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Abstract: For glass facade cleaning, we developed a reconfigurable robot, Mantis-mini, with a dry
cleaning mechanism and linear actuator based transitioning mechanism. It consists of three suction
modules, connected by a support structure and each suction module has individual differential drive
wheels with independent steering capability. This paper focuses on the detailed design of the platform,
static structural analysis for and kinematic formulation. The adhesion performance of the suction
module is evaluated using experiments, Computational Fluid Dynamics (CFD) simulations, and
analytically formulated estimation. The suction pressure magnitude predicted from the simulations
increases with suction impeller speed and agrees well with measurements and analytical calculation
in terms of order of magnitude and qualitative trend. An adaptive proportional-integral (PI) controller
is designed and implemented for regulating suction pressure and motion controller of the platform.
The suction performance of the platform is validated through real-time experiments of the platform
on the glass surface.

Keywords: glass facade cleaning robot; wheel locomotion; structural analysis; suction modeling

1. Introduction

High rise buildings with glass fagade are springing up very commonly around the
world [1]. Inspection and cleaning the glass facades is a challenging, costly, and dangerous
process. Cleaning is also highly dependent on environmental conditions such as sunlight.
As shown in Figure 1, the workers are tied to a rope to prevent them from falling off the
side of the building. During cleaning, there is a high risk of workers hanging from the great
heights and workers have fallen to death while cleaning windows at high-rise. Replacing
human labour with a robotic system assisted by human operators from the ground could
be an alternative for this task. This would save considerable amount of time and human
effort, and also reduce the risk of fatalities. Hence, there is a need of developing “glass
fagade cleaning robot”.

The glass fagade of any building consists of several flat glass panels interconnected
with frames made of metal or cement. For cleaning of the glass facade, the robot must have
the ability to adhere and locomote over the glass panel. For efficient cleaning, the robot
must cover the entire glass panel, which is termed as the “area coverage”. Since the robot
is operated from the ground, it must also cross (or transit) the metallic frame without any
human intervention. The performance of the glass fagcade cleaning robot is measured in
terms of the locomotion ability on the glass panel, transitioning across the glass frame, and
maximizing the area coverage. To achieve these performance level, the first reliable solution
is to incorporate a mechanism which helps the robot cross the window frame. The second
solution is to implement efficient control algorithms for the enhancement of adhesion
and locomotion ability. The third solution is to implement energy-efficient optimal path
planning strategy to maximize the area coverage performance.
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Figure 1. Workers cleaning the glass fagade [2].

Due to development of automation, sensors, and Internet of Things, several research
groups and industries have started developing tele-operated and autonomous robots for
cleaning and inspection of vertical surfaces including cemented walls, pillars, poles and
glass facade and the exterior surfaces of ship and aircraft. These robots for vertical surfaces
have two key features: (i) locomotion mechanism based on wheels, chain track, multi-
legged, and sliding tracks and (ii) adhesion mechanism based on passive suction cups,
impellers, magnetic base, magnetic wheels, adhesive pads. Over the past few years, many
robotic solutions have been proposed for window cleaning and glass fagade cleaning—
climbing mechanisms and autonomy [3,4]. For example, a pneumatic climbing robot
Sky Cleaner 3 was introduced [5]. Sky Cleaner 3 uses a water-based cleaning system
connected to a wet nurse from the ground and a crane on top [6]. Kim et al., presented
a novel wall-climbing robot, ROPE RIDE [7], a wall-climbing robot that navigates with
the help of a crane and ropes. Nazim et al., presented a climbing robot that uses suction
cups, water-based cleaning, and brushes [8]. Houxiang et al., presented a robot that uses
suction cups to move through the window [9]. Dual-purpose robots have even been
developed that can clean floors and windows by spraying water [10]. Hobot, Winbot, and
Mamibot W-series [11-13] are the most popular robots in the market with a single module
using a microfiber cloth for cleaning and spray for window cleaner liquid. Gladwell is
a mopping robot for windows using differential rotation and dry cleaning mopping for
locomotion [14]. Tun et al., developed a glass fagade robot with passive suction cups and
auto-locking lead screws [15]. Bioinspired climbing mechanisms are also considered for
vertical facade cleaning [16]. Anwari et al., discussed about the use of a pneumatic glass
facade cleaning robot with an impeller as a suction tool to hold robot against the glass
fagade [17]. All these robots are fixed form robots, whose shape and adhesion area remain
fixed throughout the navigation process. These robots can only clean the glass panels and
are not capable to cross the window frames.

In order to overcome current limitations of vertical robots and adapt to glass panels
along with crossing the window frames, a number of research groups have applied the
concept of reconfiguration to develop glass facade robots. Our team has also applied
“theory of reconfigurability” while designing mechanism for floor cleaning [18-22], drain
mapping [23], pavement sweeping [24] and vertical pillar inspection [23]. These platforms
incorporate ‘robust switch-based controller, adaptive controller’, and the experimental
data results give good results as compared to simple PID controller. Hence, the same
reconfigurability concept can be applied to develop a glass facade cleaning robot. For
example, Nansai et al., proposed a reconfigurable window cleaning robot using suction
cups and water-based cleaning [25]. Vega et al., fabricated a glass wall-climbing robot,
Mantis, that can shift from one window panel to another [26] and has a multisensory system
for positioning and is able to detect cracked glass [27]. However, these reconfigurable
robots are only designed for flat glass surfaces and do not have the capability to navigate
on curved glass surfaces. These robots use PD controllers for navigation and adhesion.
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These robots lack the performance of a detailed controller design. Hence, a closer look
needs to be taken to enhance the robot performance so that it can adapt and clean flat glass
surface. In order to achieve this, studying the controller design, and the enhancement of
the robot locomotion and adhesion performance of the robot is required.

In this paper, we present the design and developmental aspects of the miniaturized
Mantis platform named Mantis-mini. This is a reconfigurable and modular glass fagade
robot that has the ability to adapt and clean flat glass surfaces and cross the window panel.
The contribution of this work lies in the analysis on modeling of the suction chamber
along with an adaptive controller suitable for the platform. The paper discusses the mod-
elling, analysis, and controller design. The remainder of the paper is organised as follows.
Section 2 outlines the system architecture. Sections 3-5 outline the structural analysis, fluid
simulation of the suction chamber and platform kinematics, respectively. Section 6 presents
the experimental studies of the platform. Section 7 outlines the conclusion.

2. System Architecture

In the first phase of the project, the platform is fabricated and the basic functionalities
including the suction and locomotion of the platform on various surfaces including glass,
wood, and cement are verified. The platform architecture is explained as follows. Figure 2
shows the CAD model of the platform. The platform consists of three independent modules.
Each module has a holder and all three holders are interconnected by support frames. Each
module has an independent locomotion unit which follows differential drive principle
and the locomotion unit has the ability to steer about its own axis wheel. Each module
is connected to three support frames by a holder and linear actuator. The frame gives
mechanical stability to the whole system and also connects all three modules and holders.
The holder is placed in the upper part of the suction module that connects the frame and
the Module. The holder also provides in-plane rotation of the modules with the help of ball
bearings. Figure 3 shows the detailed view of single suction module. Each modules has a
suction chamber containing an impeller that generates suction force based on differential
pressure. The impeller has a nominal voltage rating of 24 V and is run by a DC motor
with voltage rating of 12-24 V. The pressure inside the suction chamber helps to adhere the
platform to the glass panel.

Long supporting Frame Short supporting Frame

/"T\

Module 1 Module 2 Module 3

Figure 2. CAD model of the entire Mantis-mini.

The lifting mechanism needs to be designed in such a way that the lifting movement
of the module while transitioning should not affect the long and short supporting frame.
In this design, the lifting mechanism consists of two linear actuator placed diagonally, by
which the suction module can be lifted up towards the main support frame. The lifting
mechanism consists of an L16-S miniature linear actuator which has an extension length of
100 mm with 35:1 gear ratio with a power supply of 12 V. Each module holds two linear
actuators which help in giving the clearance for the module during the transition process.
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The linear actuator offers a efficient mechanism. To ensure the stability of each module
being lifted and lowered onto the glass panel, they are also fitted with carbon fibre rods,
which helps to ensure a smooth and straight trajectory for the module. Carbon fibre is very
strong and lightweight, which makes it ideal to be a guide for the linear actuator.

Static Frame Steerable

Rod Support Holder
Linear Impeller
Actuator ‘
Suction
Chamber
Wheel — Cleaning
Brush Holder Brush

Central Openin

Figure 3. CAD model of the suction module of the entire Mantis-mini.

The objective of the Mantis-mini platform is to clean a glass window panel and transit
the next panel without human intervention. For this platform to transit to the next panel
successfully, any two modules must hold the system on the surface of the facade and must
be sufficient to drive the system. Hence, the contact area of the platform on the fagcade
changes during transitioning. After transitioning, the modules align themselves on the
facade and the robot resumes cleaning of the second window. Figure 4 shows the different
configurations of the Mantis-mini platform during panel transitioning. There are two
phases during the transition. Firstly, two modules are in contact with the first window
panel, driving the entire platform across to the next window panel. Secondly, the linear
actuator will lower the first module onto the next panel and this is done until all 3 modules
have crossed over to the second panel.

Each module has a differential drive which enables it to rotate on its own. The dif-
ferential wheel drives and a ball bearing attached to the platform aids in both transition
and locomotion. The modules would have to rotate itself individually so that the entire
platform would be able to traverse in the x and y-direction along the glass panel. The frame
holding the entire platform would remain horizontal during all scenarios which means
the modules are able to rotate on their own without rotating the frame. This is possible
with the help of ball bearings attached at the holder, using the differential wheels to rotate
the module.

Figure 5 shows the electronics block diagram of Mantis-mini platform. The platform
is powered by a 24 V DC power supply that drives the impellers of each modules and
the motor drivers of the wheels. They are controlled using an Arduino Mega to send
out commands for each motor driver and impellers. A 2 x 7 A Roboclaw motor driver
and a voltage relay compatible with 3.3 V and 5 V appliances are used. The locomotion
unit consists of two Solarbotics RW2i rubber robot wheel with thick silicone rubber tire
for maximum traction. This wheel features an internal set screw hidden underneath the
tire. This saves valuable space when designing robots with size constraints. The wheels
are driven by two Pololu micrometal gear motors. These gear motors are a miniature
high-powered, 12 V brushed DC motor with long-life carbon brushes and a 248.98:1 metal
gearbox. It has a cross section of 10 mm X 12 mm, and the D-shaped gearbox output shaft
is 9 mm long and 3 mm in diameter.
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Figure 5. Electronics block diagram of Mantis-mini.

Figure 6 shows the fabricated prototype of the Mantis-mini. The suction module and
the holder is made of acrylic and the support frames are made of carbon fiber. These help
to reduce the overall weight of the platform. The dimensions of each suction module
is 100 mm L x 100 mm W x 95 mm H and the total dimensions of the entire platform
is 600 mm L x 150 mm W x 153 mm H. The total weight of the platform is 8 kg. The
platform is remotely navigated using a mobile application to include all approaches needed
to accomplish a successful glass facade cleaning operation.
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Figure 6. Prototype of Mantis-mini.

3. Structural Analysis

Natural frequency is a critical parameter of any oscillating system. When a dynamical
system is driven by an external force at any of its natural frequency of the system, then the
system is under resonance and undergoes structural failure. Even though the structural
platform of the robot is made of rigid material, 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 transitioning of the platform, the actuation speed of the wheel
motor and impeller motor must be set less than the first natural frequency of the system to
avoid resonance. This robot platform has two different mode of operation, i.e., static and
locomotion modes. The static condition refers to a case when the platform is adhered to
wall with suction force. During static and locomotion mode, the main contact point of the
robot on walls are the wheel peripheral surface and the adhesion area of the suction cup.
This section presents the modal and static analysis of the platform.

3.1. Frequency Analysis

A simplified CAD model of the platform, shown in Figure 2 is considered for analysis.
For finite element analysis in ANSYS workbench version (2020 R1), the model is discretized
with solid 187 elements. A modal analysis is carried out to obtain the natural frequencies
and mode shapes of the platform during static condition with cleaning system. At these
contact points, a fixity condition of uy = u, = u; = 0 is applied. Figure 7 shows the
mode shapes and the corresponding natural frequency of the platform. The first natural
frequency represents the in-plane torsional oscillation of the platform about the wheels.
The second mode is the in-plane bending of both side blocks about its middle block. The
third mode of oscillation is the out-of-plane torsional oscillation of the entire platform.
Hence, in these modes, the supporting frames and the static frame, and steerable frames are
the critical region. The lowest natural frequency of the platform with the cleaning module
is found to be 92 Hz. For structural safety, the impeller and the cleaning motor must be
operated at a frequency lower than the first natural frequency.

3.2. Static Analysis

A static structural analysis is carried out in Workbench environment to study the
gravitational (1 g) effect on the platform. A payload of 2.5 kg is applied as a uniformly
distributed load on the base plate of the platform. Fixity boundary condition is applied
at the ground-wheel contact point of the platform. The factor of safety and the deformed
components of the platform are shown in Figures 8 and 9. The maximum deformation is
24 mm, which occurs near the edge of the central opening of each module. This higher value
is due to the stress concentration at the sharp edge of the central opening. The concentrated
stress can be reduced by using filleting and providing extra material to the base. However,
in other parts of the platform, the deformation is less than 5 mm. This deformation is
approximately lesser than equal to the one-tenth of the critical dimension of the platform.
Figure 10 presents the distribution of the principal stress in the platform. Maximum stress of
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magnitude 40 MPa, occurs near the wheel support which is due to stress concentration factor.
However, the resulting stress on the platform is about 0.4 MPa, lower than the tensile stress of
PLA (40 MPa). Therefore, the current platform design is considered to be safe.

Mode 3: 126 Hz

Figure 7. (a) First, (b) second, and (c) third mode shape of the platform.

Figure 8. Factor of safety of the design.
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Figure 10. Stress distribution (MPa) in the Mantis-mini platform (a) full view and (b) sectional view.

4. Modeling and Analysis of Suction
4.1. Analytical Formulation

The robot capability of climbing a vertical wall is allowed by an impeller mounted
just above the suction chamber, as shown in Figure 3. Due to pressure difference generated
by the impeller, air flows from the opening at the base and creates suction that keeps the
robot attached to the wall. The free body diagram of the robot vertically oriented to the
wall is given in Figure 11a, where the following forces apply: weight (F,, = mg), friction
(Fy), contact (F), and suction (Fs). Figure 11b shows the free body diagram of the suction
module. Using static equilibrium principle, the required suction pressure to prevent the
robot from slipping can be derived as follow:

Fr=p-F=p-F=p-Ac-ps=2m-g D

A @
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Figure 11. (a) Free body diagram of each suction module, (b) Free body diagram of the platform
during locomotion.

The suction pressure represents the pressure difference between two parallel planes,
i.e., the chamber plane and the impeller plane. Pressure difference between two planes can
be estimated using Bernoulli principle of steady incompressible flow, i.e.,

pL+05-p-0f+p-g-h=p+05-p-v3+p-g I 3)

where subscripts 1 and 2 designate the suction chamber area and the impeller channel area,
respectively, as illustrated in Figure 11. By neglecting pressure head (h; = h»), the suction
pressure can be expressed as

ps=p1—p2=05p- (05 —03) @
The flow velocity in the impeller channel can be approximated as
Uy =Ty W ®)
Due to mass conservation, the flow rate at Sections 1 and 2 is constant, i.e.,
v -A1 =1y Ay (6)

Combining Equations (4)—(6) results in the following expression of suction pressure as
function of the impeller rotational speed

Ar\?
ps:0.5~p~r§-w2~ [1—<Al>

It must be underlined though that Equation (7) may not be fully applicable to pre-
dict accurately the suction pressure, as Bernoulli principle is only valid for flows where
viscous effects are negligibly small compared to inertia and pressure effects. Such case is
unlikely with the flow in the suction chamber, especially at high impeller speed where
the flow is turbulent and rotational. However, it can be expected that Equation (7) can
give a fair estimate of the order of magnitude of suction pressure and how it varies with
impeller speed.

@)

4.2. CFD Simulation

In order to study the effect of impeller rotational speed on the suction performance by
taking into account the viscous effects, one can rely on CFD simulations. In the present
work, the simulations of the airflow through the section chamber of the experimental unit
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of Mantis-mini were carried out using Solidworks Flow Simulation package, in which
the conservation of mass and momentum of an viscous incompressible airflow is numeri-
cally solved.

As the main interest is in the overall suction pressure rather than in the swirling flow
details caused by the impeller, the simulations can be simplified by physically excluding
the impeller and accounting for its effect by setting volumetric flow rate based on the
impeller speed at the top outflow boundary. Atmospheric pressure is imposed at the
opening at the base and two lateral openings, while no-slip condition is imposed at the
suction chamber walls.

The simulations are performed by varying the impeller rotational speeds (4340, 8760,
12,950, 17,000, and 20,530 rpm) and the base openings (3 cm and 6 cm diameter). The
Reynolds number is estimated to be in the range of 1.5 x 10*~7.0 x 10%, implying turbulent
flow regime. To account for turbulence, the k — € model based on Reynolds-Averaged
Navier Stokes (RANS) approach is used, by which the transport equations for the turbulent
kinetic energy (k) and its dissipation rate (€) are solved.

The 3D computational domain is discretized into four levels of mesh resolution in
order to evaluate the numerical solution sensitivity, i.e., M1-M4, corresponding with
170,000, 490,000, 990,000, and 1,490,000 cells, respectively. The suction pressure values
obtained from the simulations with base opening of 6 cm and impeller speed of 20,530 rpm
using different mesh resolutions are shown in Figure 12. It can be observed that increas-
ing the number of cells from M3 to M4 hardly changed the suction pressure, indicating
mesh-independent solution at M3. Therefore, the simulations will be evaluated using M3
(990,000 computational cells).

0

_"] .
= -2+
o
£
E 31 e
" o o
o

_4 . .

-5 f f f I

M1 M2 M3 M4
Mesh level

Figure 12. Suction pressure sensitivity to mesh resolution (20,530 rpm, 6 cm chamber base opening).

4.3. Simulation Results

From CFD simulations, the steady-state pressure and flow velocity fields in the suction
chamber can be obtained, as shown in Figure 13 for the cross section of the chamber for
the highest impeller speed (20,530 rpm) and both base openings. The pressure fields in the
suction chamber with 3 cm opening is more uniform in the vertical (axial) direction than
in the case with 6 cm opening. This is attributed to a more uniform velocity field in the
axial direction for the 3 cm case. In the 6 cm case, velocity gradients in the axial direction is
more pronounced. Accordingly, the pressure drop from the base opening towards the top
outlet boundary in the 6 cm opening configuration is higher.

The suction pressure for varying impeller speed can also be calculated from the simula-
tions. The relation between suction pressure and impeller speed obtained from simulations is
compared with experiment and theoretical calculation results, and is explained in Section 6.



Buildings 2021, 11, 225

11 of 19

101,325
100,622
99,919
99,216
98,513
97,811
97,108
96,405
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95,000

Pressure (Pa)

55
48.9
42.8
36.7
30.6
24.4
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12.2
6.1
0

Velocity (m/s)

Figure 13. Cross-sectional views of steady-state fields at 20,530 rpm: (a) Pressure, 3 cm opening;
(b) Pressure, 6 cm opening; (c) Velocity vectors, 3 cm opening; (d) Velocity vectors, 6 cm opening.

5. Platform’s Kinematics

As mentioned before, the Mantis-mini platform consists of three identical modules
with an independent differential-drive for each. There are therefore six wheels in total
in the platform. For the navigation on the glass panel, we use the simplified kinematic
equation based on on differential drive principle. A set of three wheels on the left side
(w1, wy, w3) wheel and three wheels on the right side ( wy, ws, we) wheel are represented
by a virtual wheel w;, and wg respectively. ; is the angular orientation of each module
(j = 1,2,3) shown Figure 14. The robot is able to change its orientation by varying the
relative rate of rotation of these virtual wheels. Figure 14 shows the schematic diagram of
the wheel layout which is used for kinematic analysis. Let L; denotes the distance between
robot inertial system and wheels’ point of contact. ¢; is the angular velocity of ith wheel. vg
and vy, are the linear velocity of the virtual right and left wheel, respectively. v, w) are the
translation and angular velocity of the robot platform about its center of mass respectively.
The following equations govern the kinematics relations.

o it
. . . ®)
_ Pat 5+ e
U =r—X——=—
3
L +UR
== ;
(@1-Crtda-Crt¢s-Co) = (9s-Cot¢5-Ca+¢6-C3) ©)
Y9 Li
where C; is cos of the steering angle of the wheel in the module 1,2,3 respectively. The
position of the center of the mass of the platform is (x,y.). The distance between the
wheels of each module and the centre of each module is denoted as I.

Up

wp:

t
Xc :/ Up - cosa dt
? (10)

t
Ye :/ Up - sina dt
[
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Fixed Frame f; Rotation of the j""module, j=1to3

Figure 14. Schematic diagram of the Mantis-mini presenting the wheel layout.

6. Results and Discussion
6.1. Variation of Adhesion Performance with Speed

Figure 15 shows the experimental set up that was used to measure the pressure and
the force exerted by the impeller over the glass substrate. The independent variables are
the substrate, the size of the opening at the bottom of the chamber, and the speed of the
motor. This is to analyze how Mantis-mini would perform over different surfaces, and find
out how different opening sizes affect the pressure within the chamber, as well as to see
the relationship of the average force and pressure over varied speed. As for the opening
size at the bottom of the chamber, experiments involving 3 mm and 6 mm were used. In
addition, the force sensors are used to measure the contact force of the suction chamber on
the glass surface.

Force
sensor

«— PressU
sensor

et

Figure 15. Experimental set up for pressure and contact force measurement.

Figures 16 and 17 depict how the pressure within the chamber varies with the motor
speed with 3 cm and 6 cm opening, respectively. The pressure sensor inside the chamber
was placed near the center, close to the top outlet boundary. The qualitative trend of the
prediction using simulation, experiment, and analytical formula agree well with each other,
i.e., the suction pressure magnitude increases with impeller speed and the opening size.
Nevertheless, there is an obvious difference among the three, which can be explained
as follow.
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Figure 16. Pressure variation for 3 cm opening of the suction chamber.
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Figure 17. Pressure variation for 6 cm opening of the suction chamber.

The suction pressure from the simulation is obtained by taking the difference between
the surface average pressure at the top outlet and bottom inlet at steady state, whereas the
experimental values are based on average values of point measurement. This difference
resulted in the discrepancy in the suction pressure magnitude between simulation and ex-
periment. The discrepancy is also larger at higher impeller speed and for the 6 cm opening.
Prediction using the analytical formula (Equation (7)) closely matches the simulation for the
3 cm opening and the experiment for the 6 cm opening. It has to be noted that the formula
is not valid for turbulent flow, which is more dominant with higher impeller speed. This
can explain the larger difference between analytical prediction and simulation/experiment
at impeller speeds over 15,000 rpm.

Figure 18 depicts how the contact force exerted by the chamber varies with motor
speed. Although there are 2 force sensitive resistors (FSR) being placed beneath the chamber
as shown in Figure 15, where one FSR is placed at the edge while the other is closer to the
center, it was observed that the FSR at the center does not register any value, or that there
is minimal force in the center. Hence the force values that are being used in the graph are
from the edge of the chamber.
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Figure 18. Contact force variation for 3 cm and 6 cm opening of the suction chamber.

6.2. Controller Selection

This platform incorporates a low level actuator control for ensuring proper adhesion
and locomotion along a particular type of vertical plane. It must be noted that the impeller
is responsible for providing negative pressure so that the platform does not lose contact
with the vertical surface, whereas the motion is supported by a standard DC motor. Hence,
the controller objectives are to regulate a required output pressure for the impeller and to
regulate a desired speed for the DC motor. As the actuators responsible for these tasks are
not the same, the controller design can be decoupled. The proposed controller architecture
is presented in Figure 19.

Position, Speed

Mini Mantis | Pressure

> >

Impeller P4

Wheel Adaptive PI
Motors

’ 3

r'y

h—

Adaptive PI

Figure 19. Control Architecture.

A series of experiments involving a single module of the Mantis-mini was conducted
to evaluate the adhesion performance of the suction module. The negative pressure is
generated by an impeller, which is driven by a DC motor. As the relation between pressure
exerted by the impeller and the speed of the DC motor is unknown, multiple experiments
are conducted on the impeller. For different type of surfaces (wood, glass, and acrylic),
the speed of the motor is varied and the corresponding pressure is measured. Figure 20a
shows the variation of the pressure with speed for the 3 mm central opening of the suction
module. Figure 20b shows the variation of the pressure with speed for the 6 mm central
opening of the suction module. From the data plotted in Figure 20, it can be concluded
that the speed-pressure relation is approximately linear. Therefore, the pressure can be
indirectly controlled by modulating the speed of the motor.
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Figure 20. Variation of pressure with respect to speed on different surfaces by placing the pressure
sensor near the central region of suction module with (a) 3 mm opening and (b) 6 mm opening,.

From the above discussion, it is clear that both the pressure and speed can be controlled
through a similar control algorithm. Given a desired speed set-point, a suitably tuned PI
controller is capable enough to fulfil the task. However, in the present study the impeller
model parameters are unknown and the model may be uncertain. Therefore, an adaptive
PI controller [28] is chosen to fulfil the control objective. The DC motor dynamics [29] can
be expressed as

—b K.

w i w + ]z—i- d (11)
where w is the motor speed, i the input current, K the torque constant, | represents moment
of inertia of the motor, b viscous friction parameter which determines damping, and 4
a slow varying unknown but bounded disturbance acting on the motor. As the model
parameters are unknown and disturbances are common in practical applications, the
adaptive PI controller is designed as:

w= —ket) @) @)~ [ () (w(r) — wa)dT
kc(t) =1 (w(t) — wd)z +c2- kﬂ(f), ki(t) =C3- ka(t)
ka(t) = (w(t) — wy)?

where wj is the desired speed of the motor and c;, i = 1,2,3 are positive scalars. The
advantage of the control law (12) is that the control gain does not need tuning and the
controller is robust to slow varying disturbances. The control input can be implemented
through the PWM technique, and the desired speed can be chosen according to the desired
pressure (from Figures 16 and 17).

Generally, the PI gains are tuned by trial and error to achieve a good response. The
problem with such approach is that we have to tune the controller parameters (PI gains)
k; and k. for every new environment (glass facade). The proposed adaptive controller
makes the gains adaptive by making them dependent upon another variable k, which is

(12)
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evolving according to the square of the error (w(t) — wy)? (As per Equation (12)). If the
error increases/decreases, the variable k, increases/ decreases rapidly (proportional to the
square of error), ultimately leading to change in k. and k;. Hence, the controller adapts
automatically depending upon the error and tuning is not necessary.

6.3. Suction Performance with Controller

The control algorithm was implemented in the platform and the suction performance
was tested. It is found that each module is able to balance itself in a static manner for a range
of —0.4 mbar to —0.9 mbar. However, the smooth motion is obtained when the measured
pressure is in the range of —0.4 bar. Therefore, the desired pressure commands are set
at (—0.8, —0.4) mbar for the static and the dynamic case. The closed loop performance
is plotted in the Figure 21. It is observed that there exists a short delay for the impeller
to reach the desired pressures. However, the controller is able to provide a satisfactory
regulation both for the static and dynamic cases. The variations in the measured pressure
is due to sensor and environmental noise.

0
Measured
Desired
-0.2 .
=
2
g-04 ]
st
=
2 .0.6 \ :
9]
s: During Motion
0.8 -
Static /
_1 | | | | |

0 20 40 60 80 100 120
Time (sec)

Figure 21. Closed loop performance of the impeller.

6.4. Locomotion Performance

We have also conducted experiments to study and analyze the locomotion along
different trajectories. These paths include the circular shaped, S-shaped as well as the
Z-shaped motion. Similar to the prior experiments, the locomotion trajectories were carried
out by the platform and the motor velocity in quadrature pulses per second (qpps) of the
various motion trajectories is displayed in Figure 22a—c respectively. From the experiment,
we can see that the platform has the ability to move along a curved path based on the
differential wheel drive principle.



Buildings 2021, 11, 225

17 of 19

— Left Motor Speed — Right Motor Speed

500 -
0 T T T - 1
500 10 20 30 40 50
Time (sec)

(@)

—Left Motor Speed —Right Motor Speed

3500
3000
2500
2000
1500

1000

500

Motor Velocity (gpps)

500 (P 10 20 30 40
Time (sec)

(b)

— Left Motor Speed — Right Motor Speed

3000
2000 f \
1000

0

-1000

4000

50

Motor Velocity (qpps)

-2000
Time (sec)

©

Figure 22. Locomotion of the Mantis-mini platform along (a) circular, (b) s-shaped (c) z-shaped
trajectory.

7. Conclusions

A vertical robot was built for cleaning glass fagde and transiting the frames. The
robot is equipped with suction modules. Each suction module consists of an impeller that
generates differential pressure via the central opening of the module and provides adhesion
force while navigating on the surface. The linear actuator provides translation movement
to each module and as a result each module can be lifted up and perform transition to the
next panel. The structural analysis was carried out to verify the structural deformation,
frequency behaviour of the platform. Based on the first natural frequency of the platform,
the speed of impeller and wheel motors are set to avoid the structural resonance of the
system, which is essential for the safety of the system. For this Mantis-mini robot to be static
on the glass or to navigate without slipping and falling off, the balance among weight of the
robot, dimension, surface type and suction pressure is required. The suction phenomenon
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in the suction chamber was studied analytically and numerically and compared with the
experimental results.

CFD simulations showed that the suction pressure magnitude depends on both the
impeller speed and the size of base opening. The suction pressure magnitude increases
with the impeller speed. The size of the base opening affects the suction pressure as well.
Larger opening is more favourable as it leads to a more pronounced axial velocity gradient
and higher suction pressure.

Analytical estimation of the suction pressure magnitude was derived and shown to
give a fair prediction of the order of magnitude of the suction pressure as well as similar
trend with experiments and simulations. As a zero-order modelling tool, this analytical
formula could therefore be helpful in estimating the impeller speed to produce the required
suction pressure. The latter can be estimated given the weight of the unit, contact area,
and friction coefficient. From the simulation, we can also predict the minimum impeller
rpm and flow pattern inside the chamber needed to prevent the robot from sliding off at
that pressure.

For controlling the adhesion force, we use an adaptive proportional-integral based
controller that maintains the minimum amount of force for the robot to remain on the wall.
A pressure sensor is attached to suction chamber for monitoring the differential pressure
and the error signal is calculated as the difference of the desired impeller speed and the
actual rpm. Results show that the implementation of adaptive PI controller helps the plat-
form to follow the trajectory. However, it is noted that the motor velocity along a curved
path is not consistent throughout the motion. There are instances where the motor velocity
gradually increases or decreases. This is caused by the effect of gravity, when the curved
path consist of instances as the platform is heading downwards or upwards. Hence, there
will be a need for heading controller using inertial measuring unit as part of the future work.
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