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Abstract— Collective behavior in swarm robotics explores
various scenarios involving many robots communicating, sens-
ing, and running simultaneously. This strategy aims to reduce
the time and energy required and to improve the efficiency of
completing complex tasks which are typically difficult to accom-
plish individually. This paper presents InchBot, a novel swarm
microrobotic platform, which is highly modular, rechargeable,
and capable of sensing and communicating with each other
wirelessly. InchBot features a new stackable hardware structure
allowing customization in the embedded sensors and a novel
flexible wheel design suitable for omnidirectional motions. A de-
tailed analysis on the deformation characteristics of the flexible
spoke wheels due to centrifugal force was performed using the
finite element method. Preliminary experiments demonstrated
the utility of flexible spoke wheels for generating forward,
diagonal, and turning motions.

I. INTRODUCTION

Swarm robotic platforms have been gaining increasing
popularity in the robotics society and have shown a broad
range of applications. Such systems have been applied for
various purposes from demonstrating/imitating collective be-
havior found in biological systems, such as social insects
including ants, termites, and bees by swarming, flocking, and
herding phenomena.

Over the past several decades, many swarm platforms have
been developed in different scales with various functionalities
[1], [2], [3]. One such platform, Swarm-bots, uses a standard
color web cam with a resolution of 640× 480 pixels to
detect and recognize each other. It uses a gripper based
docking mechanism between the robots and communicates
through the WiFi module [4]. Kilobot is a small, low-
cost platform with vibration-based locomotion and a simple
range only sensor using infrared [5]. As another exam-
ple, e-Puck is equipped with infrared(IR)-proximity sensor,
accelerometer, microphone, and camera providing sensory
inputs and communicating with the host computer through
Bluetooth technology [6]. Due to its variety of available
sensors, e-Puck has been used as various robotics research
and educational tools [7]. Without using moving parts or
mechanisms, an electromagnetic system was also introduced
using the electromagnetic coil for locomotion, adhesion,
power transfer, communication, and topology sensing [8].
Jasmine is another microrobot consisting of two small DC
motors, six IR channels for proximity sensing and com-
munication, and ZigBee communication [9]. I-Swarm is a
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microrobot (3×3×3 [mm3]) equipped with a solar cell for
energy scavenging, optical communication, vibration contact
sensor, and piezoelectric legs for locomotion [10].

Fig. 1. The InchBot is an 1 inch cube, stackable, agile, and omnidirectional
micromobile robotic platform. The omnidirectional locomotion is enabled
with flexible spoke wheels.

Despite the attractive features and cost-efficiency, most
swarm robots are made with a single body frame that limits
hardware extension or modification. Therefore, their func-
tionalities are often limited to the initial specifications. There
exists a micromobile robot, called Alice, which can extend
its functionality by stacking a communication module and a
camera. However, its low performance in the motors, sensors,
and power sources constrains its potential applications [12],
[13]. The physical size and power are two primary factors
that are highly related to the performance and operating time
in swarm robotics. One of the most obvious advantages of
a smaller robot is its accessibility to narrow places [14].
Small robots can crawl through pipes [15], inspect collapsed
buildings [16], or hide in small inconspicuous spaces [17].
For surveillance and exploration tasks, this increased ac-
cessibility dramatically impacts the overall functionality of
the robots [18]. However, with the small size also comes
the disadvantages of limited mobility range, limited energy
availability, and possibly reduced sensing, communication,
and computation capabilities.

Another challenge in swarm robotics is communication
and localization among the robots. Many existing swarm
robotic systems use cameras. Camera-based localization can
achieve high accuracy, however, the processing can be rel-
atively costly and also its performance is often sensitive to
the camera characteristics and external factors [19], [20]. An
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IR-, ultrasound-, or radio-based technique is also commonly
used, typically requiring much lower level of processing
speed compared to the camera-based one. Ultrasound-based
localization, however, requires multiple pairs of emitters and
receivers as well as an additional synchronization module
that often causes multi-path interferences [21], [22]. IR
cameras are less sensitive to external factors, but require line-
of-sight for localization. IR proximity sensors usually work
within a range of a meter unless an expensive ultra high
frequency reader, which can cost more than $500 per module,
is used. Radio signal based localization may be realized by
two techniques, the time difference of arrival (TDOA) and
received signal strength (RSS). TDOA, using radio signals,
requires additional hardware implementation to enable high-
speed processing. RSS-based techniques are well suited for
multirobot applications due to their simplicity, easy identi-
fication, communication, and distance sensing capabilities.
It still exhibits several technical challenges including data
and inconsistent radiation patterns, nonlinearity between RSS
data and physical distance values, low signal transmission
power which limits the communication range, difficulties in
simultaneous mobile localization, and no orientation data.
These challenges can be addressed by robust parameter
estimation and applying appropriate filtrations to remove
outliers [29].

This paper presents a novel stackable swarm microrobotic
platform, called InchBot, equipped with a wireless commu-
nication module for RSS-based localization and communi-
cation. InchBot consists of multiple layers of 1× 1 inch2,
25g stackable boards including a main processor board,
a USB programmer and XBee board, an infrared sensor
board (optional), a motor driver, an actuator module with
wheels, and a power board. Two types of wheels for the
chassis boards are developed, one for a typical two-wheel
driving system and the other for agile and omnidirectional
system using flexible spoke wheels. Although the spoke
wheel system has been investigated by several researchers
[23], [24], features a unique deformable wheel design using
a flexible material that can deform as a wheel by centrifugal
force.

II. THE INCHBOT

InchBot is a small mobile robot with limited sensing
and communication capabilities. By collaborating with other
InchBots as a team or by stacking additional modules on
top of the processing board, it can improve its processing,
sensing, power, and communication capacities. This section
describes the detailed architecture of InchBot.

A. Hardware Architecture

Disadvantages of small-sized robots include limited mo-
bility range, limited energy availability, and possibly reduced
sensing, communication and computation ability. Our ap-
proach to overcoming these disadvantages is on increased
modularity through the stackable board design, novel wheel
design, and efficient collaboration among the robots. The

Fig. 2. CAD drawing and physical prototype of InchBot.

primary components of InchBot include actuators, micro-
controller, motor driver, batteries, sensors, wireless module,
and associated circuitry. Four micro DC motors (6mm in
the diameter, typically consumes 120 mA) and two bi-
directional motor drivers (LB1836) are the main actuators.
The robot is controlled by an ATmega328p microcontroller
from ATMEL, which is also characterized by a low power
consumption (0.2mA at 1MHz). Small coin batteries were
initially considered to power the system, but its low maximal
discharging current due to a high internal resistance did not
provide enough current for propelling the robot. Therefore,
a rechargeable lithium polymer battery (3.7V, 20C, 50mA)
was selected.

The system and its functionality can be extended by
simply adding additional modules. We adopted the 10× 1
pin headers for reliable connections between layers to reduce
mechanical failure due to repetitive assembly. Two headers
share the common pins so that sixteen digital/analog IO
are provided including UART and power. Every module
shares the same connector for augmented functionality when
stacked together. At the bottom of the motor driver, a
different wheel chassis can be attached such as two wheel
driving system or four wheel driving system as shown in Fig.
1.

B. Kinematic Model

Fig. 3. Four-wheeled robot.

Kinematic model of the following omnidirectional robot
at (x,y,θ) shown in Fig. 3 is given by

vy(t) = dy(t)/dt; vx(t) = dx(t)/dt; ω(t) = dθ/dt (1)

The wheel velocity can be obtained by multiplying the
deflection of a flexible spoke wheel, δn, such as vn = δn ·ωn
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where n = 1, · · · ,4, assuming that the deformation on the
wheels at ground contact due to the load is trivial compare to
the centrifugal force of the rotating wheels. The relationship
between the wheel velocities and robot velocities is:

v1(t)
v2(t)
v3(t)
v4(t)

=


−1 0 d
0 −1 d
1 0 d
0 1 d

 ·
vx(t)

vy(t)
ω(t)

 (2)

From the above equation, the robot speed in relation to the
wheel speeds is determined by

vx(t) =
1
2
(v3(t)− v1(t))

vy(t) =
1
2
(v4(t)− v2(t))

ω(t) =
1

4d
(v1(t)+ v2(t)+ v3(t)+ v4(t))

(3)

C. Flexible Spoke Wheel Analysis

When there is no inertial load applied, the flexible spoke
wheel is a cylindrical rubber tube as shown in Fig. 4(left).
During the locomotion phase, the cylindrical rubber tube is
rotated and deformed into a spoke wheel shape by centrifugal
force ( Fig. 4(right). Due to the nonlinearity of the DC motor
between the voltage input and the rotational speed and be-
tween the current and the torque in the real world, analyzing
a flexible spoke wheel with different shapes/sizes and differ-
ent number of spokes is challenging without using a well-
defined simulation package. To investigate the relationship
between the rotational speed and deformation of a flexible
spoke wheel, between number of spokes and deformation of
flexible spoke wheel, and between the section area where
maximum stress is applied and deformation, and further the
scaling issues between simulation and actual experimental
study, the ANSYS software package with APDL language
was used.

Fig. 4. Flexible spoke wheels when there is no rotational inertial force
applied (left) and there exist rotational inertial force causing the four spokes
on the cylindrical tubes to be fully extended (right).

1) Centrifugal force and deformation: Centrifugal force
applied to the flexible spoke wheel is computed by

F = ρω
2
∫ R

r0

rA(r)dx. (4)

where ρ is the density of the flexible spoke wheel, A(r) is
the area of section where distance to rotor shaft is r, ω is

the rotor’s rotational speed (rad/sec), r0 is the shaft radius,
and R is the radius of flexible spoke wheel. The maximum
deflection at the tip, δ , and the slope at the free end, θ , can
be computed as

δ =
FR2

24EI
; θ =

PR2

8EI
(5)

where E is modulus of elesticity and I is the moment of
inertia of the section.

Fig. 5. FEA model for simulating the deformation of the flexible spoke
wheel: 0 rad/sec, 100 rad/sec, 200 rad/sec from left to right. Colors are used
to indicate the relative amount of deformation by simulation.

2) Nonlinear FEM simulation of deformation: To deter-
mine the stress distribution and deflection of the flexible
spoke wheel when it is rotated by motors, a model of a
cylindrical tube was constructed using FEA for a deformable
material, a rigid surface, and inertial loads. The material
used for the flexible spoke wheel is polyurethane rubber, an
elastomer material with properties of elasticity. The meshed
FEA model of the flexible spoke tube is modeled with
SOLID 186 which is a 3-D 20-node structural solid [34].
This material has hyper elasticity and the ability to withstand
large strains. In addition, each node has three degrees of
freedom. The properties applied to the material model are
0.02GPa for Young’s modulus, 910 kg/m3 for the density,
and 0.49 for the Poisson’s ratio [35]. Fig. 5 shows the FEA
deformation model simulated for 0 rad/sec, 100 rad/sec, and
200 rad/sec.

III. LOCALIZATION AND CONTROL SCHEME

Localization techniques with wireless communication
and distance measuring sensors include 1) received signal
strength indication (RSSI) [25], 2) time of arrival (ToA) [26],
3) time difference of arrival (TDoA) [27], and 4) angle of
arrival (AoA) [28]. Limited processing capability in such
a small robot has shown difficulty in executing the ToA
and TDoA methods as theses methods require precise time
measurements. Also, AoA requires smart antennas, which
are relatively expensive, to measure the angle between the
transmitter and receiver node. Although RSSI has a disad-
vantage that it contains a large amount of outliers and noise,
it is easy to implement and requires relatively less complex
hardware/algorithms to capture and analyze the received
signal strength (RSS). InchBot utilizes the RSSI techniques
for communication and localization. The radio signal can not
only be used for localization, but may also contain useful
information which can be shared among networked robots.
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A. Log-distance Path Loss Model

The RSS measurement quantifies the received power of
wireless packets sent via the IEEE 802.15.4 protocol. In the
real (free space) case, this value varies inversely with the
square of the distance and therefore has been suggested as a
means to estimate distances between nodes in mobile sensor
networks [31], [32]. In order to map the RSS values to the
distance measures, we adopt the indoor propagation model
based on the log-distance path loss model given by [33]

L = L0 +10γ log10

(
D
D0

)
+Xg (6)

where L0 is the pass loss at the distance D0 measured in
decibel (dB), γ is the path loss exponent, and Xg is a Gaussian
random variable with zero mean and a standard deviation, σ .
Fig. 6 shows the mean RSS values of 10 samples measured
at each distance between 2 to 130 [in] where the bar length
indicates the standard deviation. The standard deviation tends
to increase as the distance becomes greater. Also, the RSS
measurements decreases monotonically until about 84 [in]
and starts to slow down afterwards. The RSS data was
linearly dependent to the log10-distance up to 101.7 ∼ 101.8,
corresponding to 50 ∼ 63 [in]. Therefore, we consider the
reliable range of robot-to-robot distance measurements is
up to 60 [in], where it follows the log10-distance path loss
model in Eq. (6). The estimated parameters for this range
are computed by L0 = −19.96 dB, γ = −2.14, and d0 = 2
[29].

Fig. 6. RSS vs. distance measurements (left) and log10-distance (right)
[29].

B. Control Scheme

Fig. 7. Schematics of the embedded control method.

The RSS-based cooperative localization technique can be
applied for localization of multiple robots. Without using
any additional sensor board, such as an infrared sensor, an
InchBot with the basic modules (i.e., processor board, XBee
communication board, motor driver board, and power board)
can locate and track the goal with the directional derivative
based control method. The goal (G) and three robots (R1,
R2, R3) communicate with each other and determine the
position of the goal by received signal strength from the goal
as shown in Fig. 7. The goal’s location information (L) is
then shared with the tracking robot (R0). At the same time,
RSS from R1, R2, and R3 coordinates the tracking robot in
local coordinates.

Let ~f 0 = [x01,x02,x03]
T be the estimated distance between

R0 and three nearest robots based on the RSS. To determine
the orientation of G, R0 moves one step, ∆x, forward until
the RSS value changes. The change in the RSS value informs
the robot which direction it should move in local coordinates
to reach the goal. The updated distance estimate between R0
and (R1, R2, R3) becomes (x′01,x

′
02,x

′
03) and the directional

derivative of ~f 0 with respect to x is given by

Dx~f 0 =
∆~f 0

∆x
=


x′01−x01

∆x
x′02−x02

∆x
x′03−x03

∆x

 (7)

If the robot is moving toward the goal, the dot product of
Dx~f 0 and ∆~d0 will be positive where

∆~d0 =

LG1− x′01
LG2− x′02
LG3− x′03

 (8)

Otherwise, the robot changes its direction by α computed
by

α = argmax
θ∈[0,2π]

(Dx~f 0 ·∆~d0) (9)

Fig. 8 illustrates the described control scheme for locating a
single goal.

IV. PRELIMINARY EXPERIMENTS

Our preliminary experiments focused on testing the utility
of flexible spoke wheels for generating forward, diagonal,
and turning motions. Detailed description on RSS-based
communication techniques that can be implemented in Inch-
Bots can be found in [29].

A. Agility in proposed locomotion

The flexible spoke wheels are not perfectly uniform due
to manufacturing errors. Therefore, it requires a calibration
process by giving the robot weight factors to each wheel
to move the same distance. The InchBot is slippery on the
ground but highly agile (faster than 450mm/sec) as shown
in Fig. 9.

To evalaute the robot’s speed for different duty cycles,
100% duty cycle (3.3V), 75% duty cycle (2.475V), and 50%
duty cycle (1.65V) of PWM inputs were tested. Fig. 9 shows
that the robot moves with increasing speed. Also, high speed
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Fig. 8. Illustration of directional derivative-based control scheme; R0 is moving robot, R1, R2, and R3 are reference robot, and G is goal. R0 moves one
step and receives signal strength from R1, R2, R3, and G to estimate the position and change the direction.

Fig. 9. Distance versus time for three different duty cycles. Five trials are
performed for each duty cycle.

motion has more slip when it starts moving whereas low
speed motion has less initial slip. The robots were placed
on an acrylic plate and recorded with an overhead camera
so that distance and time could be retrieved with collected
video files.

B. Forward, Diagonal, and Turning motions

The proposed locomotion allows the consideration of
much simplier robot control. Without steering the wheels,
the InchBot is capable of omnidirectional locomotion. To
demonstrate the locomotion, forward, diagonal, and turning
motions were tested by changing the speed of rotation of
each flexible spoke wheel. Fig. 10 shows a forward motion
by rotating two motors. As shown in Fig. 9 and Fig. 10, robot
accelerates due to the slip between the wheel and the ground
during high speed motion. Some of the challenges, such as
consistent speed control, remains as future work. Different
material selection for the wheel could be a possible solution
for this. Fig. 11 and 12 show turning motion by rotating a
single motor and diagonal motion by using two motors.

Fig. 10. Forward motion experiment (the video is attached to this paper).

Fig. 11. Turning motion experiment (the video is attached to this paper).

Fig. 12. Diagonal motion experiment (the video is attached to this paper).

V. CONCLUSION AND DISCUSSION

This paper presented a novel swarm microrobotic plat-
form, InchBot, with highly modularized and expandable fea-
tures. To validate the functionality of flexible spoke wheels,
finite element analysis and preliminary experiments were
conducted for analyzing the deformation characteristics and
demonstrating forward and turning motions. The robots can
be fully equipped to utilize RSS-based techniques, such as
the algorithms we presented in [29]. InchBot is one of the
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smallest swarm microrobotic platform with improved com-
munication capabilities and expandable/adaptable features
that make InchBot uniquely positioned among the others.
Regarding the size, a single robot can typically offer better
performace when it is large whereas the tiny robot is limited
in its functionality. As the swarm robots pursue small size,
IR sensors are equipped in all robots except for the I-Swarm
(I-Swarm is too small to embed IR). InchBot also features its
speciality in omnidirectional locomotion and low cost (less
than $50 components in cost including the XBee wireless
module).

The flexible spoke wheels successfully demonstrated om-
nidirectional motion, by moving forward (either in an x or y
direction) and diagonally, and turning at the same position.
However, precise trajectory and speed control of the InchBot
with spoke wheels is still a challenging technical issue. We
are currently working on improving our ANSYS simulation,
including the surface model and conducting experiments to
determine control parameters and reduce uncertainty.
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