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a b s t r a c t 

Climbing robots that integrate an articulated arm as their main climbing mechanism can eventually take 

advantage of their arm for plane transition and thus to operate on 3D structures rather than only climb- 

ing planar surfaces. However, they are usually slower than wheel based climbing robots. Within this 

research we address this problem by integration of a light-weight arm and adhesion mechanism into an 

omnidirectional wheel based climbing robot, thus forming a hybrid mechanism that is agile in climbing 

and still able to perform plane transition. A 2DOF (Degree of Freedom) plannar mechanism with 2 lin- 

ear actuators was designed as a light-weight manipulator for the transition mechanism. Furthermore, we 

customized and developed actuated switchable magnets both for the robot chassis and also as the adhe- 

sion unit of the arm. These units allow us to control the amount of magnetic adhesion force, resulting 

in better adaptation to different surface characteristics. The adhesion units are safe for climbing applica- 

tions with a very small power consumption. The conceptual and the detailed design of the mechanisms 

are presented. The robots were developed and successfully tested on a ferromagnetic structure. 

© 2016 Elsevier Ltd. All rights reserved. 
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1. Introduction 

Climbing robots have been developed and widely used in in-

dustry in the last couple of decades, to respond to the need of a

tool capable of performing specific work of inspection and main-

tenance on tall structures. Besides inspection they perform repairs,

painting, cleaning and other maintenance tasks in hard to reach or

hazardous locations. 

Most of the climbing robots which have been developed so far

can be roughly categorized to the following group: 

• Multi degrees of freedom (DOF) serial, parallel or hybrid arms

(step by step based climbing robots); 

• Multi-legged climbing robots; 

• Wheel based climbing robots. 

Climbing robots developed in the first category are usually

miniature sized robots and are not indicated for industrial pur-

poses [1–3] . Some of them rely also on relatively soft and penetra-

ble surface materials such as cloth, wood or cork. Multi DOF arms

usually offer good maneuvering over 3D structures. The arm can

be serial [4–6] , parallel [7] or hybrid [8] . However, these robots
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re generally heavy, big and complex. To be able to pass bends,

hese robots employ at least 4 DOF [6,8,9] and usually have a mass

f more than 20 kg. Due to such problems, these robots could

ot find their way out of the laboratories. Wheel based climbing

obots are generally faster than the other two groups, but they

ave less maneuverability compared to multi leg climbing robots.

ost wheeled climbing robots are only capable of navigating on

imple structures without obstacles, bends or branches [10–12] .

wo of the most important abilities that makes a climbing robot

ore appropriate for industrial applications are the ability to over-

ome obstacles in its path, and the ability to transit between per-

endicular planes. This is important since most of the complex in-

ustrial installations, such as the one shown in Fig. 1 , include sur-

aces with some sort of obstacles, such as ridges, flanges and gaps.

hen these obstacles are unsurpassable, the robot should be able

o find a way to go around, which most of the time involves plane

ransitions. 

Even if none of the above obstacles are present on the structure,

ust the ability of the robot to move on the ground and then transit

o a vertical surface and vice versa increases its autonomy. Some

heel based climbing robots have used innovative features to solve

ome of these problems. Strategies adopted include: 

• Use of relative scale, by employing very small robots when

compared with the size of the obstacle, so the robot can

http://dx.doi.org/10.1016/j.mechatronics.2016.03.007
http://www.ScienceDirect.com
http://www.elsevier.com/locate/mechatronics
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mechatronics.2016.03.007&domain=pdf
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Fig. 1. Environment for service climbing robots. Sines refinery in Portugal. 
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navigate on the obstacle like it normally navigates on the sur-

face [13] . This is for instance true in the Magnebike: a com-

pact magnetic wheeled inspection robot [14] . This robot ben-

efits from small magnetic wheels and is designed to work on

narrow surfaces and tight spaces. It uses a wheel lifting mech-

anism for overcoming obstacles and performing plane transi-

tions. 

• Using linear effectors and legs to overcome the obstacle [15] ,

relying on obstacles and surface features of a specific size. 

• Using complex hybrid locomotion mechanisms which combine

the principles of wheels and legs (walking wheels concept) [16] .

• Using multi-robot collaboration to connect multiple units and

transpose obstacles together [17] . The Alicia3 is a single robot

composed of three separate modules which are connected

through links [18] . Each module has an adhesion device based

on suction and wheels for locomotion. The advantage of this

articulated design is that it allows to overcome small obstacles

such as gaps or ridges on the walls, by detaching one of the

modules at a time and moving it over the obstacle. Even plane

transition is not reported with Alicia3, but this concept should

also allow the robot to perform plane transitions. However, this

results in very high torque demands on the joints due to the

relatively heavy climbing modules (4 kg each module) and the

long arms. 

However, most service robots are too large to use their rela-

ive scale as an advantage to help them overcoming the obstacles

n their environment. Use of multi-legged robots or hybrid loco-

otion for climbing purposes requires greater number of DOFs,

ithout necessarily improving the ability of robots to progress in

 complex workspace. Using multi-robot collaboration suggests a

omplex operation and control scenario which is not desirable for

ndustrial applications that demand for simple and reliable solu-

ions. 

Recently, a plane transition mechanism based on a 2DOF arm

as proposed for the OmniClimber, magnetic wheeled climbing

obot [19] . Although it successfully managed to perform plane

ransitions, the conventional serial arms may not be an optimal

olution for this problem, due to the high torque demands on the

oints to support the weight of the robot during plane transition.

his results in need for relatively heavy actuators which increases

he overall size and weight of the robot. Even though with an in-

ovative design of the arm mechanism we could use one actuator

ather than two for the 2DOF arm, it was still not optimal since the

omplicated transmission mechanism made the system bulky and

ot very light weight (662 g arm with the adhesion unit assembly).

he other problem was that the adhesion unit of single DOF arm

as based on electromagnets, which require constant power sup-

ly to maintain the attachment force. This results in a decreased

ower autonomy and also it presents safety concerns in case of

ower failure. 
To address these limitations, in this research work we present a

ew version of OmniClimber with a novel 2DOF transition mecha-

ism. Also the electromagnetic adhesion unit was replaced by ac-

uated switchable magnets (SM). A similar switchable magnet unit

as developed as the main adhesion unit of the robot’s chassis

hich enables the robot to control its adhesion force. 

In spite of being used for many years in industrial applications,

witchable magnets received less attention in the scientific com-

unity. However, recently some research works focused on appli-

ation of SMs in mobile robots. Miche robots [20] , use switchable

agnets driven by a servo motor on their sides for self-assembly

f individual actuated modules. Switchable magnets have also been

sed in mobile robots such as TERMO an inspection step by step

ased robot for ferromagnetic structures [21] and in Tubulo a train-

ike inspection robot for ferromagnetic tubes. 

Rochat et. al. discussed development of different types of

witchable magnets for applications in mobile robots [22] . Switch-

ble magnets, present the advantages of not requiring a con-

tant power supply to maintain their state, but instead only when

witching states. They also offer the possibility to vary the mag-

etic force from almost zero to maximum, thus enabling real time

ynamic adjustment of the adhesion properties of the robot. 

In this article, we first present the design and development

f a light-weight actuated switchable magnet unit, to be used as

he adhesion unit on OmniClimbers. Second, by application of a

on back-drivable actuation system, we enable force control by the

witchable magnet unit, with minimum power consumption. This

nit was integrated not only on the transition arm, but also on

he chassis of the robot. Third, we present the design, kinematics,

evelopment and integration of a light weight 2DOF planar ma-

ipulator. Fourth, we present design and integration of an ad-hoc

ontrol board for the omniclimbers and finally we demonstrate the

lane transisiton with the novel Omniclimber robot. 

. OmniClimber 

The OmniClimber, is an omnidirectional climbing robot for in-

pection of ferromagnetic structures [23] . It is capable of navigat-

ng on both flat and curved surfaces with good maneuverability,

hanks to its passive curvature adaptation mechanism, its mag-

etic adhesion mechanisms and through the use of three custom

ade magnetic omnidirectional wheels [24,25] . Taking advantage

f its magnetic omni directional wheels, the holonomic drive robot

an move in any direction on vertical surfaces without requiring to

hange its yaw angle. In addition we addressed the motion con-

rol of an omnidirectional climbing robot based on dead reckoning

ethod [26] . In order to be able to transit between planes and

vercome obstacles, we decided to integrate an articulated arm

ith a magnetic adhesion unit as its end effector. Through this hy-

rid system, we combined the advantages of a wheel based climb-

ng robot (speed and simplicity), with advantages of the articulated

limbing robots (maneuverability in 3D structures). 

The characteristics of the last version of the OmniClimber are

tated in Table 1 . 

The transition mechanism from the previous version, shown in

ig. 2 , had several novelties like the use of only one actuator to

ontrol two joints at different speeds and time intervals. 

The first joint, which connects both motor and arm link, rotates

0 degrees to perform the whole plane passing. Meanwhile, and

ith a time gap to avoid collisions between the robot and the pla-

ar surfaces, the second joint, which connects the arm link to the

obot, rotates full 180 degrees, thanks to the geared transmission

o the first joint, as shown in Fig. 3 . 

However, and despite using only one actuator, the transmission

nd hardware needed for such a complex design made the whole

rm too heavy for a small climbing robot such as the OmniClimber.
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Table 1 

OmniClimber characteristics. 

Diameter × height 

Mass 197 × 84 mm 1110 g 

Actuation 3 Dynamixel MX-64 rotary actuators 

Mechatronics and 

control 

Stand-alone robotic system with integrated control 

board on the chassis and IR module 

Power Onboard LiPo 10 0 0 mAh battery 

Wheels 3 Omnidirectional Magnetic Wheels 70 mm diam. 

Min adhesion force a 25,5 N (chassis electro-magnet off) 45,0 N (chassis 

electro-magnet on ) 

Max climbing speed 14 cm/s 

90 o plane transition 

time 

5 s 

Max payload a 1200 g 

Movement Full omnidirectional 

a Measured on a 1 mm thick sheet of steel. 

Fig. 2. Previous version of Omniclimber transition mechanism [19] . 

Fig. 3. Plane transition routine frames. 

 

 

 

 

 

 

 

Fig. 4. Magjig 95, with the magnets housing dimensions. 

Table 2 

Simulation results shows the magnetic flux path on section view and the 

holding force. Left: MagJig 95, Right: Similar device with plastic housing. 

Device on Device off Device on Device off

338.4 N 1.4 N 59.3 N 26.8 N 
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Also, since it relied on electromagnets, it needed an extra battery

to power them, thus increasing even more the total weight of this

solution. So in the new version of the OmniClimber we proposed

a novel transition mechanism with integrated switchable magnets

which is lighter and has adhesion force control capabilities. 

3. Switchable magnets for climbing robot applications 

A switchable magnet is a system which uses moving permanent

magnets to change the magnetic flux path to the inside or outside

of the device, thus enabling to virtually turn on or off the mag-
etic attraction force of the whole system. We used a commercially

vailable switchable magnet, MagJig 95, shown in Fig. 4 , as a start

oint for the development of a more optimized SM for climbing

obot applications. MagJig 95 consists of one circular 20 mm fixed

ermanent magnet below another circular 20 mm moving magnet.

oth magnets are inside an iron housing. The device possesses an

andle coupled to its top to allow the user to manually rotate the

oving magnet. Total height of the magnets housing is 22 mm,

hile its section is 28 mm by 21 mm. 

The goal was to modify this design to reach a better holding

orce per unit of mass and a better geometry for the climbing

obots applications. For the adhesion unit of a climbing robot, a

ow profile (low height) mechanism is preferred since it results in

 smaller detachment torque. 

For the design of the new adhesion unit, we started by sim-

lating the commercially available MagJig 95 magnets in Comsol

ultiphysics 4.3 [27] , a finite element analysis solver package for

arious physics and engineering applications, to observe the mag-

etic flux in the magnets, the housing and the object in both states

f on and off and estimate the magnetic attraction force. We then

ested the real unit and compared the results obtained with the

nes from the simulations, to validate our simulation parameters.

hen, we analyzed the effect of the housing material; the Housing

hape, and the housing and magnets diameter in the overall per-

ormance of each solution. 

As a start point we simulated the commercial SM in both states

f on and off against a ferromagnetic metal surface with a thick-

ess of 3 mm and compared it with a similar device with a plastic

ousing. As we see in Table 2 the flux between opposite poles goes

hough the surface when the device is on , and through the housing

hen it is off, as expected. In practical experiments the maximum

orce achieved was of 324.8 N, close to the value achieved in the

imulations (338.4 N). However the plastic housing has a holding

orce of 59.3 N, and thus was discarded as an option. This can be

xplained by the lack of a conductive core to direct and concen-

rate the magnetic flux, clearly visible on the representations of the

ux path. 

The original housing of the MagJig 95 unit, includes two flat

uts at two sides. To understand the role of these flat cuts we

ade simulations with a steel fully circular housing, without the

at cuts. As can be seen in Table 3 , the holding force is much

maller when the device is on (81.6 N vs 338.4 N), since in this

ase a significant amount of magnetic flux passes through the

ousing, and not through the object that should be grasped. A fully

ylindrical housing provides a path for the flux to go around the
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Table 3 

Simulation of a circular magnet housing, showing the mag- 

netic flux path on both top and section view, and the hold- 

ing force calculated below. 

Device on Device off

81.6 N 0.5 N 

Fig. 5. Novel switchable magnet developed for climbing robot applications. 

Table 4 

Comparison between the MagJig 95 and the novel device. 

MagJig 95 Novel device Variation 

Mass [g] 87.7 42.1 –52% 

1 mm steel: 

Holding force [N] 112.6 100.1 –11% 

Force/Mass ratio [N/g] 1.28 2.38 +85% 

3 mm steel: 

Holding force [N] 338.4 183.4 –46% 

Force/Mass ratio [N/g] 3.86 4.36 +13% 

Detaching torque [N.m] 0.094 0.025 –73% 
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Fig. 6. Comparison between the magnetic field of the MagJig 95 and of the novel 

device in plates with different thickness. 
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ousing axis, from one magnetic pole to the other, thus not forcing

he flux to pass through the bottom surface resulting in a signifi-

ant reduction of the adhesion force. 

In order to study the effect of the diameter of the chamber and

he magnet, we achieved a series of simulation to reach to the

ighest Force/Mass ratio which resulted in a chamber of (Ø28 ×
2 mm) made from AISI 1018, with a permanent magnet of (Ø20)

m as the best trade-off. The new switchable magnet developed

or climbing robot applications is depicted in Fig. 5 . 

.1. Comparison 

We tested the device on a 1 mm thick steel plate and also on a

 mm thick steel plate, then comparing the adhesion force of the

ew unit with the one from MagJig 95. 

As can be seen in Table 4 , for both cases of 1 mm steel and 3

m steel, the adhesion force/mass ratio is improved comparing to

he MagJig 95. In case of the 1 mm steel, this ratio was increased

5%, while for the 3 mm steel, the increase was 13%. This is mainly

ue to the fact that in thin plates, most of the large magnetic field

f the MagJig 95 is not used, while the magnetic field on the novel

evice is much more focused on the region closer to the surface

f the plate, thus is used more efficiently. This effect is depicted in

ig. 6 . Furthermore, there is a significant reduction of the detaching

orque of 73%. 
. A central magnet with adjustable adhesion force 

The ability to control and adjust the magnetic force generated

y the OmniClimber’s central magnet is extremely important in the

ollowing scenarios: 

• When the robot is passing from one plane to the other and to

facilitate detachment of the robot from the surface, one should

be able to switch off the magnetic adhesion force. When the

robot is extending the arm for performing an inspection task,

or to make a plane transition, additional detaching forces are

applied to the chassis of the robot. In this case an increase in

the adhesion force of the chassis is necessary. 

• When the robot is moving upside down the magnetic adhesion

force should be superior to when it is moving vertically or on

top of the surface. 

• When the robot moves to another structure and the surface

material or thickness changes, the magnetic force generated

should be adjusted to the new conditions. 

One of the problems of the previous version of the Omni-

limber was that in order to adjust the magnetic force, one had

o manually adjust the position of the central magnet unit inside

he robot chassis. This was not optimal and presented a severe lim-

tation in all of the scenarios mentioned. 

Therefore we set out to integrate a remotely controllable force

djustment mechanism, to not only turn the magnets on and off,

ut also to control the adhesion force. One possible method was to

ntegrate an actuator to move the central magnet inside the chas-

is. To do this one has to use a rotary to linear transformation

echanism. By controlling the distance between the central per-

anent magnet and the surface, one could control the magnetic

dhesion force. This effect can be roughly translated by the fol-

owing empirical expression given by magnets manufacture HKCM

28] : 

 r = 

F h 
1 + s 

(1) 

Were F h is the Magnetic force depending on the material and s

he distance between the magnet and the surface. 

One could use an electromagnet but then it would have its lim-

tations, such as safety problems in the event of power failure. 

The solution adopted was to use an actuated switchable mag-

et. This results in a simpler, more compact and fail-safe mecha-

ism. This solution also has the advantage of: 

• Being able to control the force, and not only to switch the mag-

net on and off. 

• Being a non back drivable mechanism, meaning that it con-

sumes energy to rotate one of the permanent magnets, but af-

ter reaching the desired angle position the actuators can be

turned off while remaining in that same position and not con-

suming any energy. 

Adhesion force changes based on the angle of the upper magnet

elative to the lower magnet, as magnetic fields align and reorient.

e set out to measure in detail this variation by first running a

imulation in COMSOL of the magnetic flux and the adhesion force



140 M. Tavakoli et al. / Mechatronics 36 (2016) 136–146 

Fig. 7. Magnetic flux in on and off states. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Current version of OmniClimber with the transition mechanism closed. 

Fig. 9. Current version of OmniClimber with the transition mechanism open and 

central magnet in detail. 

Fig. 10. Transition mechanism. 
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obtained for different angles and then by measuring the adhesion

force experimentally in a prototype. 

The force generated by a switchable magnet varies with the

orientation of the poles of the magnets inside. The magnetic flux

always occurs between opposite poles. Thus if the poles of both

magnets are aligned the magnetic flow is forced down the casing

through the surface material to re-enter the housing on the op-

posite side. When this happens, the switchable magnet generates

an attractive force proportional to the alignment of magnets. If the

poles are fully aligned the generated force is maximum. If they are

not aligned, strength decreases because part of the flux circulates

between the two magnets instead of going down to the surface. If

the poles are completely inverted, the magnetic flux flows directly

between the magnets and the switchable magnet does not gener-

ate any force of attraction, as shown in Fig. 7 . Due to small leaks

in the housing thin side there is always a residual attraction force.

Though it is possible to select and maintain a state between on

and off on the switchable magnet, the magnetic forces between the

two magnets force them to move to one of the those two prefer-

ential positions. So to maintain the top magnet at a desired an-

gle, so that the mechanism is non back drivable, it is necessary to

counter the torque which tries to align the upper magnet with the

lower one. For this, we selected an actuator whose internal friction

is big enough to stop the shaft’s rotation due to the torque exerted

by the two magnets. In this case we used a Pololu Micro HP with

298:1 transmission ratio. 

5. Novel plane transition mechanism using switchable magnets 

The new transition mechanism shown in Figs. 9 and 10 is a

2 DOF planar manipulator that embeds two linear actuators. The

length of two links of the mechanism are controlled by two lead

screw systems. Such mechanism is able to provide 2 degrees of

freedom between the robot chassis and the end effector as can be

seen in Fig. 8 . By changing the length of the two variable length

bars, it is possible to change the distance and angle between the

adhesion unit (manipulator) and the chassis which is necessary for

the plane transition. Both end effector, and chassis are equipped

with a switchable magnet system. Depnding on the direction of the

transition, the role of chassis and end effector change. That is, one

of them acts as a fixed base, and the other acts as the manipulator.

Linear movements are created by a nut and screw system with

linear guides. This solution results in a very high transformation

ratio which allows the use of very small and light-weight actuators

(Pololu Micro HP 100:1 gear motor, weight = 9.5 g) at a cost of the

speed reduction (0.5 mm per rotation with the motor running at
pproximately 300 rpm). Here the speed is less significant because

lane transition does not happen very often. 

.1. Adhesion unit 

The adhesion unit of the arm should be able to support the full

eight of the robot and also the detaching torque during the plane

ransition. This adhesion unit possesses two switchable magnets at

 certain distance from each other. 
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Fig. 11. Adhesion unit worm drive transmission and friction skis. 

Fig. 12. Distances and forces diagram. 

Fig. 13. Anti slip system (Fa - friction force; W - weight; M - movement force). 
As can be seen in Fig. 12 , d is the distance between the cen-

er of the adhesion unit and the anchor point and s is the distance

etween the center of switchable magnets. These distances are cal-

ulated so that the force generated by the switchable magnets of

he arm adhesion unit is sufficient to support the torque generated

y the weight of the robot. The other distance in the diagram of

he Fig. 12 is (D), which is the distance between the robot body’s

enter of mass to the anchor point. The torque generated by the

eight of the robot T W 

is function of this distance and is given by:

 W 

= D × F w 

(2) 

The maximum torque is generated for the highest value of dis-

ance (D) which is 120 mm. The torque in this situation is: 

 W 

= 0 . 120 × (1 . 120 × 9 . 81) = 1 . 32 Nm (3)

Where T W 

is the torque generated by the weight F w 

. 

To support the robot weight the distance (d) must be such that

he value of torque generated by the switchable magnets T AU is

reater than that generated by the weight of the robot: 

 AU ≥ T W 

(4) 

For this to happen (d) is given by: 

 = 

T AU 

F SM 

(5) 

Where T AU = T W 

and F SM 

is the force generated by the two

witchable magnets. Therefore (d) is: 

 = 

1 . 32 Nm 

116 N 

= 11 . 4 mm (6)

The distance (d) that we chose was 20 mm for a safety factor

f 1.7. 

The distance (s) can be obtained by dividing the generated

orque of the weight by the force of each switchable magnet: 

 = 

1 . 32 Nm 

58 N 

≥ 0 . 023 m (7)

Here we chose s = 34 mm in order to respect the SM dimen-

ions which results in a safety factor of 1.5. 

Both switchable magnets can be actuated by a single motor,

hrough a non back-drivable worm gear mechanism. The required

orque to actuate the two switchable magnets varies with proxim-

ty to a ferromagnetic surfaces. The worst case scenario happens in

he absence of any ferromagnetic surface or material. In this case

ach SM unit requires 0.25 Nm to turn, or 0.5 Nm in total. 

Here we used a MICRO HP Pololu gear motor with a gear ra-

io of 100:1 which is coupled with an additional custom made

orm drive transmission increasing its gear ratio 28 times provid-

ng more than 1 Nm at the output shaft considering a 50% effi-

iency on the worm drive transmission. 

Furthermore, we integrated a mechanism, called “Skis”, which

s used to increase the friction between the robot and the surface,

hus reducing the risk of slippage when the robot is stationary and

eld only by the adhesion unit on a vertical surface ( Fig. 11 ). In the

eginning of the transition the robot is in contact with the surface

ith only two wheels. During our experiments we saw that at this

oint while the robot returns to its normal position with the three

heels in contact some slippage happens on the adhesion unit. To

revent this from happening it is necessary to create friction. The

roblem is that the friction hinders the movement of the robot. So

he developed solution has to prevent slipping without hampering

he progression of the robot on the surface. To do this the bottom

ide of the Skis is covered with an high friction silicon rubber. 

As shown in Fig. 13 when the robot is stationary the weight of

he robot pushes the skies against the surface preventing it from

appening. In the opposite situation, when the robot is climbing,

he Skis retreat. 
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Fig. 14. Transition mechanism simplification. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15. Plane transition process with the new mechanism. 

Fig. 16. Ceilling and vertical wall maneuvers. 
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5.2. Kinematics and control 

Fig. 10 , depict the chain of the 2DOF planar mechanism. Points

A and D have fixed positions and the angle between AD and CD

is also fixed. The bar CD does not rotate but its length varies. Bar

AB has both length variation and rotation on both vertices’s. BC

has also a fixed length. The inverse kinematics of the mechanisms

allows us to calculate the length of the two variant length bars

((AB) and (CD)) linear guides, based on the desired pose between

the two adhesion units i.e. the relative inclination between the ad-

hesion units (90+ θ ) and its distance (D1), as shown in the Fig. 14 .

The following expressions provide the lengths of the variant length

bars, i.e., l 1 = | AB | and l 2 = | CD | based on the required inputs (d =
D1 and θ ) 

l 2 = 

(
D 1 

cos ϕ 

)
(8)

l 1 = 

√ 

(D 2) 2 + ((AD + CD × sin ϕ) − BC × cos θ ) 2 (9)

Where: 

D 2 = D 1 + (BC × sin θ ) (10)

and ϕ is a constant angle: ϕ = 180 ◦ − 56 ◦ = 124 ◦. 

5.3. Transition 

Fig. 15 depicts the transition process. To make the transition

first the adhesion unit of the arm is placed in parallel to the new

surface. Once the contact is established the SM unit of the chassis

is turned off. In this case only two of the three wheels are in touch

with the surface. These two wheels lift the robot. In this case the

adhesion force is provided by the SM unit of the arm. But the ad-

hesion force is adjusted to a minimum necessary adhesion force

that is required to support the robot’s weight and provide enough

traction to the wheels for climbing. This is determined experimen-

tally and depends on the material and the thickness of the struc-

ture. For instance for the case of this experiment which was per-

formed on a 1mm thin steel plate, this value was around 75% of

the maximum adhesion force. The robot climbs with two wheels

to an extent in which it is possible to attach the third wheel. The

attachment of the third wheel is performed with the help of the
rm (as shown in Fig. 15 ). In this case the SM unit of the arm pro-

ides the maximum adhesion force and acts as a safe anchor to

vercome the generated torques by the weight of the robot. After-

ards the SM unit of the arm is turned off and the arm return to

ts original pose before the transition. 

.4. Torque analysis and actuator selection 

The forces and torques involved during the transition between

lanes depend on their orientation relative to gravity acceleration

ector. This means that the loads which the mechanism will have

o support will be different when the transition is made between

he ceiling and the vertical wall or between the ground and the

ertical wall, as shown in Fig. 16 . These cases were studied and

he actuators used in the transition mechanism were dimensioned

aking into account the requirements for the most demanding tran-

ition. 

The mechanism should provide the required torque to rotate

he joint in the worst case scenario, which is the passage from a

ertical wall to the ceiling. As can be seen in Fig. 17 , we have: 

Weight [N]; 

 w 

= W × cos (α) 

Torque [Nm]; 

 = d × (W × cos (α)) 

Here α is variable during the transition and “d” represents the

istance between the center of the mass of the robot and the joint

 on the arm adhesion unit. 
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Fig. 17. Gravity force and weight vectors during the ceiling attach maneuver. 
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Based on these results the actuators for the linear guides are

elected. Due to the large contact area between the threads of the

ut and the threads of the shaft, there is a huge loss of energy in

riction so we considered just a 20% efficiency for the screw-nut

ystem. The force generated by threaded shafts can be calculated

s: 

 out = 

(
2 π × T in 

p 
× η

)
(11) 

Where F out determines the generated linear force and T in is the

orque of the chosen motor. F out is also the force that the shafts

pplied in the joints A and D. This force must be sufficient to coun-

eract the weight of the robot and force this to return its position

fter the transition. In the worst scenario the force F out applied in

oint A must generate at least 1.32 Nm, as depicted in Fig 22 . p
Fig. 18. The schematics of the pr

d  
ocessing and control unit. 

s the pitch which is 0.5 mm for an M3 screw, and η is the ef-

ciency. The selected actuators are Pololu Micros Hp with a gear

atio of 100:1 and a nominal torque of 0.21 Nm at output shaft.

his corresponds to a force of 0.53 N, assuming an efficiency of

0%. 

This actuator is quite small. It has a cross section of 10 × 12

m with a length of 26 mm and weights approximately 10 g. The

igh transmission ratio not only allows the use of smaller actu-

tors, it also makes the system not non back drivable, having as

 consequence the increase in transition time. Nevertheless, this

oes not seem to be critical since the plane transition is not a very

requent action. 

. Mechatronics 

The new version of the Omniclimber integrates seven actuators

rom two different series (compared to four actuators in the pre-

ious version of the hand from a single servo, i.e., dynamixel ac-

uators). Therefore, the control of the robot is more complicated.

n order to avoid integration of several drivers and control boards,

e opted to design an ad-hoc single board control unit for pro-

essing, for driving all actuators of the robot and the arm, and also

or communication. Fig. 18 shows the schematic of the control unit

nd also the home-made board. 

The integrated micro-controller is an ARM Cortex STM32F4. The

ynamixel servos of the climbing robot use a TTL protocol. To com-

unicate with the micro-controller’s the TTL must be converted

rom half-duplex to full-duplex. This is accomplished using a Buffer

SN74LS241DW) to switch between UART’s TX and RX. The servos

re connected in a Daisy Chain configuration which means that all

ervos receive all communication messages and select which mes-

age is for him by searching for a message with an ID that matches

ts own. 

The Gear motors of the arm and the switchable magnets are

riven with PWM using a H-Bridge (DRV8801PWP). They are
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Fig. 19. The new protoype of the Omniclimber. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5 

OmniClimber VII characteristics. 

Diameter × height 

Mass 

260 × 140 mm 1120 g 

Total number of 

actuators 

7 

Total number of DOFs 5 

Mobile robot Actuation 3 Dynamixel MX-64 rotary actuators 

Arm Actuation 2 Pololu gear motors 

Switchable magnets 

actuation 

2 Pololu gear motors 

Mechatronics and 

control 

ad-hoc home made control unit with ARM cortex 

microcontroller 

Power Thetered 

Wheels 3 Omnidirectional Magnetic Wheels 70 mm diam. 

Adhesion force ∗ 32 N (chassis switchable magnet off) 88 N (chassis 

switchable magnet on ) 2 × 56 N (arm adhesion 

unit) 

Max climbing speed 14 cm/s 

90 ◦ plane transition 

time 

15 s 

Movement omnidirectional 
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equipped with magnetic Rotary encoders that communicate with

micro-controller trough SPI. 

The communication between the board and a ground computer

is achieved through a Bluetooth module which is integrated into

the board. The ground computer communicates with the micro-

controller trough UART and is used to establish communication

with a computer where the User interface is running. Furthermore

the board integrates a connection point to a Raspberry PI. This

means that a Raspberry PI single board computer can be directly

plugged into the board. Currently we use the Raspberry PI only

for communication of videos to the ground computer through wi-

fi. In the next versions we will use this single board computer for

achieving some part of the high level control on the robot rather

than on the ground computer. The actuators of the climbing mech-

anism are 3 Dynamixel MX-64 gear motors. While the communi-

cation is done wirelessly, the power supply is tethered. 
Fig. 20. Video frames of the robot performing the tran

O  

o

sition between the floor and a vertical surface. 

. Tests and results 

Fig. 19 shows the new prototype of the Omniclimber. The Om-

iClimber was tested on structures made of 1 mm thick steel

heets. Fig. 20 shows the robot moving on the ground and ap-

roaching a steel locker, attachment of the SM unit, transitioning

o the vertical plane and then climbing the structure. Fig. 21 shows

 transition from a vertical plane to the ceiling. 

Compared to the previous version of the Omniclimber

19] which benefited from a minimalistic approach in terms of

ctuation (i.e. only 4 actuators for the whole robot), this version

s more complex and integrates seven actuators. Furthermore the

echanism has a better control over the arm resulting in a smooth

ransition action. Moreover, in addition to the adhesion force of

he arm’s adhesion unit, the adhesion force of the chassis to the

tructure can be controlled with switchable magnets. The non back

rivable actuation system for the SM units result in a lower power

onsumption compared to electromagnets since the power is con-

umed only in the act of switching. This is also safer than elec-

romagnets in case of a power failure. One drawback of the novel

mniclimber is its relatively slow transition which takes 15 sec-

nds for a 90 ◦ plane transition. 
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Fig. 21. Video frames of the robot performing the transition between a vertical wall and a celling. 

Fig. 22. Wall to ceiling maneuver results. 

Fig. 23. Floor to wall maneuver results. 
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During a plane transition, the adhesion force of the switchable

agnets of the chassis and the adhesion unit is controlled, in order

o make the transition possible. At this stage we are not doing fine

orce control over the SMs. But we control the force at predefined

ntervals of 0, 25, 50 , 75 and 100 percent of the maximum force.

igs. 22 and 23 , represent the percentage of the applied force to

he maximum force of the SM units during the transitions, ground

o a vertical wall and wall to the celling. The letters on the bot-

om axis represent the frames shown in Fig. 20 . When climbing a

ertical structure of 1mm thickness, the magnets of the wheel ap-

ly a vertical adhesion force of 9N. The magnets on the wheels are

mbedded to increase the wheels traction and reduce the slippage.

he central magnet provides the main adhesion force for the robot

hassis. 

The characteristics of the OmniClimber version VII are pre-

ented in Table 5 . 

. Conclusions 

In this article we proposed a novel plane transition mecha-

ism for the Omniclimbers based on switchable magnet units that
an be controlled for precise adhesion force control. We simu-

ated,designed and fabricated a custom design of the SM units

or the specific applications considering to reduce the detachment

orque and also maximize the force per mass ratio for thinner

tructures. SM units were installed on the arm and on the chassis

f the robot. The SM on the chassis replaced the previous perma-

ent magnet of the chassis. In this case we can opt the adhesion

orce based on the climbing structure. 

The transition arm is composed of high ratio transmission

echanisms i.e., a 100:1 lead screw nut mechanism. The inverse

inematics of the transition mechanism were also presented. Fur-

hermore, we designed, developed and integrated a home-made

ompact control unit that integrates the drivers and performs the

losed loop control for all actuators and communicates with a PC

hrough bluetooth. 

The adhesion unit can be positioned accurately on the struc-

ure and is capable of raising the entire robot smoothly. The use

f the switchable magnets allows for control over adhesion force

hich in necessary during transition and climbing. The precise

ontrol of the force generated by the magnets proved to be im-

ortant for navigation and to switch between planes. Furthermore,

djustment of the adhesion force during the climbing is made

asier. 

The use of linear guides with threaded shafts is an effective way

o achieve accurate movements with high force with small actua-

ors and also to have a non back drivable system. In this way the

rm can stay at any position without power consumption. However

his comes at the cost of a slow transitions. Yet this is not critical,

ince the transition does not happen very often. 

The novel SM based adhesion unit and also the novel transition

rm showed several advantageous over the previous version. This

ew design allows better control of the transitions of the robot, by

ontrolling its movement with two actuators instead of one, with-

ut increasing the robot’s weight. The new version is 30% lighter

nd enables a smooth motion. 

The reduced power consumption obtained by the use of switch-

ble magnets, when comparing to electromagnets, potentially in-

reases the autonomy and range of the OmniClimber climbing

obot. Another advantage of using switchable magnets is that it

akes the robot safer in the event of power failure, and enables

dhesion force control, giving better adaptability to different sur-

aces. Experiments showed that the mechanism works as predicted

nd it is a viable solution for wheeled climbing robots. Current

ransition time is 15 seconds. 

Future works will mainly focus on integration of proximity sen-

ors on the arm and on the chassis and algorithms to make the

ransition autonomous. 
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The main limitation which is the subject of the future work is

to be able to adjust the required force for the SM unit of the chas-

sis based on the material and surface condition. In this way we can

autonomously control this force. This will be achieved by measur-

ing the wheels slippage by comparing the velocity of the wheels

(measured by encoders) and the robot (measured by an optical

flow sensor). 
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