stators in generators. These generators are installed 
in every power plant and have to be checked regularly for failures, to assure that 
the power plant works safe and reliable. As each day of outage can easily cost up 
to one million Euros, the most important goal for these inspections is to be as 
fast as possible. Thus, ideally the most time-consuming work step – the removal 
of the rotor – should be avoided by using inspection devices of very small size. 
These devices should to be small enough to fit between stator and rotor but still 
mobile enough to move along the stator geometry that is normally formed out of 
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several rows of teeth (Fig. 1, c). In some generators, internal obstacles on the 
stator (zone-rings) can be found – which require an advanced robot mobility to 
move around them. In the generators with the most narrow entrance gap, the 
maximum allowed vehicle height is limited to 9mm (Fig. 1, b).  

 
Fig. 1: Sketch of a generator (a), with the entrance geometry that limits the vehicle height (b), and 
the typical structure of the stator (c) that sometimes contains internal obstacles (zone-rings) 

The robot which is presented in this paper is the first one which is able to 
deal with all these challenges at once, while still keeping a mechanical structure 
that allows for realizing it in a robust way and at reasonable cost.  

The paper is structured is as follows: 
Section 2 provides a brief overlook on existing climbing robots for 

generator inspection and shows their main limitations. The basic locomotion 
concept of our robot and its advantages towards previous systems is explained in 
Section 3. This section is followed by the realization of the prototype and the 
results from the first tests, concluding with an outlook to planned extensions in 
the final industrial version.  

2.   State of the art 

For inspecting power generators, mainly robots with permanent magnets for 
adhesion and tracks for locomotion have been realized, such as the DIRIS Flex 
(Fig. 2-a, [1]) or the Siemens FastGen (Fig. 2-b, [2]). Both are too big for 
passing the most narrow entrance gaps ([1]: 50mm, [2]: 12.5mm) and cannot 
move on circumferential paths either. Another competitor product is the GE 
MAGIC (Fig. 2-c, [3]). This robot achieves axial and circumferential mobility by 
using three pairs of tracks, with a pneumatic spring in between that allows for 
spreading between stator and rotor. With this advanced mobility and a height of 
12.7mm (0.5”), its application scope is already bigger than the two previously 
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mentioned robots; however it is not yet able to pass the most narrow entrance 
gaps of only 9mm height. Another recent development is the DIRIS small (Fig. 
2-d, [4]), which is a manipulator that pushes a flexible rod into the generator air 
gap and can move on circumferential paths on the end ring. With this system, it 
is possible to inspect generators with a 9mm entrance gap and theoretically even 
smaller, but generators with internal obstacles (zone-rings) cannot be accessed. 

 
Fig. 2: Previous robotic systems for generator inspection and their main limitations:  
(a) DIRIS Flex [1], (b) Siemens FastGen [2], (c) GE MAGIC [3], (d) DIRIS small [4], (e) Previous 
design by our research team [5, 6] 

With the goal to achieve the required low height with a mobile robot, a 
magnetic wheeled climbing robot has been developed by our research team (Fig. 
2-e, [5, 6]). The significant reduction of height in comparison to the competitor 
products could be achieved by using several shafts with magnetic wheels for 
adhesion and locomotion (instead of magnets in the chassis and tracks), and spur 
gears for transmitting the torque to the wheels. For passing the gaps in 
circumferential direction, this robot can transfer its adhesion zone to a frame that 
runs parallel to the wheel unit and thus move to the next row of teeth in a way 
that is similar to inchworm-locomotion. The first prototype of this robot 
performed well in the test-environment; however its robustness was not regarded 
sufficient enough for real industrial application.  

For this reason, the main goal for the here presented robot was set to achieve 
a mobility in the specified environment which is similar to our previous 
prototype, but with a mechanical structure that is simple, robust and reliable. 
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3.   Basic mechanical concept 

For achieving advanced mobility at very small height and complexity, the 
new concept is based on a combination of advantageous features taken from 
previously developed robots: Simple differential-drive-steering like in the GE 
MAGIC [3] (mobility in all directions at reasonable complexity); but magnetic 
adhesion for avoiding the spring system that spreads towards the other surface 
(difficult to realize below 9mm height, patented by GE).  

This combination is realized in a new robot structure. It can be bent at a 
large radius (approximately 0.5-2m) but is yet stiff enough to span over small 
gaps or non-magnetic zones (up to 30mm). Motorized magnetic wheels are 
distributed along most of its area for providing adhesion and traction.  

The structure consists of a flexible frame which holds two flexible traction 
units on both sides and the payload in the center – comparable to the structure of 
a catamaran-boat (Fig. 3, a). The flexibility of the traction units is achieved by 
flexible magnetic rollers – magnetic wheels glued to flexible shafts and 
connected to a gear-motor with spur-gears (Fig. 3, b). With this structure, the 
robot is able to adapt to any curvature between straight and the radius of the 
stator, while still being stiff enough for spanning over the gaps between the 
stator teeth and providing enough adhesion force towards the surface for not 
slipping – both on axial paths (Fig. 3, c, left) and on circumferential paths (Fig. 
3, c, right).  

 

 
Fig. 3: Basic mechanical concept for the robot: (a) Entire vehicle structure, (b) Detail view of a 
traction unit with flexible magnetic rollers (patented technology [7], (c) Adaptation of the flexible 
magnetic roller to a curved ferromagnetic surface with gaps, as it is found in generator stators 
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With this innovative vehicle structure, a similar mobility as in the GE 
MAGIC can be achieved (allows for accessing generators with internal 
obstacles). Furthermore, the mechanical complexity is even lower, which allowa 
for significantly reduced height (no need for an actively actuated spring system 
for spreading anymore). Also in comparison to our own previous system [6] the 
mechanical complexity is reduced significantly.  

4.   Prototype realization 

Based on this concept we realized a prototype for proving its functionality. 
It achieves a height of only 8mm, at 150mm length, 350mm width, and a mass of 
approximately 200g (see Fig. 4). 

The frame is realized with a combination of thick parts (3-5mm) out of 
plastics and thin spring-steel bands (0.05…0.3mm) that are clamped between 
these plastic parts. By changing the free length and the thickness of these steel-
bands, the stiffness can be adjusted. 

 
Fig. 4: First test prototype – size, mass and main features 

Each traction unit consists of 2 flexible magnetic rollers with 20 ring 
magnets each (Ø3-6mm, b=2mm, F=5N) that are fixed on an Ø3mm flexible 
shaft. The torque is provided by Ø6 DC-motors with planetary gearboxes 
(Maxon RE6 with GP6, 4 stages, i=221:1, P=0.5W,  T_nominal=30mNm) and 
transmitted to the rollers via a flexible shaft and a spur-gear-transmission (2x2 
stages without reduction, mod 0.3, 12 teeth, helical shape, brass). 
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For increasing the stiffness against torsion and bending along an axis normal 
to the surface (necessary for optimally transmitting the motor torque to the 
wheels) while still keeping the flexibility to bend around an axis parallel to the 
driving direction (curvature-adaptation); the structure of the traction units is 
formed similar to the sandwich-design in skis and snowboards: stiff sections 
combined with flexible ones, and the intersection lines parallel to the driving 
direction. Similar to the frame, the stiff sections are manufactured out of 
relatively thick plastic parts, while the flexible ones are realized with thin spring-
steel bands that are clamped between the stiff sections.  

For carrying the planned payload (camera + sensors for non-destructive 
testing, approximately 100g of total mass), a section of approximately 
100x50mm is foreseen in the middle of the frame. By changing the geometry of 
the frame, this space can be increased if necessary. Also a 3rd or 4th pair of 
traction units could be added, if heavy payloads need to be carried. 

In this first prototype, the robot is still manually controlled by the operator – 
using 2 bi-directional switches that apply either positive or negative voltage on 
all traction units of each side.  

5.   Test results 

After preliminary tests at ETH Zürich, the robot was then tested on real 
generators in the ALSTOM-factory in Birr (Switzerland) – on a rotor with 2m 
diameter (Fig. 5, a), an unpainted stator with approximately 1.5m diameter, and 
gaps up to 30mm (Fig. 5, b) and a painted stator with approximately 2m 
diameter, gaps up to 30mm, and paint drops of up to 2mm height (Fig. 5, c).  

 

 
Fig. 5: Tests in real generators: (a) rotor, (b) unpainted stator of small diameter, (c) stator with paint 
drops up to 2mm height 
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In all these environments, the prototype was stable in all possible 
inclinations in respect to gravity and was able to carry twice the specified 
payload (200g – more was not tested, as there is anyway no additional space in 
this narrow environment). Regarding its mobility, all zones in the rotor and in the 
unpainted stator could be accessed without problems. Only on the painted stator 
the robot sometimes got blocked on some of the bigger paint drops 
(approximately 2mm height; driving back again was still possible). This 
limitation has to be mentioned, but should not be severe, as on these painted 
generators it is possible to place the robot either on the stator- or on the rotor-
surface (using a special insertion-stick). When driving on the rotor, the robot 
cannot move completely to the stator, but is able to access it with its tools by 
using a small manipulator-arm that covers the distance (20-50mm inside the 
generator). The detailed design of such a manipulator-arm is planned for the next 
phase of this project.  

The maximum driving speed was measured to approximately 1.5m/min, 
which is similar to our previous prototypes that use the same gear-motors [5]. 
With these speed values, the necessary time for scanning a generator of typical 
size (6m length, 60 rows of teeth) can be calculated to approximately 4-8 hours. 
This time is significantly lower than the necessary time for removing the rotor 
(0.5-1 day) and does not bring the risk of damaging it. For further increasing this 
speed at similar payload-capability, bigger gear-motors than the currently used 
ones (D=6mm, P=0.5W) would be necessary. Such a bigger version of the robot 
could be an option for larger generators where the entrance-gap is less narrow.  

The inclination of the path (= going straight, upwards or downwards) only 
plays a minor effect (~10%) on the driving-speed, which is almost proportional 
to the input-voltage on the motors. For this reason, an almost constant speed can 
already be achieved without using encoders and motor-controllers. 

 
Fig. 6: Detection of the edges directly from the camera-image (a) Typical camera-image with a 
reference line which is 10 pixels long, (b) Variance of the color-value along the reference line for 
400 frames in a movie where the robot is rolling in axial direction at constant speed. The peaks in 
the graph clearly indicate when the camera is above the edge of a stator tooth. 
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For the localization of the robot, it is planned to avoid additional sensors 

that increase its complexity and only use the image of the onboard-camera. 
These images are usually in very good quality, as there is no other light except 
the LEDs integrated in the camera. Furthermore, the environment is highly 
structured and contains many edges that are easily detectable with standard line-
extraction-algorithms. Preliminary tests with a very simple program for detecting 
the edges of a typical camera-image-stream (still taken with the DIRIS small [4]) 
already showed quite promising results (see Fig. 6). 

Ongoing work now consists in developing a program that implements an 
adapted line-following-algorithm for keeping a straight path, counts all edges for 
localizing the robot’s position and automatically generates a high-resolution-
image of the generator where the operator can see potential failures much faster 
than by looking at the camera-stream alone.  

6.   Conclusion and outlook to future work 

In this paper, we have presented the design and prototype implementation of 
a compact climbing robot with magnetic adhesion, which is only 8mm high and 
allows for moving in any direction on the stators or rotors of power generators at 
a relatively low system complexity, thanks to a new locomotion system based on 
flexible magnetic rollers. The robot was tested in real environment, where it 
performed well and could clearly show its advantages towards previous systems. 

 With this new design, it is now possible for the first time to access all types 
of large power generators (>100MW) with only one device – while still keeping 
the mechanical complexity at a reasonable level that allows for realizing the 
robot in a robust way and at reasonable cost. This ability will make it a valuable 
tool for most type of generator inspections, and help to significantly decrease the 
outage-time of power plants during inspection. For this reason, the core 
innovation was also patented.  

Ongoing work towards the industrialization of this robot mainly includes the 
optimization of the structure for more robustness (Al and stainless steel instead 
of plastics) and the implementation of the control-program.  
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