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ABSTRACT This paper introduces a wheel-based vertical propagation robot, Ibex, for visual inspection of
both flat and curved surfaces. The platform is modular, consisting of vacuum-based adhesion modules and
steerable-wheel locomotion modules. The adhesion module consists of a unconventional design of suction
cup with sufficient structural flexibility and single-axis translation freedom that helps with adhesion to flat
and curved vertical surfaces. Through experiments, we validate the locomotion, adhesion, and conformation
mechanisms of the robot, and collated data of the adhesion module such as differential pressure as well as
normal force measurements using force sensitive resistors and a thrust force meter.We show that the platform
has ability to generate a considerable amount of adhesion force while demonstrating the ability to adhere
to and move on variables types of surfaces as well as various surface curvatures including plastered cement
pillars and aircraft skins.

INDEX TERMS Vertical wall climbing, curved and flat wall, wheel locomotion, suctionmechanism, flexible
suction cup.

I. INTRODUCTION
Vertical climbing robots as a class have been an emerg-
ing field of study, especially due to the non-planar surfaces
requiring various types of services such as inspection and
maintenance. Such surfaces include aircraft skins [1]–[3],
ship hulls [4], pipes [5], cables [6], and wind turbine
blades [7]. The various services for these surfaces make
human labour time consuming and dangerous, making them
more suitable for vertical climbing robots to be implemented.
To further work in this field, we explored current literature
for curved surface propagation robots. Common mechanisms
and issues detailed were collated from thirty two robot sys-
tems. As per the literature, curved surface propagation robots
may be divided based on three general categories: locomotion
mechanism, adhesion mechanism, and mechanisms assisting
conformation to the curved surface.

In vertical robots, close contact between the robot and tar-
get surface is often necessary due to the nature of the service
carried out, requiring the use of suspension mechanisms to
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ensure that the robot would be able to stay on the surface
without falling off. Magnetism is commonly used in ferro-
magnetic surfaces. It is to be noted that permanent magnets
were the only types of magnets used through the papers
surveyed [8]–[14]. The control of the attraction force on
permanent magnets is often by varying the distance between
the magnets and the surface. Differential pressure [15], [16]
is used as well, often involving a sealed chamber which has
a lower pressure as compared to atmospheric pressure and
a vacuum pump to generate the differential pressure. Such,
when combined with the area over which this is exerted,
results in a normal force that holds the system to the surface.
There has also been use of mechanical force in order to ensure
that the system will stay on the surface. Such would usually
involve clamping [17], [18] or by penetrating the surface
using needles [19].

While the adhesion mechanism is responsible for keeping
the robot close to the surface without falling off, the loco-
motion mechanism ensures that the robot would be able
to move on the surface while staying on it. Researchers
have developed robots [15], [20]–[25] which make use
of an ‘‘alternating frame’’ mechanism in order to move.
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These platforms typically have two parts of the body: one part
remains fixed on the surface, while the other moves before
attaching at a new location. The roles of the fixed part and
the moving part alternate, resulting in locomotion. Parallel
displacement of frames [22], [23] (the planar translation of
the frames relative to one another), rotational displacement
of frames [15], [24] (referring to how the frames are trans-
lated from one another relative to a common rotation axis),
continuum mechanisms [26] and parallel mechanisms [25],
[27] are used to achieve this. There are also robots which use
legs to move. If alternating frame mechanisms is defined as
having a bulk of the body to move while a certain portion
stays fixed on the surface, legged mechanisms move only the
limbs while themain bulk of the body remains relatively fixed
on the surface [19]. Dual-wheel differential steering [16] and
omnidirectional wheels [13] are among the most common
wheel configurations observed in curved surface propagation
robots. Other wheel configurations include dual-wheel bicy-
cle steering [28], and four-wheel steering [4], and three-wheel
synchro-drive steering [29]. Apart fromwheels, track systems
have also been used [30], [31].

Lim et al. developed an inspection robot which makes use
of ropes to hoist the robot along the blade. The robot is capa-
ble of conforming to the surface of the blade using ‘‘two linear
adaptive guide actuators’’, ensuring that the guide wheels
remain attached on the system [32]. Wang et al. developed
a system which makes use of electrostatic adhesion both as
the means of adhesion and the means of locomotion [30].
Using three-phase AC voltage, the track moves. Using the
same voltage, the system adheres to the surface as well. Use
of passive joints in the system allows the robot to conform to
various curvatures which it is moving on.

What distinguishes vertical curved surface robots from
vertical climbing robots is the ability to conform to the curved
surface. Conformation mechanisms are developed to ensure
that robot systems would adhere to and move on the surface
more effectively, resulting in greater surface coverage as
compared to robots which do not have such mechanisms.
These can be divided into three general ways, namely precise
positioning, structural conformation, or structural fit. Precise
positioning is defined as having the robot positioning vari-
ous parts of the system in order to conform to the surface.
This is usually done together with a clamping mechanism
[5], [18]. Structural conformation is defined as the struc-
ture of the robot changing its shape in order to conform
to the curved surface. Unlike precise positioning, structural
conformation is passive. This can be done through the use
of compliant mechanisms [13], free joints [28], [33], [34]
or suspension systems [7]. Structural fit is defined as the
structure of the robot remaining rigid as the robot is con-
forming to the structure. The most common design seen is
V-shaped grippers, which help to position the robot as the
grippers close around the surface [35]. A proof of concept
system developed by Unver et al. was intended for smooth
to relatively rough surfaces [24]. The tacky footpad foam,
made out of ‘‘a polyurethane V 10 flat elastomer’’, acts as a

compliant mechanism, while a ‘‘compliant rockermechanism
with a limited motion range’’ is used to further conform to the
surface. The robot was able to adhere to a curvature of 1.5m
diameter.

Despite the advancements made in vertical curved surface
climbing robots observed from the above literature, there
are several issues which current robots face. In the design
considerations of our proposed robot, we have focused on
some of the improvements we have made to the issues which
we have identified. One design considerations is to adhere
to various types of surfaces, including non-ferromagnetic
surfaces without any damage to the structure. Magnets would
not be useful in non-ferromagnetic structures, and penetra-
tion methods will potentially damage the structure, leaving
vacuum suction, clamping, and microscopic forces. The next
design consideration is for the robot to handle flat surfaces as
well as surfaces of various curvatures. This would effectively
eliminate clamping methods. Due to the ability of vacuum
suction mechanisms to deal with any kind of surface clean-
liness, vacuum suction was chosen. To deal with the various
curvatures, we decided to use a flexible suction cup which
would conform to various types of curvatures. Another design
consideration is to minimise slippage caused by mechanical
issues. Primarily, it was observed that vibrations in the system
and discontinuity inmovementwould cause slippage. In order
to reduce both issues, we have decided to use normal wheels
over legs as well as omnidirectional wheels. While the use of
normal wheels over legs would prove a disadvantage in obsta-
cle climbing, nonetheless, we are assuming locomotion on a
smooth to minimally rough continuous curved surface, mak-
ing obstacle avoidance needless at this stage. Furthermore,
wheels are faster than legs in terms of distance coverage.

Based on the design considerations, Ibex, a vertical wall
climbing vision-based inspection robot for flat and curved
surfaces, is developed. The platform consists of two primary
modules: the adhesion module as well as the locomotion
modules. These modules may be joined together using vari-
ous types of hinges in order to create different configurations
for various purposes. The remainder of the paper is organised
as follows. Section 2 outlines the robot architecture including
the mechanical and electronics design. Section 3 outlines
the structural analysis of the system. Section 4 details the
experimental procedures for the adhesion of the impeller on
various surfaces. Section 5 discusses the experimental results.

II. ROBOT ARCHITECTURE
The Ibex platform consists of a single locomotion module
with two adhesion modules, shown in Fig. 1. The exploded
view the suction module and locomotion module is shown
in Fig. 2 and Fig. 3, respectively. As mentioned, these mod-
ules may be joined together using various types of hinges in
order to create different configurations for various purposes,
though for the purposes of this paper we will be focusing on
a 1-locomotion, 2-adhesion module configuration.

The adhesion module, shown in Fig. 2, comprises of four
main components: the main suction chamber, suction cup,
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FIGURE 1. Ibex- the vertical robot platform (Configuration 1-2).

FIGURE 2. Exploded view of the suction module of the platform.

FIGURE 3. Locomotion module of the Ibex platform and exploded view of
the locomotion module of the Ibex platform. The various modules in
order: a) Roboclaw 2 × 7A b) Linear Module c) Force Sensor Module d)
Top Module e) Bottom Module f) Ball Bearing Positioning (Linear Shaft)
Module.

impeller, and inter-modular connector. The impeller gen-
erates pressure difference between the inner chamber and
atmospheric pressure. The inter-modular connector allows
the module to be connected to other modules according to the
setup required. The main suction chamber, made with PLA,
serves to maintain the pressure difference as well as to restrict
the movement of the suction cup to one DOF. It allows the
suction cup to move in one axis up to 2cm without rotation.
The suction cup, made with TPU, is flexible enough in order

to adapt to various types of surface curvature. The suction
cup is equipped with a skirt which serves to maintain the
pressure difference in the chamber and to generate a normal
force for the suction cup to remain attached on the surface.
Preliminary studies on this design showed that the suction
cup would remain attached to the surface even though the
suction chamber is pulled away from the adhesion surface,
reinforcing the feasibility of the design.

The main suction chamber and the suction cup were sepa-
rated in order to ensure that most of the normal force being
exerted on the adhesion module would be focused on the
suction chamber rather than on the suction cup. As the suc-
tion chamber would be directly connected to the locomotion
module, it implies that most of the normal force would be
acting on the locomotion module. Such a design is crucial as
we want the frictional force of the cup and the wheel, which
are directly related to the normal force experienced by both
the suction cup and the suction chamber, to be as small and as
large as possible respectively. This is to ensure locomotion on
the surface as well as to prevent the robot from slipping and
falling. Two differential pressure sensors (AMS5915-0100-
D-B fromNCD) can be added at the sides to track the pressure
difference.

The locomotion module comprises of five main sections:
the driving section, rotary section, linear section, force feed-
back section, and inter-modular section, shown in Fig. 3. The
driving section generates the driving force. This is connected
to the rotary section, allowing the driving section to rotate
freely or with the assistance of a motor. Encoders are pro-
posed to be connected by a bevel gear system in order to
track the angular position of the wheel, while an additional
motor will control the position. It is to be noted that the
wheel is currently a distance from the rotary axis. This is
inspired by CityClimber [36] in order to reduce damage to the
wheel when the wheel is rotating about the axis. The linear
section connects the rotary section to the force feedback
section. The design consideration behind this is to ensure
to allow only one DOF between the rotary section and the
force feedback section. This would allow us to reliably detect
the normal force acting on the wheel. Like in the adhesion
module, the inter-modular section allows for connections to
other modules.

The electronics block diagram of the platform is shown
in Fig 4. Each wheel module is equipped with a wheel
mounted on a CHIHAI GM4632-370 DC motor. A Pololu
Micro Metal Gearmotor will control the steering of the
motor. Both motors in each wheel will be connected to a
motor controller, RoboClaw 2×7AMotor Controller (V5C).
In order to ensure full rotation of the wheel, the wires of the
CHIHAI motor are linked to the Roboclaw controller via a
slip ring in order to ensure that the wires would not be tangled.
Each Roboclaw 2 × 7A, defined with a unique address,
will communicate with the micro-controller (Arduino
Mega 2560 16-bit) serially. The serial communication
between the micro-controller and motor controller is full
duplex which enables motor controller to send encoder
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FIGURE 4. Block diagram of the electronics module of the Ibex platform.

FIGURE 5. Schematic of the kinematic diagram showing the coordinate
frame.

feedback from the motors to Arduino and receive the control
signals from Arduino to drive the DC motors simultaneously.

III. MODELLING AND ANALYSIS
A. KINEMATIC MODELING
In this section, the wheel position in inertial frame formulated
based on the composite homogeneous transformation matrix
between the robot frame and inertial frame is formulated.
Figure 5 shows the schematic diagram of the wheel layout,
used for kinematic formulation.
φ̇ =Wheel Speed;
rw =Wheel Radius;
ow = The point of contact of the wheel on the wall surface;
or = CG location of the platform;
r = Offset distance of the Wheel from the CG; h = Gap

between the wall and CG;
xc, yc, zc = position of the point of contact of the wheel in

the inertial frame, respectively;
β = Steering angle of the wheel;
θ = Heading angle;
The wheel position in the inertial frame is given by
xw
yw
zw
1

=



cos θ − sin θ 0 0
sin θ cos θ 0 0
0 0 1 0
0 0 0 1




cosβ sinβ 0 −r
− sinβ cosβ 0 0

0 0 1 h
0 0 0 1

 (1)

The locomotion of the platform is performed by actuat-
ing the wheel DC motor and steering motor. By regulating

FIGURE 6. (a) CAD and (b) meshed model of the suction module.

both wheel motor and steering motor, the platform can move
forward, back, and turn. The robot has three degree of free-
dom which are given by pose of the robot and robot head-
ing. The robot pose and heading can be controlled by two
control inputs and hence the system represents a underactu-
ated system. For the navigation on the flat and curved wall,
we use unicycle based kinematics. Let vp andωp are the linear
velocity and angular velocity of the robot platform about its
CG respectively. The kinematics is given by the following
Equation.

vp = rwφ̇

ẋc = vp cos(θ + β)

ẏc = vp cos(θ + β)

wp = θ̇ = β̇ (2)

B. FINITE ELEMENT BASED STRUCTURAL ANALYSIS
Natural frequency is a critical parameter of any oscillating
system. If the oscillating system is driven by an external force
at the natural frequency of the system, then the system is
under resonance and fail. Even though the structural platform
of the robot is made rigid, cleaning pay load and friction on
the surface may add additional load to the motor and cause
failure due to resonance. Therefore, during locomotion and
transformation, the actuation speed of the motors attached to
wheels and the hinged joints must be set less than the natural
frequency of the system to avoid the structural resonance.
Three dimensional CAD model of the structural platform is
built, as shown in Figure 6. A frequency (modal) analysis
of the platform is carried out in ANSYS Workbench. For
this analysis, the material properties including density, elastic
modulus, Poision’s ratio are considered as 1.24 g /cm3, 0.3,
and 3.36 GPa, respectively. With these material, boundary
and load settings, a modal (free vibration) analysis is carried
out in Workbench environment to obtain the natural frequen-
cies and mode shapes of the platform. The first three natural
frequencies are as shown in Figure 7. The first two natural
modes represents the symmetrical bending body modes of
the platform. The third mode represents the torsional mode
shapes. During suction and locomotion, the driving frequency
of the impeller and wheel must be set below the first natural
frequency to avoid the structural failure.

A static structural analysis is carried out in Workbench
environment to study the the gravitational (1g) effect on
the suction module. A payload of 2.5 kg is applied as a
uniformly distributed load on the platform. Fixity boundary
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FIGURE 7. Mode shapes of the suction module during free vibration
(a) 1st mode, (b) second mode, (c) third mode.

FIGURE 8. (a) Static deformation and (b) Stress pattern in the suction
module.

condition is applied at the ground-wheel contact point of the
platform. The deformed components of suction module is
shown in Figure 8(a). The maximum deformation is 7.5 mm,
which occurs near the distant edge suction module. This
deformation is approximately equal to the one-tenth of the
critical dimension (8 cm) of the platform. Figure 8(b) presents
the distribution of the stress in the suction module. Maximum
stress of magnitude 14.5 MPa, occurs near the wheel support
which is lower than the tensile stress of PLA (40 MPa).
Therefore, the current platform design is considered to be safe
under static condition.

IV. EXPERIMENTAL PROCEDURE
To validate the adhesion, conformation, and locomotion
mechanisms of the robot, experiments were carried out to
study the adhesion module. This would allow us to under-
stand the performance of the adhesion module on various
surfaces, as well as to validate whether most of the normal
force is acting on the suction chamber rather than on the
suction cup. Furthermore, a robot configuration was tested
in order to understand locomotion principles.

Experiments were conducted to study the impeller module
with the following experimental set up. The impeller, secured
to a thrust force meter, is made to adhere to five different
surfaces, as seen in Fig. 9.While the power is set to maximum
on the impeller’s control card, the voltage is controlled on the
power source, ranging from 16V to 26V at 2V increments.
The normal operational voltage of the impeller is 24V. Force
sensors, shown in Fig. 10, detect the normal force exerted by
the suction cup, while the normal force exerted by the suction
chamber is measured by the thrust force meter. Furthermore,
it is noted that the impeller module is mounted such that both
the suction cup and the suction chamber is free to move inde-
pendently along one axis during the test, minimising force
interaction between both parts. The impeller is supported by
a roller to ensure that it will remain mostly normal to the
experimental surface. While the Arduino took readings from

FIGURE 9. Experimental Setup in Surfaces Tested.

FIGURE 10. Position of Force Sensors for the estimation of the normal
pressure exerted by the suction cup on various surface.

the force sensors and the pressure sensor at approximately
one second intervals, an external phone camera recorded
readings from the thrust force meter and power source. The
video is then run through VLC Media Player to extract the
frames from the video for comparison. Thrust force meter and
ampere were then extracted from the video frames if either of
the first two images from the first appearance of the given
time is definitely clear. If both images are not clear in either
reading, the data is rejected as a whole. Though there are two
pressure sensor holes on the impeller module, one of the holes
was connected to the pressure sensor (AMS5915-0100-D-B)
while the other was sealed shut using tape in order to ensure
that the pressure difference would be as close as possible to
the real situation.

V. EXPERIMENTAL RESULTS
Through the experiment, we extracted normal force from the
suction cup and the suction chamber, as well as differential
pressure from the various surfaces. In addition, 25 equally
spaced (4 seconds apart) points were taken from a pseudo-
static segment, with the last point being 10 seconds or slight
more away from when the system is turned off. If a particular
point is not recorded by the Arduino, the data is input as N/A.
Data information from this method included, in addition to
the two above mentioned, current readings. The number of
valid data points are listed in Fig. 11.
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FIGURE 11. Number of Valid Data Points from Various Surfaces at Various
Voltages from A Pseudo-Static Timeframe.

FIGURE 12. Differential pressure in the suction chamber of the Ibex
platform across various systems at 24V.

FIGURE 13. Thrust Force against Differential Pressure for all surfaces
from pseudo-static state.

We analysed the data collected from the experiment setup
in order to check if the design considerations for the adhesion
and locomotion modules are validated, as well as to gather
information about the system that could be used to control
the system in future works.

FIGURE 14. Current against Voltage for all surfaces from pseudo-static
state.

FIGURE 15. Differential Pressure against Voltage for Setups B (Curved
Plastered Cement Pillar) and E (Flat Plastered Cement Wall).

A. DIFFERENTIAL PRESSURE IN THE SUCTION CHAMBER
ACROSS VARIOUS SETUPS
Figure 12 highlights how the various surfaces affect the
differential pressure in the chamber at 24V, which is the
normal operational voltage supplied to the impeller. It is to be
noted that Setup A, being the cardboard box, had the highest
differential pressure, possibly due to the deformation of the
cardboard box resulting in the surface being closer to the
impeller than expected. However, it is also the noisiest, possi-
bly because the deformation of both the cup and the cardboard
resulted in greater air gaps between the two surfaces. It is
interesting to see that the two plastered surfaces, Setup B and
Setup E were respectively the second highest and the lowest.
Onemight expect that for the same type of surface, the curved
surface would be the one with lower differential pressure.
One might venture a guess and say that Setup E was dirtier
than Setup B, and hence it affected the performance of the
impeller. Setup B takes the longest to stabilise. This can be
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FIGURE 16. Suction cup force sensor readings (a) Setup A: Cardboard
(b) Setup B: Curved plastered cement pillar (c) Setup C: Aircraft skin
(d) Setup D: Flat plastered cement pillar (e) Setup E: Flat glass facade.
Voltage supplied at 24V.

understood as the suction cup requiring some time in order to
conform to the curved surface.

Figure 13 shows force and pressure data from points from
all the setups from the pseudo-static period extracted and
compared to see if there is a correlation between differen-
tial pressure and thrust force when the system is stabilised.
Through this, a clear linear correlation between both differen-
tial pressure and thrust force with the voltage supplied to the
system was observed for all the surfaces, making differential

FIGURE 17. Force readings from suction cup force sensors and thrust
force meter at various voltages in Setup B.

FIGURE 18. Locomotion on Curved Pillar with Timestamps.

pressure a potential candidate for closed-loop feedback
control.

It is to be noted that the gradients for setup A and B are dif-
ferent from setups C, D, and E. For setupA, one of the reasons
could be attributed to the deformability of the cardboard box.
For setup B, being the surface with the greatest curvature, it is
possible that the effective suction area has changed due to the
deformation of the cup, and is of interest for future research.

Figure 14 shows current and voltage data from points from
all the setups from the pseudo-static period extracted and
compared to see. Ideally, a clear linear correlation between
the current and voltage should be observed due toOhm’s Law.
While we do observe for most of the setups, we observe that
there is a discontinuous jump for setupB. This could be linked
to the curvature of the surface, where at the lower voltages,
the differential pressure is insufficient to keep the cup adhered
to the surface, resulting in an incomplete sealing, and hence
a current spike. This reasoning is in line with how there is a
large jump between the pressure differences from 18V to 20V
while a wall of similar material and covering does not have
such a jump as shown in Fig. 15 (circled).
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FIGURE 19. Locomotion on Flat Window with Timestamps.

We also note that setup A’s gradient is different from setups
C, D, and E, which are close to one another. This is particu-
larly of interest because we do not expect the resistance of
the impeller to change throughout the experiments. This is of
future research interest as well.

In Figure 16, we see that the suction cup experiences a
normal force on all the force sensors during the experiment in
various setups. This proves that the suction cup is adhering to
the surface, despite varying curvatures and roughness of the
surfaces.

As an example, in Fig. 17, we compare the forces exerted
on the suction chamber and the suction cup over various
voltages supplied to the impeller in setup B. Through this,
we validate that most of the normal force is acting on the
suction chamber rather than the suction cup.

VI. LOCOMOTION CAPABILITY
With the adhesion module tested and validated, it is safe
to test a robot configuration. A 1-locomotion, 2-adhesion
configuration (1-2 configuration) was assembled and tested
on a curved pillar and a window. Figure 18 and Figure 19
show locomotion on the respective surfaces. The driving
module in the locomotion module was fixed perpendicular
to the robot body throughout locomotion. Through this, Ibex
demonstrated capabilities of moving on continuous flat and
curved surfaces, as well as on smooth to minimally rough
surfaces.

VII. CONCLUSION AND FUTURE WORK
In this paper, we have presented a novel design of curved
surface vertical climbing robot, with a vacuum-based adhe-
sion module and a steerable wheel locomotion module. The
adhesion module consists of a flexible suction cup which
is able to conform to various types of curvatures. We have
also carried out finite element analysis to check the structural
performance of the suctionmodule. Through the experiments,
we are able to validate the locomotion, adhesion, and confor-
mation mechanisms of the robot. We were able to validate the
feasibility of adhering on smooth tominimally rough surfaces
of various curvatures through our adhesion module. Further-
more, we were able to show the feasibility of locomotion on

various surfaces using said adhesion module and locomotion
modules.

It is to be noted that some points of interest were not able
to be recorded using the data extraction method detailed. For
example, it is noted that the ampere reading will first reach
a peak before coming down to a stable value, which could
be related to when the pressure was being generated in the
chamber, and subsequently the thrust force as well. However,
for purposes regarding the stability of the system when the
impellers are in motion, the data extracted is sufficient. With
the extracted data, closed feedback control of the differential
pressure in order to control the normal force acting on the
system will be explored. Further studies can also be done
to see how the surface curvature affects the time required
for the differential pressure to be stabilised. Other future
work includes investigating payload capacity, navigation and
control of the robot extended to other surfaces, as well as
integrating an inspection module.
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