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Abstract— Water distribution systems are critical
infrastructures that are expected to supply healthy water.
Deliberate or accidental incidents such as terrorist attacks or
pipe breaks can contaminate potable water in pipelines. Inline
mobile sensors are promising solutions which have been
designed and developed to monitor water quality and detect
leaks in water pipelines. These mobile sensors can move towards
the location of contamination or leak and provide more timely
and accurate measurements. However, these sensors, which are
often free-swimming spheres and move by water flow, have two
problems: instability and passiveness. In this research, we
designed a robot that stabilizes and automates our previously
fabricated spherical mobile sensor. The robot empowers a water
utility operator to control the mobile sensor motion in a
pressurized environment with a high-speed flow. The robot has
three spring-based adjustable arms for stability in pipes with
diameters between 22.86 (cm) — 9 (in) and 55.88 (cm) — 22 (in).
Each arm is actuated with a motor and a wheel at its end. The
wheels are in contact with a pipe wall, and the motors keep the
robot moving. Each motor is customized with a gearhead that
provides required torque at its wheel for motion. A lithium
battery attached to the sphere supplies electricity for motors and
sensors. The proposed design is characterized and prototyped in
this paper. To evaluate the controllability and observability of
the robot, we have linearized governing equations. Results show
the successful performance of the robot in pipes.

I. INTRODUCTION

Water distribution  systems (WDSs) are critical
infrastructures that transfer drinking water to consumers. In
the U.S. about 42 billion gallons of water per day are being
delivered via one million miles of pipes to be used in daily life,
factories, and offices across the country [1]. The U.S.
Environmental Protection Agency (EPA) has set regulations
that enforce drinking water utilities to limit the levels of
contaminants in drinking water [2]. These contaminants can be
introduced to water pipes by accidental or deliberate incidents.

Moreover, aging water infrastructure [3]-[5] has
experienced an increase in the break rate [6]. One of the
significant consequences of pipe breaks is negative pressure at
cross-connections where surrounding non-potable substances
come to contact with the potable water in a pipeline and cause
public health crises. EPA reported 9,734 water-borne diseases
due to cross-connections between 1981 to 1998 [7]. EPA
requires water utilities to monitor their potable water supplies
by regularly water sampling and laboratory analyses to ensure
the drinking water standards are met [8]. These laboratory-
based methods, however, are too slow and are not efficient for
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contamination detection and response in real-time [9]. Though
stationary water quality sensors (placed outside of a pipe with
their probes measuring flowing water quality) are
recommended tools for on-line monitoring, establishing a
ubiquitous network of these sensors is burdensome due to their
expensive deployment and maintenance [10]. The cost
challenges have set a constraint on the number of stationary
sensors that can be placed at a network. This problem prevents
a water utility from having a stationary sensing network with
good spatiotemporal coverage along pipelines. Inline free-
swimming sensors that move in a pipe with flowing water have
emerged as stand-alone or complementary solutions for real-
time water quality monitoring [11],[12], or leak detection in
water pipelines [13],[14]. These maobile sensors can be useful
when a water quality abnormality or leak is reported in pipe
segments that are not monitored by stationary sensors. In this
case, an operator can insert a free-swimming sensor from a fire
hydrant into a suspicious water pipeline, and it rolls through
the desired location for more accurate measurement and
monitoring. However, the employment difficulties of these
mobile sensors are twofold: i) the sensors disrupt a water
network normal operation [15] and ii) random path that each
sensor may take at junctions depending on flow conditions
[14],[16]. To implement free-swimming sensors, a water
utility should stop its network operation and manipulate valves
and pumps to deliver a sensor to the desired location. This
problem adversely affects network performance and also
makes water utilities reluctant to employing the sensors.
Moreover, due to the absence of enough control over the
sensor motion in a pipe, their temporal or permanent loss have
been reported by utilities [17].

Inline robots have been developed and deployed for pipe
inspection. They can move in a controlled manner and are
either tethered, i.e., connected to an external source with a
cable for power supply and data transceiving, or self-powered,
that carry a battery for electric devices. Table | includes
information about some of the inline robots that have been
developed mainly for pipe inspection. We have evaluated their
capabilities of being employed for water quality monitoring in
a water network. The column Drawback in Table | explains
what a robot lacks for water quality measurement applications.

Shao et al. [18] compared active and passive in-pipe robots
and reported wall-press robots as the most efficient designs for
inline robots due to their great vertical mobility, diameter
adaptability, stability, driving capacity, and wireless control
capability.
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TABLE I: EXISTING INLINE ROBOTS CAPABLE OF BEING EMPLOYED IN THE MOBILE WATER QUALITY MONITORING APPLICATION

Author/Company Name Application sDeer\]/Sizg g&:‘;; Drawback
Smart-Spider | Offshore oil and gas The authors used Wi-Fi communication that
Quetal. Lo - Camera Self-powered A
[19] pipeline inspection does not work for underground applications.
The cable-based design of the robot limits its
Kwon and Yi [20] Pipeline inspection Camera Tethered deployment range and disrupts the operation of
a network.
Mogtjlzcrigaa? and [21] Pipeline inspection N/A® N/A® gﬂi&iﬁ,ﬁr supply has not been designed and
The robot is powered with a cable connected
Kakogawa and Ma [22] Pipeline inspection Camera Tethered to an external battery that disrupts the
operation of a network.
. Pipeline inspection . The power consumption of electric parts is not
Alnaimi et al. [23] pan d clear?ing Ultrasonic Self-powered disafsse d P P
. . . . The robot is free-swimming and can get lost in
Chatzigeorgiou et al. [24] Leak detection Acoustic N/A2 addition to disruption in network operation
Wahed and Arshad [25] Pipeline inspection Camera N/A2 The power supply has not been included in the
robot design.
Leak and gas Camera The cable-based design of the robot limits its
Pure Technologies Sahara [26] detection, pipe Acoustic Tethered deployment range and disrupts the operation of
inspection a network.
The cable-based design of the robot limits its
Bandala et al. [27] Pipeline inspection Camera Tethered deployment range and disrupts the operation of
a network.

Regarding Table I, the existing inline robots are not well-
equipped for application in real-time water quality monitoring
in WDSs. Therefore, there is a need for an automated robot
that is customized for miniaturized water quality sensors and
is capable of operation in a potable water distribution system
without disturbing the network services.

Our contributions in this paper are the following:

e A wall-press inline robot is specifically designed for
carrying sensing chips in potable water pipelines to
measure water quality parameters at desired locations
and in a controlled manner. The robot body choice is
justified with Computational Fluid Dynamics (CFD)
analyses and characterized by the CFD results.

e Therobot is equipped with efficient actuators, arms,
and springs that enable it to be adjustable and to move
in pipelines with different diameters and at junctions.
Three customized motors with low-level electricity
consumption allow the robot to move more distant
and operate for a longer time.

e An efficient battery attached to the robot body makes
it independent from cables for the power supply
purpose. This capability allows the robot to move in
pipelines in or against the direction of flowing water
without disturbing the normal operation of water
networks.

Il. MECHANISM AND COMPONENTS OVERVIEW

The proposed modular robot consists of one sensing and
control module, three arm module, and three actuator module
(see [a] in Fig. 1). The robot is shown in a pipe as shown in [e]
in Fig. 1. In the following, each module is described in detail.

A. Sensing and Control Module

The sphere is composed of two hemispheres (see Fig. 2). One
hemisphere, ([c] in Fig. 2), includes a sensing element which

a. Not Available: these characteristics are not available or discussed in the research.

can include miniaturized chemical sensors and a micro-pump.
The micropump provides water samples by circulating water
from the water inlet and outlet holes indicated as ([k] in Fig.
2). This hemisphere is called the sensing hemisphere. the other
hemisphere ([j] in Fig. 2), named control hemisphere controls
the timing of the operation of the sensor, actuators, the motion
control unit, and the wireless communication module Details
of the electronic parts are beyond the scope of this paper. In
the previous design [28], water could leak into the sphere
through the location where the hemispheres were attached. To
address this problem, a seal mechanism was designed where a
standard off-the-shelf O-ring locates between the hemispheres.
Then the hemispheres are fastened with four pairs of screws
and nuts which push the O-ring. This sealing design keeps the
sphere waterproofed and away from wear and tear. (parts [d],
[e], and [f] in Fig. 2), Per arm, there is a basement to attach it
to the sphere with ball bearings ([a] and [b] in Fig. 2). Spring
anchors connect one end of a spring to the sphere ([g] in Fig.
2). To control arm rotation, there are arm supports on the
sphere that prevents the arms from extra rotation ([b] in Fig.
1). The battery ([h] in Fig. 2) power is transmitted to the
control hemisphere with wire through a hole ([i] in Fig. 2).

B. Arm Module

Since water networks comprise pipes with different sizes and
configurations, an inline robot should be able to adjust its size
based on pipe configuration. The designed robot has three
arms that are filled and 3D-printed from a photopolymer. The
arms have a Boomerang shape so that they do not obstacle the
motion of their springs. To maintain the robot balanced, a
passive spring was used for each arm.
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Fig. 1. Overall views of the robot. [a] Front view. [b] Rear view. [c] Minimum robot diameter. [d] Maximum robot diameter. [e] Robot in the pipe.
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Fig. 2. [a] Arm basement. [b] ball bearing. [c] Sensing hemisphere. [d]
Screw. [e] off-the-shelf O-ring. [f] Nut. [g] Spring anchor. [h] Battery. [i]
Hole to connect inside and outside of the sphere electrically. [j] Control
hemisphere. [k] Water inlet and outlet.

One end of each spring was attached to the sphere via the
anchors ([a] in Fig. 2), and another end was connected to the
end of the arm (see Fig. 3).

@ Ballbearing

A

Spring

Fig. 3: CAD design of the arm module: exploded view.
The springs provide a required force for arms to be in tension
and always keep the wheels in contact with the pipe wall
during operation. The arm and spring design allow the robot
to be adjustable and to operate in pipes with the diameters
range from 9 inch to 22 inch (parts [c] and [d] in Fig. 1).

C. Actuator Module

The actuator module includes a motor cover, a motor, a
motor basement, screws and nuts to attach the motor and the
motor cover to the motor basement, a gearhead, a wheel, two

ball bearings at both sides of the wheel, and a wheel cover
made of rubber. Fig. 4 shows the designed actuator module.

The customized electric motors with gearheads are at the
end of the arms and fixed on the motor basement (Fig. 4).

To better fix the motors on the basements, the inside
surfaces of the motor covers and motor basements were slotted
(Fig. 4, (b)). Then these slots and the holes on the motor body
were filled with a moldable glue. Not only the moldable glue
prevents water from penetrating a motor, but it also increases
the friction between the motor cover and motor body.

@ Motor Cover @ Motor @ Screw @ Nut

@ Wheel Rubber © Wheel @ Bearing
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Fig. 4. Flexible Arm and Actuator. (a) An exploded view of the actuator
module. (b) Fabrication steps of the arm and its prototype.

D. Health Issues Considerations in Design

The whole body of the robot prototype is shown in Fig. 5.
Since the robot operates in potable water pipelines, it should
not be a source of toxic substances. The following
considerations were taken to prevent the robot from releasing
contaminants.

The ball bearings are sealed.

The battery and the actuator module are sealed with
moldable glue that isolates them water. Also, the
battery is waterproof by manufacturer design.

The moldable glue becomes solid after 24 hours.
According to information provided by the glue
manufacturer, it does not include toxic materials.
Since the sensing and control module is sealed, the
electronic components inside the sphere are isolated
from outside water.

Fig. 5. A draft prototype of the robot. (1) Wheel and motor connection. (2)
Water inlet hole. (3) A hole for directing wires into the sphere. (4) Battery.
(5) Spring anchor on the arm. (6) Spring anchor on the arm. (7) Sphered
sealing mechanism.

I1l. ROBOT CHARACTERIZATION

A. Static Force Analysis

In this section, forces applied to the robot during an
operation in a pipe are simulated and analyzed. This “static ”
analysis helps to estimate the maximum required motor power
and spring stiffness. Fig. 6 shows forces acting on the robot,
assuming that the robot is moving against the water flow. V;
and ;. are flow and robot velocities, respectively. Fg,q,4 is the
drag force that applies to the robot due to a relative velocity
between the robot and the water flow, and it is:

=3 1
Farag = EmCDpAVrzel @

where m, Cp, p, and A are the robot mass, drag coefficient,
water flow density, and cross-sectional area. V,.; is:

Viee =V =V @

F,, F, and F; are the forces generated by the electric
motors. Considering the static forces balance:

Fdrag=F1+F2+F3 (3)

Fig. 6. Forces acting on the robot.

B. Flow Considerations in the Robot Design

Based on the water network topologies, in the majority of
the robot operation, it should move horizontally, and the
dominant force acting on the robot is the drag force and it is
variable. To compute the maximum drag force, a worst-case
scenario was defined as follows. The robot is supposed to
move against the water flow with a velocity of 0.10 (m/s), and
the flow speed is 0.6 (m/s) that is the common flow velocities
in water pipelines [29]. A flow simulation model was
developed in SolidWorks, and the drag force in the scenario
was calculated (see Table II). Since the drag force increases
with an increase in the cross-sectional area of a moving object,
to compute the maximum drag force, the robot was simulated
in its fully open condition where it covers a pipe with a 55.88
(cm) __ 22 (in)__ diameter (Fig. 7).

TABLE Il. SPECIFICATIONS OF THE FLOW SIMULATED IN SOLIDWORKS

Specification [unit] " Value
Fluid type Water
Fluid pressure [kPa] 413
Fluid density [kg/m?] 1000
Fluid velocity [m/s] 0.6
Robot velocity [m/s] 0.1
The relative direction of the robot and flow  Opposite

Fig. 7 shows the CFD simulation results. The colors show
the relative flow velocity in the pipe and in the vicinity of the
robot where water pressure is 413 (kPa), and the flow velocity
is — 0.60 (m/s). The largest velocity, shown in blue, is — 0.7
(m/s), which is the relative velocity of the flow to the robot.



Fig. 7. Flow velocity simulation around the robot to compute the drag force.

Based on the flow simulation, the maximum drag force is
approximately 6 (N), which the motors should provide for the
robot in the presented extreme condition. Assuming the motors
provide the same forces, maximum required force, F,,,,, that
each motor should provide is 2 (N), and the maximum torque
is:

17 maxll = || Fnax- B = 97 mN.m @)

Where R is the distance vector from the center of each
wheel to the force point of action (see Fig. 6). Fig. 7 also
shows that the robot is minimally invasive to the flow during
operation.

C. Motor and Gearhead

Table 11l shows the characteristics of the customized
Maxon motor along with a gearhead for torque amplification
and also the encoder.

TABLE I1l. SPECIFICATION OF THE MOTOR (DCX22L), THE
GEARHEAD (GPX22UP) AND THE ENCODER (ENX 16 EASY)

Specification [unit] H Value
Nominal voltage [V] 12
Diameter [mm] 22
Length [mm] 92
Nominal torque at motor 791
shaftfmN.m]
The reduction ratio of the gearhead 26:1
Number of motors in the robot 3
# of counts per turn for the encoder 1024
# of channels in the encoder 3

C. Power Supply

The power supply is one of the most critical modules for
inline robots that have not yet been addressed properly. The
available robots designed for pipelines are either tethered
[20][30][31] or powered with large portable batteries [19].
The battery specifications are presented in Table IV. The
drawn current by motors based on the motor’s operating point
(provided by the manufacturer) is 0.6 (A). The discharge time
of the battery is measured by some experiments and the results
demonstrate the duration at which the robot can operate inside
the pipeline is more than 3 hours which is enough for one
inspection duration. It worth mentioning that the other
electrical components consume less power (in the order of
milliwatts (mW)) compared to the electrical motors (in the
order of Watt (W)) and can be ignored in power profiling
calculations.

TABLE IV: SPECIFICATION OF THE SELECTED BATTERY

Specification [unitf] | Value
Model Super polymer lithium-ion
Nominal capacity[A.h] 18
Nominal voltage [V] 11.2
Weight[kg] 0.273
Dimension[mm] 127x65%22

IV. DYNAMIC MODELING AND CONTROLLABILITY

So far, the design, fabrication, and characterization of the
robot are presented. In this section, the dynamic equations of
the robot are derived, and its controllability and observability
are investigated.

A. Degrees of Freedom (DOF) of the Robot

The robot DOFs are shown in Fig. 8. The mation in the z-
axis and the y-axis directions and the angular motion around
the x-axis are constrained in 3D space. So, the robot orientation
and position can be represented with [x @ ¥]7. The design and
placement of the actuators enable the robot to have both
translational and rotational motion in a straight path, bends,
and Tees.

(@) (b)
Fig. 8. The robot DOF representation. (a) Front view. (b) Side view.

B. Dynamic Modeling

1) Governing Dynamic Equations
Based on the frame of reference shown in Fig. 9, motion
equations can be written as:

Y FE=mi o F +Fy+ F3 F Fipgy = mi (5)

Where F,, F,, and F; are forces generated motors (see Fig. 6)
and computed as:

T

Fr=2 1=123 (6)
Whee t; are torques (see Fig. 6). ¥ is the robot acceleration
and m is the robot mass. Also, the drag force can be applied in
or opposite the robot direction. Therefore, the force can be
additive or subtractive in Eq. 5. [see Fig. 6, and Fig. 9]



XM, = F;Lcos(65(t, D)) cosg F,L cos(0,(t, D)) cosg =
L,® @)

2. M, = F;Lcos(65(t, D)) cosg + F,Lcos(6,(t, D)) cosg -
FyL cos(6 (£, D)) = L, ¥ 6)

[c]

n
L cos@, cos 3

Fig. 9. The robot geometry to derive the governing equations. (a): 6;, i =
1,2,3, is the angle between the spring’s neutral axis, where the spring is at
normal condition (dashed red line), and the axis where the spring is
stretched (solid green line). (b) Front view. (c) Side view.

2) Linearization

Since the stiffness of the springs is the same, and the water
pressure is uniform, it can be assumed that the sphere remains
at the center of the pipe during the operation. So the angles at
(@) in Fig. 9 are equal. Also, they vary when the pipe diameter
changes. Hence:

6;(t,D) = 6,(D), i =123 9)
6,(D) = 6,(D) = 63(D) (10)
3) State-space Representation
The states of the robot based on Eq. [5-10] are:
xl =X
| X2 = %1 |
| x3 =0 |
X=1x, = 15 (11)
B

The state-space representation of the robot can be represented
as:

Xox1 = AgxeXox1 + Boxallzxa (12)
Yox1 = C3x6Xex1 (13)
where system matrices are as follows.
0100 0O
0 00 0 OO
_10 0 01 00
A=10 000 0 0 (14)
[0 0 0 0 O 1J
0 0 0 00 O

T
I m m m |
— 0 0 0
B= | 0 —@,cosf, ¢, cos 93 | (19
oot gt o
—@5cosf; ¢@,cosB, ,cos 93
here g, = Lt o = £- and
where ¢, = 20, @, = n ,and ¢, = o
u= 17,7 (16)
01 0 00O
C=]0 0 0 1 O Ol an
0 00 0 01

The parameters for dynamic modeling of the robot are listed
in TABLE V. Now, with the system matrices, we can
investigate the system controllability and observability of the
system which are two important factors in motion control.

TABLE V. ROBOT PARAMETERS

Variable Name [unit] || Value
m [kg] 231
1, [kg.m?] 0.0126
1, [kg.m?] 0.0093
L [cm] 20
R [cm] 5

4) Controllability and Observability

The system is controllable means that it is possible to reach
any final states from initial states by changing the inputs of
the system in a finite time. Derivation of the controllability
matrix is a cumbersome task and we skip it here for simplicity.
The robot is CC (the controllability matrix is full rank). So,
with this special placement of the actuators, considering the
states, the system is fully controllable and all maneuverable.
The observability criterion defines how well we can infer the
internal states by measuring the outputs. To make the system
observable and also remove the hardware complexity, we
need to have measurements of the critical states and estimate
the rest of them based on them. The critical states are the
states that if they are not controllable or observable, then the
whole system is uncontrollable /unobservable. Here, the
critical states are x,®, and ¥ and the other states can be
computed by a simple integration of the critical states. To
measure the critical states, we need to put a wheel encoder to
measure the wheels’ angular velocity, and as a result, the
translational velocity, x, and for @, and ¥, we need an Inertial
Measurement Unit (IMU) at the center of the sphere where
the coordinate is placed (see Fig. 9). The system is both
controllable and observable. So, it is input-observable which
means changes in inputs of the robot are reflected in the
system measurements.

V. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation

In this section, the functionality of the robot design
presented in the previous sections is evaluated with simulation
and experimental results. The robot and its motion were
simulated in ADAMS. We analyzed the functionality of the



robot with different equal voltages on motors and evaluated its
motion in a straight pipe. Fig. 10, and Fig. 11 show the
simulation results. The axes in the diagrams are according to
the coordinate system shown in Fig. 9.

Fig. 10 shows the robot velocity during the time, with
different voltages on each wheel (the voltages are equal for all
wheels). The robot’s velocity change is higer in the beginning,
but it becomes almost zero for the rest of the time (this is
because in the simulation, the wheels are not in contact with
the pipe wall at the beginning of the simulation). Therefore,
the robot can move smoothly enough to reach maximum
velocity in a straight pipe.

Robet Functienality Simulation Under Different Applied Voltages on the Actuators (Motors)

—Motors Voltage: 8 volts
—Mators Voltage: 10 volts

—Motors Voltage: 12 volts

Velocity (inch/sec)

5% 01 02 03 04 05 06 07 08 09 10

Time (sec) Pipe Type: Straight Pipe

Fig. 10. Robot velocity during the time with different voltages on each
wheel.

Fig. 11 shows the angular velocity of the robot about X, Y,
and Z axes. Based on Fig. 11, except for the very beginning of
the robot motion, the angular velocities change between — 0.3
(revolutions/s) to + 0.3 (revolutions/s). The angular velocity
along the pipe axis (X-axis) is minimum compared to other
axes (Y and Z). In other words, the robot moves with the least
rotation about the pipe axis and the maximum rotation about
the vertical axis, i.e., axis Y.

Robot Angular Veloci
—Motors Voltage: 8 volts.
—Motors Valtage: 10 volts

y Around X-axis in Different Applied Voltages on Motors

L | —Motors Valtage: 12 valts
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(@
.
g Robot Angular Velocity Around Y-Axis in Differsnt Applied Motors Voltages
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Fig. 11. Angular velocity of the robot about its axes for different motor
voltages. (a) X-axis. (b) Y-axis. (c) Z-axis.

The simulation results show the stable motion of the robot
in the pipeline with different equal voltages on the motors. In
the next section, the functionality is evaluated by the
experiment.

B. Experiment

In this section, we tested the prototyped robot in a straight
pipe with 60 inches length and 14 inches diameter. We
actuated the robot using the selected battery. The motion of the
robot in the pipe is shown by a series of screenshots in Fig. 12.
The wheels, in contact with the pipe wall, stabilize the robot
during a motion. The maximum velocity measured by the
experiment is approximately 1.6 (m/s). The robot also could
reach different velocities by changing the duty cycle of the
output Pulse Width Modulation (PWM) signal. The robot’s
functionality was also tested in an upward vertical direction.
The experiment showed the robot could move smoothly
against its weight force and reach a maximum velocity of
about 0.9 (m/s).

(4]

i < | iy N
Fig. 12. A series of screenshots showing the robot functionality in the
straight pipe with 14 inches diameter.

N

The robot’s operation duration was also verified that turned
out to be at least 3 hours by experiment.

VI. CONCLUSION AND FUTURE WORKS

In this paper, a conceptual design of a modular mobile
wall-press robot powered with a hugged-up battery is
presented. The robot is capable of embedding miniaturized
water quality sensors, motion control unit, and a wireless
communication module in Water Distribution Systems
(WDSs). The design covers larger pipe diameter ranges of 9
inch- 22 inch. The adjustable arm modules enable the robot to
move through straight pipelines with different diameters, in
addition to junctions and elbows. The dynamic equations of
the robot are derived and the system matrices are presented
with linearizations of the dynamic equations. The
controllability and observability of the robot showed that the
robot is input-observable in which the inputs to the system can



be measured from the output. The robot is also characterized
based on Computational Fluid Dynamics (CFD) results
considering an extreme condition. As the robot works in
potable WDS, health issues are considered in the design, and
a prototype is built. The robot performance was analyzed with
simulation and experimental results. The simulation results
showed a smooth motion inside the pipe. Also, the
experiments showed a stable motion inside The pipe. the
maximum velocity in which the robot could reach is measured
to be 1.6 (m/s) which is much higher than similar works. The
robot operation duration is at least 3 hours (based on
experimentsl), long enough for water quality monitoring tasks
in pipes. We also tested the robot in a vertical direction. It
could combat its weight and reach a velocity of 0.9 (m/s). In
future work, we will design and implement a control
algorithm, based on the input-output architecture developed in
this paper, which enables the robot to turn towards the desired
direction at junctions, where there are multiple paths to choose
from. Also, we will develop and add a bi-directional wireless
communication module to the robot that will enable it to
transceive real-time sensor data and motion control commands
between the robot and stationary transceiver units on a
pipeline.
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