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ABSTRACT Fixed morphology cleaning robots mostly face significant challenges in cleaning the narrow
spaces in the environment. To overcome this, a new class of self-reconfigurable floor cleaning robot,
hTetrakis, made of four triangular blocks, is built. This paper focuses on the modeling and controller design
of the locomotion and reconfiguration mechanism of the platform. The locomotion of the platform with
respect to the velocity of the wheels is formulated based on the kinematic analysis. Bymodeling the system in
Simscape multibody toolbox of Matlab, the maneuverability of the platform is studied. The reconfiguration
of the platform is studied based on the dynamics of individual block about the hinged joint. The control
architecture of this platform has two distinct Proportional-Integral-Derivative (PID) controllers to eliminate
the position error during reconfiguration, and to maintain the platform’s velocity. The coverage path planning
of the platform is based on the classical Travelling Salesman Problem which finds the optimal sequence of
waypoints as per the minimal energy consumption. Real time experiments are carried out to validate the
effectiveness of the proposed control schemes in terms of eliminating the velocity errors, and maintaining
the desired trajectory.

INDEX TERMS Polyiamond, self-reconfigurable robots, path planning, system level modeling, area
coverage.

I. INTRODUCTION
Recent advances in automation, virtual reality, machine learn-
ing, perception, have transformed the field of robotics sig-
nificantly. The commercial sector, hardware and software
companies, and research agencies are turning their heads
towards the consumer robotic platforms in our homes to
assist with daily tasks (vacuuming, window washing, house-
hold cleaning, and gardening), entertain, and educate. These
robotic playforms play an indigenous role in maintaining a
sophisticated livelihood for better Man-Machine interactions.
As per Tractica’s robotics forecasting, the sales of consumer
robots will reach a market value of 19 billion by the year 2025
and the shipments of worldwide consumer robot will increase
from 15.4 million in 2018 to 65.9 million units annually
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by 2025. Among these applications, floor cleaning robots are
gaining attention for providing cleaning service and reducing
the typical routine and mundane work in domestic settings.
Market studies forecast the sales of autonomous cleaning
robots will grow up to 28 percent and reach 2.5 billion by
the year 2020 and improve the livelihood of the people at
an average of 17 to 23 percent [1], [2]. iRobot, Samsung,
Neato, and Dyson are the leading supplier of cleaning robots
in market. The cleaning module of these robots have either
spinning brush or mopping cloth to perform the cleaning
tasks. They are also compact, able to travel underneath high-
level furniture and perform the assigned cleaning task with
or without human interventions [3]. Their performance is
mainly evaluated based on the area coverage, autonomy, and
suction capacity. The path planning and area coverage algo-
rithms in these cleaning robots mainly include traveling dis-
tance calculation algorithms (Euclidean), salesman problem,
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and Dijkstra’s algorithm for area coverage [4]–[9]. These
algorithms do not include the energy utilization of the robots
and are not suitable for the reconfigurable platform. These
algorithmsmainly follow path planning techniques like trape-
zoidal decomposition method [10], boustrophedon decompo-
sition [11], Morse based cellular decomposition [12] are used
to cover a given region. The most commonly used motion
planning algorithms include backtracking spiral motion, spi-
ral motion and boustrophedon motion (back and forth), sim-
ple zigzag motion patterns are required to sweep and cover
the whole cellular regions. These robots are of regular and
fix shape (either circular or D shaped) and they fail to reach
all the corners and narrow spaces underneath and around the
furniture. For effective cleaning, the user has to rearrange
furniture to clear the navigation path. Therefore, to enhance
the cleaning capability and area coverage performance of the
cleaning robots, there is a need for a reconfigurable robot
that can cover maximum area and access narrow spaces in
the environment.

The concept of the selfreconfiguring robotic system was
firstly proposed by Toshio Fukuda in 1988 [13]. Literature
reveals that there are several reconfigurable robots developed
for different locomotion tasks including crawling, turning and
rolling. Ryland et al. developed iMobot, that has capabil-
ities of going forward, crawling, turning and rolling [14].
Davey et al. developed a self-assembling modular robot
for extreme shape-shifting based on the structures of Poly-
bot and CKbot l [15]. Wolfe et al. designed the Modular
Mobile Multirobot (M3 Express) that employs two differen-
tial drive wheels and an omnidirectional wheel, which greatly
improved the mobility of the single module [16]. Sambot
developed by Wei et al. [17], with the two-wheel differential
drive structure, can move flexibly on the flat ground. There
are limited studies and development of reconfigurable robots
for floor cleaning application.With the availability of sensors,
actuators, and control circuit, the robot can be designed to
change its configuration as per the cleaning environment and
perform cleaning tasks autonomously.

Using the concept of ‘self-reconfiguration’, our research
team have developed hTetro platform, the first of kind recon-
figurable robot for cleaning tasks. The hTetro platform is
made of four rectangular blocks connected through active
hinged joints and attains seven distinct configurations upon
rotation of each block about the joint, achieves better area
coverage performance with tiling based path planning [18].
Le et al., also proposed theA-star based zig-zag path planning
algorithm and Genetic Algorithm of the Traveling Salesman
Problem for hTetro and tested the area coverage performance
of hTetro with these techniques [19]. The experimental results
show the superior area coverage performance of the platform
in real-time scenarios of the cleaning environmental. We
developed another polyform based platform, hTetrakis, that
consists of four moniamonds (equilateral triangle) joined by
revolute joints [20]. By altering the position and alignment of
these moniamonds, the platform attains three distinct config-
urations [21]–[23].

With respect to controller design, motion planner, and path
planning of reconfigurable platform pose a significant chal-
lenge and for smooth movement of the platform during navi-
gation, and a robust motion control scheme is needed. There
are numerous control schemes like sliding-mode control [24],
neural-networks [25], fuzzy network [26], fuzzy wavelet net-
work [27], PID based controller [28], [29] have been used
for trajectory following of omnidirectional platform. As, the
proposed robot follows tiling based path planning, we focus
on the controller design for point to point navigation. While
navigating from one point to another, the platform undergoes
translation and reconfiguartion. Hence, for the point to point
navigation of the hTetrakis platform, we have implemented
two PID controllers. One PID controller is for controlling
the wheel velocity and another PID controller at both hinged
motor for stable reconfiguraion.

The remainder of this paper is organized as follows.
Section 2 outlines the robot’s architecture including the
mechanical and electronics design. Section 3 provides the
kinematic modeling and simulation result during locomotion.
Section 4 discusses the control architecture including the con-
trol law, block diagram of the robot control during locomotion
and reconfiguration. Section 5 describes the real time experi-
mental data while locomotion and covering a predefined area.

II. ROBOT ARCHITECTURE
The hTetrakis platform is a planar cleaning robot that com-
prises four monoiamonds (equilateral triangular) blocks con-
nected via hinge joints. The block 1 and 2 are connected at
joint1 and the block 3 and 4 are connected at joint2, as shown
in Fig 1. The Blocks 2 and 3 are mounted on three omni-
directional wheels. Omnidirectional wheels are preferred in
this case because of their holonomic movement [30]–[32].
These wheels have three degrees of freedom (Translation
along X and Y , and rotation in XY plane) which is equal
to three controllable degrees of freedom (movement in lon-
gitudinal and lateral directions as well as in-plane rotation)
of the platform on a planar surface. This implies there are
no restrictions on the side movement on the robot and hence
provides holonomic movement. It also helps the platform to
avoid the obstacle and follow the trajectory during navigation.
The blocks 1 and 4 aremounted on the caster wheels, that pro-
vide smooth motion during reconfiguration. Each sub-block
undergoes planar motion with three degrees of freedom, i.e.,
in-plane translation and in-plane rotation. By rotating the
block ‘1’ about the joint joint1 and block 4 about joint2,
the platform adapts ‘A’, and ‘U’ forms, respectively, shown
in Fig. 1. All these configurations have convex boundary
corners; as a result, the platform can reach sharp and nar-
row spaces of the environment, as described in our previous
work [20].

The electronic module of the platform consists of an
Arduino Mega 16-bit microcontroller board to regulate the
locomotion and reconfiguration mechanism, shown in Fig. 2.
Each omnidirectional wheel is mounted on the geared DC
motors (90-degree output, with the gear ratio of 200:1,
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FIGURE 1. Three configurations of the hTetrakis platform.

FIGURE 2. Electronics module of the hTetrakis platform.

voltage rating as 6 V, rotational speed as 51 rpm). A 7.4 Volt
Lipo battery powers the entire platform as the main external
power supply. Then by using a DC step-down voltage regula-
tors L7805, regulated voltage of 5V is supplied to the onboard
Arduino. The microcontroller receives the commands from
the Arduino and processes that by sending pulse width mod-
ulation signals to the motor controller. The user interacts the
robot‘s microcontroller via Bluetooth communication inter-
face. It has Ultra-wideband (UWB) radio navigation system
that measures the location of the platform at a distance of 5
to 10 cm and operates on Bluetooth 4.0.

The navigation module of hTetrakis consists of an indoor
navigation positioning system and a master controller. The
navigation system placed on the hTetrakis platform hasmulti-
ple transmitters and a receiver. During navigation, it estimates
the distances between sensors and provides these data to the
master controller. Using distance data, the master controller
estimates the robot position based on trilateration method.
The master controller includes tiling based path planning
algorithm that generates a series of waypoints. Eachwaypoint
represents the workspace coordinate and morphology of the
platform. These waypoints are based on optimization of the
coverage area and navigation energy. Xbee devices are used
to transfer the command between the master controller and
the hTetrakis robot platform.

III. MODELING AND ANALYSIS OF PLATFORM’s
LOCOMOTION
A. KINEMATIC MODELING
The hTetrakis platform has translational, zero-turning, and
shape-shifting mode of operation. For a better understanding
of the kinematics of the robot platform, the motion has decou-
pled into two modes, i.e., locomotion and reconfiguration

FIGURE 3. Schematic of the hTetrakis platform showing the wheel layout
and coordinate reference frames.

modes. Its due to the fact that both modes of operation happen
at different time instance. The platform undergoes shape-
shifting followed by the locomotion of the platform. The
following assumptions are made while formulating the robot
model.

• The wheel maintains single point contact with the
motion plane and the locomotion is restricted to the
planar surface.

• The wheels are rigid and the planar surface is flat and
non-deformable.

• The axis of the wheel rotation is parallel to the plane of
the motion.

• The motion of the wheel is assumed to be pure rolling
without any slip, implies the velocity of the contact point
is zero.

An inertial reference frame, XYZI , is attached to the XIYI
plane of motion of the robot, shown in Fig. 3. During loco-
motion, the platform has three degrees of freedom,i.e., the
translational motion along XI and YI axes, and orientation
about ZI -axis. The block 1 and 4 are designed to rotate
about the revolute joint j1 and j2, respectively. The platform
consists of three distinct k th forms (k = I ,A, and U ). The
k th form of the robot platform consists of three sub-platforms
(sub-platformm, where m = 1, 2, and 3). The sub-platforms
1 and 3 are triangular blocks of each side ‘a’. However, the
sub-platform 2 (block 2 and 3) is a rhombus of each side ‘a’.
A form reference frameXYZk is attached at the center ofmass,
Ok , of the k th form with the Zk axes parallel to ZI axis of
the fixed frame of reference, as per the right-hand coordinate
system. Three platform reference frames XYZm, (m = 1, 2,
and 3) are attached at the center of mass, Om, of the mth sub-
platform with the axes parallel to the inertial reference frame,
and form reference frame. The sub-platform 2 is mounted
on the three omnidirectional wheels, which are arranged in
a triangular manner, (l is the pitch circle radius of the wheel
layout) shown in Fig. 3.

The center of mass of the platform varies as the robot does
reconfiguration. Even though each form is having a distinct
center of mass (Ok ) and the center of mass is always inside
the sub-platform2. As each block is considered as a rigid
body, the kinematics of the entire platform is equivalent to the
kinematics of the center of mass of each form. To estimate
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the kinematics of the platform, the transformation between
the wheel reference frames and platform reference frame 2
is considered. Three wheel reference frames xyzj (j = 1, 2,
and 3) are attached at the point of contact of the jth wheel on
the ground. The axis yj lies along the wheel spinning axis,
axis zj is parallel to the vertical direction (ZI ) axis of the
inertial reference frame, and xj along the tangential direction
(perpendicular to both yj and zj), as per the right-hand coordi-
nate system, shown in Fig. 3. Let the axis Y2 of the platform
reference XYZ2, makes an angle βj (βj = [0, 2π3 ,

4π
3 ]) with

the spinning axis yj of the jth wheel in the XY plane of the
wheel reference frame. Let θk be the angular rotation of kth
platform about its center of mass in the inertial reference
frame.

B. WHEEL KINEMATICS
The vectorial form of the radius of the wheel rw and angular
velocity φwj about its spinning axis yj in the wheel reference

frame is given by
[
0 0 rw

]T , [ 0 φ̇wj 0
]T
, respectively. The

tangential velocity of the wheel in the respective wheel refer-
ence frame is given by vj = ˙φwj × rw. Two rotation matrices
are used to transfer the wheel reference frames to the iner-
tial reference frame. Tj rotation matrix transforms the wheel
position in wheel reference frame xyzj to platform reference
frames XYZ2 about a rotation angle of βj. Tg rotation matrix
transforms theXYZ2 platform reference frame toXYZI inertial
reference frame about an angle θk . The rotation matrices Tj
and Tg are given by Equation 1. The tangential velocity of the
wheel in the platform reference frame and inertial reference
frame is given by Tjvj and TgTjvj respectively. The position
vector of the jth wheel in the platform reference frame with
respect to the Y2 axis is Sj = Tj

[
0 l 0

]T . The position of the
center of mass of the kth form of the platform in the inertial
reference frame is given by ROk =

[
xk yk 0

]T . The position
vector of the jth wheel in the inertial reference frame is given
by Equation 2

Tj =

 cosβj − sinβj 0
sinβj cosβj 0
0 0 1


Tg =

 cos θk − sin θk 0
sin θk cos θk 0
0 0 1

 (1)

Rj = ROk + TgSj (2)

C. PLATFORM KINEMATICS
The coordinate velocity of the center of mass of the kth form
in the inertial reference frame vk =

[
ẋk ẏk 0

]
. The velocity

of the jth wheel in the inertial reference frame is given by vj.
The velocity of the jth wheel in the platform reference frame
T−1g vj. The drive direction of each wheel is given by Dj =
1
l Tj(

π
2 )Sj. Equation 4 gives the translational velocity of the

jth wheel along the drive direction. Simplifying, we get the
kinematic relation of the platform with respect to the wheel

velocity, given by Equation 5.

vj = vk + θ̇k × TgSj (3)

Vj = vTj Dj (4)

V1 = lθ̇k − ẋk cos θk − ẏk sin θk

V2 = lθ̇k +
ẋk
2
cos θk

+
ẏk
2
sin θk −

√
3ẏk
2

cos θk +

√
3ẋk
2

sin θk

V3 = lθ̇k +
ẋk
2
cos θk

+
ẏk
2
sin θk +

√
3ẏk
2

cos θk −

√
3ẋk
2

sin θk (5)

Writing in the matrix form, we get rwφ̇w1
rwφ̇w2
rwφ̇w3

=

− cos θk − sin θk l

cos(θk −
π

3
) sin(θk −

π

3
) l

cos(θk +
π

3
) sin(θk +

π

3
) l


 ẋkẏk
θ̇k


(6)

1) KINEMATICS OF SUB-PLATFORM 1 AND 3 DURING
RECONFIGURATION
During reconfiguration, the pose and kinematics of the sub-
platform 1 and 3 need to be obtained. Let ro1/j1 is position
vector of the point o1 with respect to j1 in platform reference
frame. rj1/o2 is the position vector of the point j1 with respect
to o2 in platform reference frame. The position vector of point
o1 with respect to o2 in platform reference frame, ro1/o2 =
ro1/j1 + rj1/o2 . The position vector of point o1 with respect
to ‘o’ in inertial reference frame, ro1/o = Tgro1/o2 + ro2/o.
The velocity of point o1 in inertial reference frame is given
by Equation 8.

ro1/j1 =
a

2
√
3

[
cos θ1 sin θ1 0

]
rj1/o2 = a

√
3
4

[
cosβj1 sinβj1 0

]
(7)

vo1/o = vj1/o + θ̇1 × ro1/j1
= vo2/o + θ̇k × rj1/o2 + θ̇1 × ro1/j1 (8)

Let ro3/j2 is position vector of the point o3 with respect to j2
in the platform reference frame. rj2/o2 , is the position vector of
the point j2 with respect to o2 in the platform reference frame.
The position vector of point o3 with respect to o2 in platform
reference frame, ro3/o2 = ro3/j2+rj2/o2 . The position vector of
point o3 with respect to ‘o’ in inertial reference frame, ro3/o =
Tgro3/o2 . The velocity vector of point o3 with respect to ‘o’ in
inertial reference frame.

ro3/j2 =
a

2
√
(3)

[
cos θ2 sin θ2 0

]
rj2/o2 =

√
(3)a
4

[
cosβj2 sinβj2 0

]
(9)

vo3/o = vj2/o + θ̇3 × ro3/j2
= vo2/o + θ̇k × rj2/o2 + θ̇3 × ro3/j2 (10)
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FIGURE 4. Simscape model of hTetrakis platform.

D. SYSTEM LEVEL MODELING
Simscape multibody toolbox in Matlab was used to model
the system and simulate the performance of the platform. In
Simscape, the structural unit of the platform was modeled
as rigid blocks connected by passive revolute joints at the
hinges. The connection between wheels and body were actu-
atedwith revolute joints while the connection betweenwheels
and grounds were passive planner joints to simulate the omni-
wheels. Figure 4 shows the simscape system-level model of
the hTetrakis platform. Kinematics of omnidirectional wheels
derived in the previous section was used to estimate the plat-
form’s locomotion capability in the simulation environment.
By providing various rpm of the three wheels, the respective
platform velocity of the robot platform was estimated, as
shown in Table 1. With a constant input at motor one and
an equal input at motor two and three, the locomotion in
the Y -direction was limited to zero. It results in moving
the platform along the X -direction. For motion along X -
direction, the wheel velocities must be twice as the velocities
of the other two wheels, and the velocity components along
Y direction and rotation movement is less. On the contrary,
with a zero input at motor one and opposite inputs for motor
two and three, the locomotion in X direction was limited to
zero. Hence, with these motor speed, the platform is able to

FIGURE 5. Locomotion of hTetrakis platform in simscape environment.

travel along the Y -direction. In order to have pivot-rotation
movement about Z -axis, all three motor inputs were set to
be along the same directions. Translational and zero-pivot
turning locomotion of the three forms is verified in Simsscape
simulation environment. Figure 5 shows the locomotion pro-
file of the three forms along a rectangular path. The platform
moves from A to B along X -direction, B to C along Y -
direction. At C and D it does zero-pivot turning and moves
forward along X and Y -direction respectively.

IV. CONTROLLER DESIGN
The control architecture of this platform comprises path plan-
ner and motion planner control modules. The path planner
generates a sequence of waypoints as output on the environ-
mental map. Each waypoint stores the information about the
platform coordinates and the corresponding morphology. The
motion planner helps the platform to traverse between the
between two consecutive waypoints. It prioritizes the shape-
shifting before it proceeds on to the motion process. The
motion planner sets the tilling patterns and the trajectory
based on the minimum navigation energy and maximum area
coverage. The navigation energy includes the energy con-
sumption during reconfiguration and locomotion. Themotion
planner consists of a master controller to control the locomo-
tion and shape-shifting during reconfiguration. This master
controller has sub-control layers for shape-shifting and loco-
motion, as shown in Fig. 6 and Fig. 7. The shape-shifting
controller is responsible for sending setpoint command to
the platform. The platform uses this set point command for
‘shape-shifting’ of the platform as per the environment. This
layer has a PID controller with feedback about the angular
position of the hinged joint. The encoders mounted at the
joint measures the joint angle. The proposed control law
estimates the error between the reference and actual angular
position and velocities, and then computes the joint torques
which are a function of error signal using the proposed
dynamic model of the reconfiguration process, and maintains
a bounded steady-state error. The locomotion controller has
a PID controller to regulate the platform’s velocity.

VOLUME 8, 2020 88181



R. Parween et al.: System Level Modeling and Control Design of hTetrakis

TABLE 1. Input rpm vs output velocity of the robot.

FIGURE 6. PID controller design for reconifiguration mechanism.

A. DYNAMICS OF RECONFIGURATION
During reconfiguration, the robot platform is at the
static state, and the sub − platform1(block1) and sub −
platform3(block4) rotate about the joint1 and joint2 respec-
tively. The block block1 and block4 are attached to a geared
motor that applies torque τ1 to each block. Therefore, the
reconfiguration process can be modeled as the motion of
the single horizontal motorized manipulator about the cor-
responding joint axis. Let the mass moment of inertia of the
block block1 and block4 about their joint axis are I1 and I2,
respectively. Since these two blocks are of same mass and
shape, their moment of inertia about their center of the mass
joint axis are equal, i.e., I1 = I2. The effective inertia of the
rotating block is comprised of both the inertia of the motor
and block. It is also assumed that the block is rigidly coupled
to the joint such that the torsional rigidity moves the natural
mechanical resonance point far beyond the servo controller’s
bandwidth. The dynamics of the coupler is not included. Let
θ1, θ̇1, and θ̈1 are the angular displacement, velocity, and
acceleration of the sub − platform1. B is the viscous friction
coefficient at the motor bearing. The torque τ1 required to
rotate the sub-platform 1. A linear second-order differential
equation, τ1 = I1θ̈1 + Bθ̇1 describes the dynamics of both
blocks in terms of angular rotation.

Due to the error in the system or external disturbances,
the desired value of the angular position varies. It may cause
certain vibration in the platform, or it may cause zero-pivot
turning and slipping off the platform. To deal with these,
position based PID control scheme is implemented for each
hinged motor, shown in Fig. 6. The objective of the PID
controller is to limit the angular rotation of block 1 and 3
during reconfiguration. Let θ1d and θ1a are the desired and
actual angle of rotation of the block 1 during reconfiguration.
The PID controller operates on the position error and outputs

FIGURE 7. PID controller design for individual wheel.

a torque command. The position error signal in time domain
is defined as e(t) = θ1d (t) − θ1a(t). The control signal of
the PID controller in Laplace domain is given by U (s) =
KpE(s) + Kd sE(s) +

Ki
s E(s), where, Kp, Kd , and Ki are the

proportional, derivative, and integral gain of the controller,
respectively. E(s) = θ1d (s) − θ1a(s) is the error signal in
the Laplace domain. The dynamics of the plant model in the
Laplace domain is given by τ1(s) = Is2θ1d (s) + Bsθ1d (s),
where B = 0.1Nms. From the CAD model, the effective
moment of inertia is obtained as I = 0.01 kg

m2 .
Ziegler-Nichols (ZN) method based on step response is

used for tuning the gain parameters in the PID controller [33].
It has two steps, firstly, Ki and Kd are set to zero, and the
step response of the system is found out. Then Kp is gradu-
ally increased until the response shows oscillation. We have
observed that the system undergoes oscillation at kp = 250,
shown in Fig. 8(a). At this point, the oscillation frequency
fo is obtained as 0.52 Hz. The second step is to set the final
PID gains using the following. Kp = 0.6k0, Ki = 2f0kp, and
Kd =

kp
8f0

.
By using these relations, the optimum PID gains obtained

as Kp = 150 Nm/rad, Ki = 579.923 Nm/(rad/sec), and
Kd = 9.75 Nm/(rad/sec). The step response of the system
using these optimum values of the controller is shown in
Fig. 8(b). The absolute value of the steady state error is below
0.0017 rad/sec. The time needed to reach the steady value is
less than 1.2 sec. In this case, the settling time is less than 2
seconds and the step response of this system have overshoot
of less than 5 percent. This PID is able to move the wheel as
close to the desired speed as possible.

B. CONTROLLER FOR LOCOMOTION
In order to follow a path, the platform must satisfy two con-
ditions, i.e., one is the platform must be close to the path with
minimum error. Secondly, it has to maintain the desired for-
ward velocity. Therefore, themotion planner includes another
layer of a controller, that consists two local controllers to
control the distance deviation (heading angle) and the desired
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FIGURE 8. (a) Step response with varying proportional gains, (b) Step
response for the optimal values of the control gains.

forward velocity of the robot in its platform reference frame.
The forward velocity of the platform can be maintained by
regulating the individual wheel velocity. The speed of the
motor attached to each wheel is controlled by an independent
PID feedback loop considering the wheel as the plant, as
shown in Fig. 7. The inverse kinematics described in Equa-
tion 5 is used transforms the desired platform velocity into
individual wheel velocity. Each wheel is individually driven
by its own attached DC geared motor at the commanded
desired velocity. During operation, each motor velocity is
compared to its commanded velocity and necessary actions
are taken by the controller. Let θ̇m is the angular velocity of
the motor, b is the viscous friction coefficient at the motor
bearing. Equation 11 describes the dynamics of the motor.
Let im(t), vm(t), Ra, La, Km, and Kemf be the motor current,
motor input voltage, armature resistance, armature induc-
tance, motor torque constant, and EMF constant of DCmotor,
respectively. The DC motor applies torque τm = nmKmim(t)
to each wheel, where nm is the motor gear reduction ratio.
The motor torque and back emf constants are equal, that is,

FIGURE 9. Step response of the motor.

Kemf = Km. The dynamics of each motor is given by

La
dim(t)
dt
+ Raim(t)+ Kemf θ̇m(t) = Vm(t)

J θ̈m + bθ̇m = Kmim(t) (11)

Let θ̇md and θ̇ma are the desired and actual velocity of the
wheel, respectively. The PID controller operates on the veloc-
ity error and outputs a voltage command. The velocity error
signal in time domain is defined as θ̇md − θ̇ma. The control
signal of the PID controller in Laplace domain is given by
C(s) = KpE(s) + Kd sE(s) +

Ki
s E(s), where, Kpm, Kdm, and

Kim are the proportional, derivative, and integral gain of the
motor controller, respectively. E(s) = θ̇md (s) − θ̇ma(s) is the
error signal in the Laplace domain. The dynamics of the plant
model in the Laplace domain is given by Equation 12. By
using, Ziegler-Nichols (ZN) method based on step response
optimum values of the PID gains for the DCmotors are found
and Fig. 9 shows the step response of the DC motor. The
absolute value of the steady state error is below 0.1 rad/sec.

P(s) =
K

(Js+ b)(Las+ Ra)+ K 2 (12)

V. COVERAGE PATH PLANNING
The robot captures the 2Dmaps of the deployed environment.
The total number of grids in the map are converted into cells,
where each cell represents a block of the hTetrakis platform.
The values of the cells are transformed into arrays which
is then used for tiling process. The path planer algorithm
decomposes the array into various regions wherein different
tiling theorems of hTetrakis will be applied. After selecting
the theorems to tile a specific region, the algorithm enables
the tiling process. hTetrakis platform tiles the predescribed
environment with three configurations of tetriamonds and
the tetriamond tiling theorems which is extensively studied
described in our previous work [20], as follows.
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FIGURE 10. A parallelogram workspace with (a) ‘I’ form, (b) ‘A’ form, (c) ‘A’
and ‘I’ forms, (d) ‘A’, ‘I’, ‘U’ forms of the tetriamond [20].

Theorem 1: A parallelogram of size a×b can be tiled with
only ‘I’ set of tetriamonds if (and only if) the total number of
triangles (ab/2) is a multiple of 4, shown in Fig. 10(a).
Theorem 2: A parallelogram of size a×b can be filled

with ‘A’ form completely if (and only if) the total number
of triangles (ab/2) is multiple of 8, and both a, b ≥ 4, shown
in Fig. 10(b).
Theorem 3: A parallelogram of size a×b can be filled with

both ‘I’ and ‘A’ forms completely if (and only if) the total
number of triangles (ab/2) is multiple of 12, and both a, b ≥
4, shown in Fig. 10(c).
Theorem 4:A set of ‘I’, ‘U’, and ‘A’ forms tile the smallest

parallelogram of size 8×8, shown in Fig. 10(d). The number
of triangles along each side of the parallelogram is eight, and
the total number of triangles present in this smallest parallelo-
gram is 32. Therefore, any parallelogram can be filled with all
these three forms if and only if the number of parallelogram
along both sides are multiples of 8. Let ‘a’ and ‘b’ be the
number of triangles along both sides of the parallelogram to
be tiled. The number of triangles (area of the parallelogram)
of this (a×b) parallelogram is ab/2. If (ab/2) = 8n (multiple
of eight), where n is a natural number, then this parallelogram
can be filled with all forms completely without any void. This
implies, i.e., both ‘a’ and ‘b’ must be divisible by eight

A. OPTIMIZATION OF TRAJECTORY IN hTetrakis
WORKSPACE
The operation of the robot to cover workspace with the pre-
defined hTetrkis shapes entirely is separated into three inde-
pendent steps: transformation, orientation correction, and
translation. Specifically, to navigate from source waypoint
Ws(x, y) to the any next destination waypointWd (x, y) within
the workspace, in the first step, robot will navigate linearly
such as the block 1 of robot (center of rotation-COR) arrives
at the destination waypoint position then pivots turn around
the COR to the correct orientation of this shape on the
workspace and finally transform to the desired shape of next
waypoint. In this paper, the energy consumption of robot is
assumed to proportional with the summation of 2D Euclidean
distance displacements described in Equation 13 of corre-
spondence robot blocks( denoted as l := 1, 2, 3) from source
waypoint to destination waypoint, as shown in Fig. 11. The
costweigh of pair k between source waypoint Ws(x, y) and
destination waypointWd (x, y) are the linear summation of all

FIGURE 11. Energy model to navigate from one waypoint to other
waypoint.

distance as in Equation 14.

Dl =
√
(slx − d lx)2 + (sly − d ly)2 (13)

C(Ws,Wd )k =
∑
l

Dl (14)

ρ̂k = argmin
k∗∈�

(
∑

(C(Ws,Wd )k
∗

)) (15)

After defining the representation values for energies
required for each pair of waypoints on the workspace, nav-
igation sequence ρ connecting orderly all pairs of waypoints
is found by motion planning. The problem of finding the
optimal sequence of N waypoints which yields the minimal
consumed energy is is a classical Travelling Salesman Prob-
lem (TSP), which is considered as NP-hard and unsolvable
in polynomial time and is modeled as finding the optimal
solution as Equation 15 . The factorial time complexity O(n!)
is the requirement for a brute force search to find the optimal
solution, which performs extremely slow when the input
size is large. The evolutionary algorithms are the practical
approaches to reduce the complexity of the NP-hard problem.
In this paper, the evolutionary algorithms Genetic Algorithm
(GA) and Ant Colony Optimization (ACO) are used to derive
the optimal solution of TSP sequencing problem. GAs take
advantage of the repeating selection and reproduce process
to eliminate individuals with under-performing results while
maintaining the genetic information from the elites in each
generation. The genetic operations such as cross-over and
mutations provide GA a wide variety of generated off-springs
so that the algorithm does not easily get trapped in local
optima. ACO, on the other hand, focus on the probabilistic
technique to approach the given problem. By adjusting the
ant decisions at the nodes and the constant updates on the
pheromones left on each path, the ACO algorithm has proven
to be a reliable and consistent strategy to search for the opti-
mal solution of the problem. The work of [34] provide addi-
tional details on how GA and ACO algorithms were adjusted
and implemented to solve TSP. This paper follows similar
approaches, which focus on the analysis of the problem, the
identification of the crucial components and parameters, and
the formulation of the meta-heuristic problems.

VI. EXPERIMENTAL RESULT
The objective of this reconfigurable robot is to cover the
cleaning workspace completely with minimum navigation
energy and recoverage area. Firstly, the area coverage is the
critical aspect of this class of reconfigurable floor cleaning
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FIGURE 12. The smallest parallelogram of size 8 × 8 with ‘A’
configuration at the start of navigation.

robots. During cleaning, the platform must cover every tiling
set, and there must not be any recoverage as it utilizes
excess energy. The robot energy usage entirely depends on
the motors and their power requirement to navigate.The
area coverage performance of hTetrakis also depends on
the mobility of the platform which in turn depends on the
type of wheel, the location of the wheels with respect to
the center of the platform, and the alignments among the
wheels. During navigation, the hTetrakis platform undergoes
multiple configurations, and each configuration has differ-
ent inertia due to the change of location of the center of
mass and mass distribution about the axis of rotation. As
the wheel location and alignment is fixed, the spatial and
temporal variation of inertia properties affects the mobility of
the platform. Therefore, the mobility of the platform needs to
be studied. Secondly, hTetrakis platform follows tiling based
path planning theorem as discussed in the previous section.
The tiling approach generates waypoints in order to cover
the workspace by assuming appropriate morphology of the
hTetrakis robot maximizing the coverage area. The platform
covers the workspace by traveling from one tile set to next
tile set. During this travel, the platform has to move along
the straight trajectories during locomotion and rotate about its
center of mass (zero-pivot rotation) during reconfiguration.
Therefore, the straight trajectories (either along X or Y-axis
on XY locomotion plane) is the essential criteria for maxi-
mizing the area coverage performance of the platform. The
following experiments are carried out to check the efficiency
of the proposed controller in real-time environment.

A. SIMULATION RESULTS FOR PATH PLANNING
The hTetrakis platform is suitable for accessing narrow and
constrained spaces and has showed a superior area coverage
performance in parallelogram based region as verified in the
previous work [20]. In this section, we carried out simualtion
experiments to check the mobility and positioning of the
platform in test bed environment. Figure 13(a) shows the
smallest parallelogram of size 8 × 8 formed by all three
configurations. This parallelogram can be tiled with two sets
of ‘I’, two sets of ‘A’, and for sets ‘U’ forms. The block
numbers of the platform is mentioned in Fig. 13(a). Each
triangular block of the test bed is equal to the dimension of
each block of hTetrakis. During the experiment, the platform
(‘A’) is kept at the lower-left corner of the parallelogram and
then transformed to other configurations (‘I’ and ‘U’). The
simulated workspaces with the filled tileset of robot shapes

FIGURE 13. Optimal trajectories with associated cost weights for
workspaces. (a) trajectory of zigzag, (b) trajectory of greedy search,
(c) trajectory GA, (d) trajectory of ACO.

are shown in Figure 13. The real environment is divided into
grids, and each of a grid cell has the size of a real robot’s
block shape shown in Figure 12. The parameters of GA is
chromosome=100, mutation probability=0.1, and ACO is
number of ants=100, evaporation probability=0.9. Note that
these parameters values to derive the optimal results of GA
and ACO are selected by applying the trial-and-error method
and the best results from the twenty trials.

The associated cost weights and execution time of methods
including zigzag scanning, the greedy search, the proposed
methodwithGA andACO for simulatedworkspace including
8 waypoints are presented in Table 2. The zigzag scanning
methods connect the waypoints by the one row-wise-nearest
searching order. The greedy search optimal trajectories from
the starting waypoint to the next nearest waypoint with the
lowest associated cost to link all the waypoints. As one can
observe, running time takes by the methods based TSP is
slightly higher than zigzag and spiral methods and consider-
ably lower than the greedy search. Concerning the associated
cost weights, the proposed methods can generate the optimal
trajectory with the lowest value. Typically in Fig. 13(a) with
the trajectory sequence of GA and ACO as 1,2,3,5,8,4,7,6, we
can realize these algorithms choice the navigation sequence
to connect 2 waypoints with the same morphology first (way-
point 2 to waypoint 3 with the same U shape) instead of
linking to the point at the nearest location (waypoint 2 with
U and waypoint 4 with I shape). As the results, the energy
associated with the transformation and rotation is reduced,
and the number of transformation is minimal .

B. MOBILITY OF THE PLATFORM
The tiled based locomotion of the platform was studied by
verifying the mobility of the platform along X and Y direc-
tion. The platform was operated by sending a sequence of
coordinate information of four corners of the rectangular
path with and without tuned parameters of the controller.
The center of gravity (CG) data was extracted from the CAD
model, and a circular red tracking marker was placed at the
CG location of the platform. AGoPro camera was mounted at
the ceiling to record the locomotion video. Tracking software
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TABLE 2. Comparison results of methods for navigation sequence.

FIGURE 14. Mobility of each form with and without tuning control
parameters.

was used to get location and time data of the marker.
Then, X and Y coordinates of the platform was plotted.
Figure. 14(a) and (b) shows the mobility and trajectory fol-
lowing performance of the platform with and without tuning
the control parameters of the controller. The result shows the
mobility performance in terms of the straight line movement
has improved upon implementing the controller. For all the
configurations of the platform, the error in the following
trajectory is 6 ± 0.4 percentage. This deviation of the plat-
form from the straight line trajectory is due to large distance
between the end points. In future, this error can be eliminated
by implementing an inertial measuring unit (IMU) on the top
of the platform, monitoring the yaw angle, and using another
PID controller with the feedback obtained from IMU.

VII. DISCUSSION
This paper deals with modeling and controller design of a
self-reconfigurable floor cleaning robot which is mounted on
three omnidirectional wheels. Firstly, the detailed kinematic
modeling of the platform during locomotion and shape-
shifting is presented. The entire system is modeled in the
Simscape environment, MATLAB. Based on the kinematic
formulations, the model is simulated and the platform’s
velocity along various direction is estimated. Secondly, a con-
trol architecture consisting of two levels of PID controllers
with positive feedback. These controllers are developed
for the reconfiguration and locomotion mode. Experimen-

tal results show that the PID control schemes implemented
wheel‘s motor reduce the external noise and follow the
desired straight line path. The path planning of the platform
is based on the minimization of the number of reconfigura-
tions required to fill the workspace. The objective function
is formulated based on the travel between waypoint pair and
the optimal path is obtained by considering the navigation
energy, and then assigning coefficients to each cost function.
The objective function is optimised based on the genetic algo-
rithm of the traveling salesman problem (TSP) and estimates
the shortest path that connects all waypoints. In this paper,
there is no consideration about the practical target task using
this platform, such as vacuuming, cleaning, and mopping.
Future work will be considered on the practical conditions
such as stability of each configurations against disturbance
during the cleaning, brush rotating and mopping. During
locomotion, the platform have three geometrical forms. Even
though the mass of the platform remains same, the moment
of inertia of the platform varies for each form. This variation
in inertia will be included in formulation of the platform’s
dynamic, while designing the controller for IMU. To get more
stable locomotion in the real time environment, the possible
solutions are to implement advanced control mechanism in
the platform, and LIDAR based localization. Future work will
focus on the terrain-based locomotion, cleaningmodules with
payloads, robust control scheme including the dynamics of
the systems will be included.
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