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Abstract

In this growing era of technology, there is always a rising demand for usage of wall climbing robot for its various
application in industries. These rise in demand has provoked the research in this area to design and fabricate an
efficient wall climbing robot (WCR). Though there are many design parameters involved in determining an efficiency
of wall climbing robot, the key parameters lie with its payload and self-weight that is directly linked with the adhesive
mechanism which in turn is influenced by two major issues namely peel off and roll over which remains as major
constraint for the practical application of the bot. In this article, the experiment is handled in two different cases. In
case-I, an experimental study is enhanced to measure the payload capacity of the proposed wall climbing robot both in
static and dynamic mode. The actual result obtained as an outcome of the real time experiment is compared and
validated with respect to the simulation result obtained and in case-II, an experimental study is made to validate
adhesive force by comparing calibrated value with experimental value and also to validate the design of introducing
Smart Adhesive Mechanism (SAM) which can overlook the existing issue so called “peel off” and “roll over”. A software
named Edge impulse is used to collect data, create impulse and find the anomaly for the given data series through which
the efficiency of the SAM is proven.
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Introduction

Wall climbing Robots (WCR) have diversified areas
of application. Especially these robots play major
role in handling nondestructive testing in
industrial environment where human life is under
threat. These robots have higher impact of
applications in ship building industries for
performing sandblasting and water jetting process.
The performance of these WCR is justified with two
major design features namely payload and self-
weight. The relationship between these two
features is found to be directly proportional. But
for an efficient WCR, it is always essential to design
high payload with low self-weight robots. Keeping
this as an objective, in this paper an attempt is
made to design a wall climbing robot with high
payload to weight ratio. The fabrication of the WCR
can’t be done directly without proper simulation
design satisfying the objective considered. In this
paper one such simulation software named

CoppeliaSim is used to design the proposed model
and analyze the performance of the proposed
design of WCR by varying the input parameters.
Finally, the simulated resulted is compared with
that of the hardware testing result. Though there
are many researchers working on this design of
WCR with different adhesive mechanism, very few
have discussed on SAM which is essential to
overcome the rollover and peel off effect. The
performance of the WCR both in static and
dynamic condition studied in simulation mode
using the software named CoppeliaSim. This
simulated result validated and justified with the
actual result by performing the real time
experiment in this study. The wall climbing robot
designed consists of four magnetic wheels FZW63
made of NdFeB material. Each magnetic wheel
exerts 330 N force as per the specification given
from the firm. The novelty of the work lies in
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providing an additional adhesive force through
central electromagnetic disc exerting 147 N from
each electromagnet.

Hence an additional 441 N force exerted from the
central electromagnet disc increase the static
payload capacity of the proposed WCR which is
novel when compared to the existing hybrid
adhesive mechanism of WCR. In this section, a
detailed review on existing wall climbing robots is
made. The analyze is also made on remedy to
overcome the wall climbing robot issue especially
peel off and rollover effect. A design which can roll,
crawl based on bioinspired robot was proposed in
(1). A discussion on constraints involved in
dynamic model of WCR was done (2). The recent
research in the bot that can climb vertical surface
was presented (3). A survey paper on advances in
WCR and its challenges was done (4). A general
equation of motion for mechanical system was
proposed (5). The discussion on adhesive
mechanism and the locomotive techniques for
climbing robot was made (6). Another discussion
on the design and development of pylon climbing
robot with 5 degrees of freedom was presented
(7). An innovative adhesive mechanism called
HMA (hot melt adhesion) for climbing bot was
presented (8). A compound mechanism which can
walk and crawl was presented (9). A novel design
of WCR to measure paint film thickness in the wind
turbine was proposed (10). A wall climbing
hexapod having shape memory alloy with actuated
suction gripper was developed (11). A WCR to
detect concrete surface flaws was introduced (12).
A WCR with linkers and gears for adhesion was
presented (13). A grasping claw gripper
mechanism as adhesive mechanism for WCR was
developed (14). T bot with two driving wheels for
WCR was proposed (15). ASTERISK. With gait for
limb mechanism to move on narrow spaces was
presented (16). A series chain with two tracked
wheel as climbing mechanism was presented (17).
An hybrid adhesive mechanism for WCR in thermal
power plant was developed (18). A bionic robot
that works in high altitude (19). An innovative
design for magnetic crawler by introducing load
dispersion mechanism (20). An online impedance
adaption controller which uses proportional
derivative controller adjusting the peeling off angle
was introduced (21). A pressing type passive
suction cups and one motor was developed (22). A
shape adaptive magnetic adhesive mechanism for
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wheeled WCR which overcomes the peel off was
introduced (23). A mechanical model of spine
wheel to grab the surface with multiple spines to
overcome the peel off was presented (24). The
force required to overcome the roll over issue was
calculated (25). Kendall model of investigating the
peel off force was developed (26). A rocking
motion, a kind of normal force overcoming the peel
off in small and agile WCR was introduced (27).
The usage of Edge computing for anomaly
detection to ensure safety in mining was presented
(28). The dynamics of vertical climbing mobile
robot. In this paper (29), an experimental study is
done to determine the actual adhesive force with a
comparison of its calibrated value and a novel
approach is made to overcome the peel off and roll
over issue with the help of SAM or central
electromagnet disc. The wusage of predictive
analytic model from Edge impulse for reliability
prediction of industrial equipment was presented
(30). The Edge impulse as MLOps platform for tiny
machine learning was presented (31). The current
status and trends of research in wall climbing
robot is discussed (32). A hybrid adhesive
mechanism for wall climbing robot is discussed
(33).

Methodology

The analytical equation to determine the primary
objective to optimize the payload [P] value and
self-weight [W] value of the proposed WCR is as
given in equation [1] where o« prioritize the
payload capacity and 3 prioritize the lightweight-
ed design, both are weighting factors.

xmin]=aW-P [1]

The proposed methodology is to design the WCR in
the simulation software and then fabricating the
exact hardware for the real time experimental
testing. The performance of the proposed design is
analyzed by comparing the result obtained from
simulation and real time experiment in case -I
discussed under section 3.1. Further the model is
deployed for analyzing weather the proposed
design is able to overcome the peel off and rollover
issue.

Case-I Design Analysis -Experiment Vs
Simulation
The bot is fixed at a height of 169 cm above the

ground and the test is continued under four
different conditions at central disc like no solenoid
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excitation [0], single solenoid excitation [1], double
solenoid excitation [2] and triple solenoid
excitation [3].

The number of solenoids at central disc is
restricted to maximum count of 3 as the theoretical
calculated adhesive force value is greater than the

desired adhesive force by analyzing through free
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body diagram. On each condition the additional
weight disc is allowed to hang on trial-and-error
basis and the maximum payload carrying capacity
for each condition is noted from the test and is
tabulated as given below (Table 1).

Table 1: Maximum Payload - Actual Result (Experimental Result) Vs Simulation Result

Condition Height in cm

Max payload (kg) at which the peel off starts
Actual result Simulation result

No solenoid excited 169 cm
No load condition

Single solenoid excited 169 cm
Double solenoid 169 cm
Triple solenoid 169cm

12 kg 30 kg
34 kg 36 kg
55kg 43 kg
91kg 50 kg

The graphical illustration of Figure 1 to Figure 5
shows that the outcome of both experimental
result and simulation result exhibits same slope of
gradient. The novelty of the bot with triple
solenoids excited at central disc helps the WCR to
carry a payload of 91 kg at static mode which is a
new bench mark when compared to the existing
methods. Thus, in static mode the bot exerts
payload: weight ratio value of 20:1. The bot is
allowed to climb a distance of 70 cm (i.e., from 104
cm to 174 cm) with varied condition from central
disc like no solenoid excitation [0], single solenoid
excitation [1], double solenoid excitation [2] and
triple solenoid excitation [3]. On each condition the
additional weight disc is allowed to hang on trial-
and-error basis and the maximum payload

carrying capacity for each condition is noted from
the test and is tabulated as given below. The
using the
CoppeliaSim software as shown in Figures 6 (A-D)
& 7 (A-D). There are three observations made in
this dynamic mode which is as discussed below.
Figures 64, 6B, 6C and 6D depicts the simulation
result under varied payload (i.e.,
payload under each condition). The Figures 7A, 7B,
7C, 7D depicts the simulation result under fixed
payload (i.e., the fixed payload considered here is
4kg). Table 1 shows the maximum payload
capacity with respect to varied count of solenoid

simulation result is obtained

maximum

excitation in central disc both in simulation and
real time experiment.
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Figure 1: Static - Max Payload Vs Count of Solenoids Energized at Central Disc
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Figure 2: Static - Max Payload Vs Count of Solenoids Energized at Central Disc
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Figure 6: Simulation for Varied Payload- Dynamic Mode -(A) No Solenoid Excited at Central
Electromagnetic Disc, (B) 1-Solenoid Excited at Central Electromagnetic Disc, (C) 2-Solenoid Excited at
Central Electromagnetic Disc, (D) 3- Solenoid Excited at Central Electromagnetic Disc
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Figure 7: Simulation for Fixed Payload-Dynamic Mode: (A) No Solenoid Excited at Central
Electromagnetic Disc, (B) - Solenoid Excited at Central Electromagnetic Disc, (C) 2- Solenoid Excited at
Central Electromagnetic Disc, (D) 3- Solenoid Excited at Central Electromagnetic Disc
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Table 2: Observation-I -Maximum Payload Capacity-Experimental Vs Simulation Result

Count of solenoids in Adhesive Force Exerted

Maximum Payload in

Simulation Result

Central Disc from Central Disc Experiment (Kg) (kg)
(Newton)
0 0 10 56
1 147 5 62.6
2 294 4.5 71
3 441 4 76

In Observation-I, the maximum payload capacity is
compared both in experimental and simulation.
Table 2 shows how the adhesive force has
impacted in actual experiment and also via the
simulation mode. It seems maximum payload is
carried only when there is no solenoid excited in
actual experiment where as in simulation mode the
maximum payload is carried at 3 solenoid
excitations. This difference is because of the
influence of magnetic friction force exerted by the
electromagnet when the solenoids are excited at
central disc.

In observation-1I, comparing the time taken for
carrying the varies payload is tested both in
simulation and real time experiment. Table 3
compares the time taken for carrying the

maximum payload under different condition like
no solenoid (0), single solenoid (1), double
solenoid (2) and triple solenoid (3). The time
taken for each condition is noted from test and
tabulated as given below. Similarly, the time taken
under each condition is noted from the simulation
result as shown in Figure 7(A-C). In both the case
the bot is allowed to climb a distance of 70 cm. The
graphical illustration of Figure 4 shows that the
outcome of both experimental result and
simulation result exhibits same slope of gradient.
The graph says that as we energize a greater
number of solenoids at central disc the stability of
the bot is increased in dynamic static or in other
words the time taken to carry the payload when
three solenoids energized is less when compared

1243



Rajendran et al,

to the time taken in double solenoid excitation,
single solenoid excitation and no solenoid
excitation. In observation-III, the time taken for
carrying the fixed payload is compared both in
simulation and real time experiment. Table 4
compares the time taken for carrying the fixed
payload of 4 kg under different condition like no
solenoid (0), single solenoid (1), double solenoid
(2) and triple solenoid (3). The time taken for each
condition is noted from test and tabulated as given
below. Similarly, the time taken under each
condition is noted from the simulation result as

Vol 7 | Issue 1

shown in Figure 5. In both the case the bot is
allowed to climb a distance of 70 cm. The graphical
illustration of Figure 5 shows that the outcome of
both experimental result and simulation result
exhibits same slope of gradient. The graph says
that as we energize a greater number of solenoids
at central disc the stability of the bot is increased
in dynamic or in other words the time taken to
carry the same payload (i.e, 4kg) when three
solenoids energized is less when compared to the
time taken in double solenoid excitation, single
solenoid excitation and no solenoid excitation.

Table 3: Observation-I1-Varied Payload -Experimental Vs Simulation Result

Conditions Height to be Varied (max) Actual Time Taken in Simulation Time
Climbed in cm Payload (kg) Experiments Taken (sec)
(seconds)

No solenoid excited 70 cm 10 kg 21 sec 25.19

No load condition

Single solenoid excited 70 cm 05 kg 17 sec 25.15
Double solenoid 70 cm 4.5 kg 16 sec 2491
Triple solenoid 70 cm 4 kg 14 sec 24.71

Table 4: Observation-III -Fixed Payload -Experimental Vs Simulation Result

Condition Height to be climbed in Actual Time taken Simulation Time Taken
cm (seconds) (seconds)

No solenoid excited 70 cm 19 25.01

No load condition

Single solenoid excited 70 cm 18 24.96

Double solenoid 70 cm 17 24.81

Triple solenoid 70 cm 14 24.71

WCR with Central Disc

Figure 8: Side View of the Bot on Test Wall
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Figure 9: Front view of the Bot
with 91 kg

Figﬁre 10: WCRwith Payload tilted to Verify Rollover

Figure 8 shows the WCR (which weighs around
4.5kg) with central electromagnetic disc on test
wall. Figure 9 shows the front view of WCR
carrying a payload of 91kg. Figure 10 shows the
W(CR with payload tilted to verify rollover.

Case-II - Diminution of Peel off & Roll

over

Here in case 2 experiment, the sensors in WCR are
linked with Edge impulse software. The reference
input is received when the bot is climbing in
normal position. Figure 11 shows the two types of
test data with active and inactive SAM. The central
electromagnet gets energized automatically the
input received from gyroscope sensor which tracks
the tilting angle of the wall with respect to ground
whenever there is sudden change in the angle of
climbing, say for example if the bot is tilted to
obtuse angle beyond 90° to 180° as shown in
Figure 12 to Figure 15, the central electromagnetic
disc will get energize in order to provide an
additional adhesive force by which it rectifies the

roll over (i.e., the bot tilting in z axis). The central
disc of the bot also gets energized when there is a
peel off happening i.e. robot struggles in x and y
axis which is sensed from the input received from
accelerometer sensor which tracks the vertical
movement of WCR on vertical wall. This happens
when there is a slippery on the test bed wall or if
the bot is not able to carry the payload at certain
height above the ground. This feature of central
electromagnetic disc makes it unique to mention as
SAM. Figure 16 shows the WCR in obtuse angle of
180° and Figure 17 shows the bot in upside down
inverted position with active SAM overcoming the
rollover issue. Figure 18 shows the flow of control
from the actual bot which is placed on test wall to
the edge impulse software which takes care of
collection of motion data and finding the anomaly
with respect to reference data and two test data.
Finally, the stability of the bot is proven with active
SAM through the anomaly detection graph (Figure
19 and Figure 20).

Figure 11: Types of Test Data
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Figure 12: Bot at Obtuse Angle
(95°) with Active SAM Carrying
Overcoming Rollover

Figure 14: Bot at Obtuse Angle
(105°) With Active SAM
Carrying Overcoming Rollover

Figure 13: Bot at Obtuse Angle
{100°) with Active SAM
Carrying Overcoming Rollover

LR

Figure 15: Bot at Obtuse Angle
(120°) With Active SAM
Carrying Overcoming Rollover

Figure 16: Bot at Obtuse Angle (1809
with active SAM Overcoming Rollover

Figure 17: Bot at Upside Down Inverted
with active SAM Carrying Payloadof 20
Kg Overcoming Rollover
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Results and Discussion

The experimental result shows the proposed bot
has static payload of 91kg with all three solenoids
excited and dynamic payload of 10 kg with no
solenoids excited. From referring Table 5 and
Table 6, it seems the proposed bot is found better
in terms of the payload to weight ratio. And from
Table 7, it shows the proposed bot is good in force
to weight ratio too. Higher the force to weight ratio
means more adhesive force is exerted from the
designed WCR with less self-weight which directly
influence on the higher P: W value too. Figure 8

shows the positioning of bot on the test wall and
the dynamic state of the bot carrying a payload of
10 kg is tested, Figure 9 shows the static payload
capacity of the bot carrying a payload of 91kg. The
experiment was repeated for 20 trials and the
precision of result is found to be very close value 1.
The power consumption is inevitable in this
proposed WCR in case of continues operation as
solenoids at central disc consumes more energy
while increasing the payload. The 50% of payload
capacity both in static and dynamic state of
proposed WCR would be considered as margin of
safety.

Table 5: Comparison of Payload and Weight Ratio - WCR Using Magnetic or Electromagnetic Adhesive

Parameters
Reference Payload Weight P/W
(34) 12 kg 2.23kg 6
(35) 30kg <15 kg 2
(36) 68 kg 18 kg 3.5
(37) 10 kg 6.4 kg 1.6
(38) 40 kg 30kg 30

Table 6: Comparison of Payload and Weight Ratio - WCR Using Magnetic or Electromagnetic Adhesive

Parameters

Reference Payload Weight P/W
(39) 35kg 14.6 kg 2.33
(40) 101 kg 80 kg 1.3
(41) 12kg 1.2 kg 10
(42) 200 kg 20 kg 10
(43) Mother-59 kg, Mother-18, 3.2,1.5

Child-1.2 Child-0.8
Proposed WCR Static-91kg 4.5 kg Static-20.2

Dynamic-10kg

Dynamic-2.22
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Table 7: Comparison of Force to Weight Ratio - WCR Using Magnetic or Electromagnetic Adhesive

Reference Robot Weight(kg) Maximum Applicable Force to Weight Applicable Medium
Adhesive Force(N) Ratio
(35) <15 1400 93.33 Ferrous wall
(36) 18 667 37.05 Ferrous wall
(34) 2.23 121.26 54.37 Concrete wall
Proposed bot 4.5 1599 355.33 Ferrous wall
The simulation result discussed in Table (1-4) is Simulation environment, the contact models are
obtained using the CoppeliaSim software. The enabled by proximity sensor, magnetic force
comparison with payload: weight value (P/W) of modelling is given via lua script, the friction
existing WCR and how that is used to compare with coefficient and control schemes depends on the
proposed one as given in Table 5 and Table 6. In physics engine opted and here it is Bullet.
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Figure 22: Data Taken with Active SAM

RAW DATA

unknown.42ukca7d

k4
£
5
2
5
(5]
(=
)
©
i
<
0]
O
(s
<

8320 10400 124¢ 16640 18720

Time (seconds)

8. @ @
Figure 23: Data Taken with in Active SAM
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Figure 21 is the graph which is considered as
reference data. The data series in Figure 22 and
Figure 23 are the test data input. Figure 22 is the
data taken with active SAM. Figure 23 is the data
taken with inactive SAM. Now with this input,
anomaly detection plot is derived as shown in
Figure 19 and Figure 20. The anomaly between the
reference input and the test input with inactive
SAM is shown in Figure 19 whereas the anomaly
between the reference input and the test input
with active SAM is as shown in Figure 20. Now with
this input, anomaly detection plot is derived as
shown in Figure 19 and Figure 20. The anomaly
between the reference input and the test input
with inactive SAM is shown in the Figure 19
whereas the anomaly between the reference input
and the test input with active SAM is as shown in
Figure 20.

Conclusion

Case-I: This payload feature of the bot makes it
suitable for various industrial applications like
hydro jetting, sand blasting in ship hull
maintenance where static payload is more
compared to the dynamic state. Even this bot
(mother -child configuration) can be used in
performing NDT operation in industry. The static
payload capacity of mother bot can lift the child bot
with payload less than 90 kg carrying all NDT
equipment’s and necessary power backups. The
study can be further expanded in studying the
impact by adding more solenoids at central disc
and also by introducing a novel design overcoming
the magnetic friction during the dynamic state
which is considered as a constraint of the proposed
one.

Case-II: Thus, through the experimental study,
we have validated the actual adhesive force
exerted from proposed WCR comparing it with the
calibrated value. The work also helps to justify the
presence of this SAM which overlooks the existing
challenge “peel off” and “roll over” of the WCR. And
this justification is done with the help of k means
anomaly detection using IoT. This SAM in turn
improvise the efficiency of the bot by providing
additional adhesive mechanism whenever the
abnormal situation happens during the real time
application. The above experiment is conducted on
casting iron wall with more surface roughness and
the curvature of the wall is 0 or in other words the
proposed WCR is suitable for plane wall surface

Vol 7 | Issue 1

with no curvature, this could be considered as a
limitation of the proposed WCR. The future work
to be made overcoming the above said limitation
and varying the material of the metal wall. The
work can be further expanded in future focusing
deep on the fundamental factors like inertia,
magnetic friction and traction loss.

Abbreviations

kg: kilogram, NDT: Non-Destructive Testing, SAM:
Smart Adhesive Mechanism, WCR: Wall Climbing
Robot.
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