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Abstract: Inspections of industrial and civil infrastructures are necessary to prevent damages and
loss of human life. Although robotic inspection is gaining momentum, most of the operations are
still performed by human workers. The main limiting factors of inspection robots are the lack
of versatility as well as the low reliability of these devices, since they need to operate in a nonstructured environment. In this work, a novel Hybrid Platform for inspection in industrial contexts
is proposed, focusing on the design and testing of the Crawler Unit. The goal is to solve versatility
related issues exploiting modularity and self-reconfigurability. The Hybrid Platform consists of three
main systems: a mobile Main Base and two Crawler Units. Each would operate independently,
accomplishing specific tasks. Docking interfaces, on each device, allow the systems to reconfigure
into different robots. The Crawler Unit operates in constrained environments and narrow spaces.
The Main Base patrols wide areas and deploys the Crawler Units near the inspection site. For
dealing with challenging conditions, the two Crawler Units can dock together, reconfiguring into a
snake-like robot. Additionally, once docked to the Main Base, the two Crawlers can operate also as
robotic arms, providing manipulation abilities to the platform. The first version of the Crawler Unit
exhibited an interesting performance over flat and uneven terrains. To extend the mobility of this
robot, a second version was developed, introducing some innovations in the system design. These
innovations provided the Crawler Unit with advanced mobility in the vertical plane, thus allowing
the robot to deal with more complex scenarios such as crossing gaps, overcoming obstacles and lifting
the modules.
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1. Introduction
Regular inspection and maintenance operations are crucial to meet safety regulations
and to ensure efficient functioning of machines and structures, reporting issues before
problems become critical. This is particularly true in power plants, Oil & Gas industries and
civil infrastructures, where unexpected failures or breakages may lead to catastrophic events
and potential loss of life. In addition, such assets may require an extraordinary monitoring
in response to unexpected natural events or when malfunctions and alarms occur. In
this perspective, the spread of inspection robots represents an important technological
breakthrough. These robots are designed with the primary goal of minimizing the risks
related to the involvement of humans in such dangerous and repetitive tasks. Ground
inspection robots can be roughly divided into two families according to their main purpose:
general inspection and the monitoring and inspection of specific equipment.
During general inspection, the robots span extensive areas in order to reach the target,
such as pipes, pumps, valves, tanks, etc. Often, such systems consist of wheeled [1] or
tracked [2] platforms equipped with sensors and robotic arms. Narrow spaces, slopes and
stairs are still open challenges that require more advanced devices [3,4].
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Within industrial plants, some assets require thorough inspections, i.e., external and
internal. Therefore, many specialized robots, [5,6], have been developed to cover these
critical components. To accomplish the task, these devices exhibit small-sized and targetoriented designs [7–9].
Pipe inspection robots have to traverse long distances in highly constrained environments. For locomotion, mainly wheels or tracks are used, [10,11]. However, pipelines result
from the combination of many segments; therefore, snake robots are gaining momentum in
this context, see [12–14].
Although the robots discussed so far display interesting design solutions, these systems still present some important limitations. For instance, general inspection robots are often big platforms, and this also represents their main weakness. The robotic arms equipped
may help in accessing difficult-to-reach targets; however, the inspection workspace is
constrained by the platform dimensions, since the arms cannot detach. On the other hand,
most of the specialized devices rely on human operators for the deployment phase. However, requiring the presence of workers near the inspection site conflicts with one of the
primary goal of inspection robots, i.e., to limit/reduce the presence of human operators
in situ. An interesting technology is represented by the so-called marsupial robots, where
the main platform houses and releases smaller devices for inspecting the hardest-to-reach
places [15–17].
In the wake of marsupial robots, we started to develop a new self-reconfiguring Hybrid
Platform, which combines different robots in order to maximize the application range of
our system. In particular, we focused on the design and testing of the Crawler Unit.
2. Materials and Methods
This section reports the design principles and the possible applications for our novel
Hybrid Platform. In particular, the focus is on the mechanical features of the Crawler Unit
and on the differences between the two versions developed. This section ends with an
insight on the electronic architecture and the control algorithm.
2.1. The Hybrid Platform Overview
The main idea is to take advantage of modularity and self-reconfigurability to design a
new versatile multi-purpose Hybrid Platform, which will consist of three systems: a mobile
Main Base and two twin Crawler Units, as shown in Figure 1. These robots are designed
to perform inspections either independently or in collaboration, as described in [18,19].
Thanks to the small size, the two Crawler Units are especially suitable for inspection in
constrained or cluttered environments and narrow spaces, as discussed in [20,21]. On the
contrary, the Main Base presents a larger size than the Crawler Units in order to cover long
distances as fast as possible. Therefore, such a system is more effective in patrolling and
monitoring wide areas, such as the aforementioned plant inspection robots.
Whenever the inspection target or the surroundings are too complex to reach or too
challenging to deal with a single robot, the systems can reconfigure autonomously without
requiring direct human intervention. In this way, a human operator can tele-operate the
system, limiting the risks of being in close proximity of inspection targets. For instance,
the Crawler Units can dock together forming a snake robot, see Figure 1. Assuming this
configuration, the system can deal with complex operations such as: reaching components
placed in higher places, climbing stairs, or crossing very rough terrains. In addition, the
Crawler Units can couple with the Main Base, turning the Hybrid Platform into a dual
arm system that can execute manipulation and maintenance tasks, as shown in Figure 1.
Adopting such a configuration, the Main Base becomes a true marsupial system, which
can carry, deploy and recover the Crawler Units near and from different inspection sites.
Ultimately, this Hybrid Platform provides the end user with a suite of systems capable
of dealing with multiple tasks that span from the inspection of confined spaces to the
monitoring of an entire plant, passing through the exploration of hard-to-reach areas or,
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eventually, the manipulation of small objects. To develop such a versatile system, the
design of the Crawler Units assumes particular relevance.

Figure 1. Representation of the Hybrid Platform robot executing different tasks. In (a), the Crawler
Units are deployed/recovered near/from an inspection site; in (b), the Main Base operates the
Crawler Units as robotic arms to inspect a target on sidewalls; in (c), the Crawler Units perform
inspection in narrow areas, moving around some obstacles; in (d), the Crawler Units adopt the snake
configuration to reach a manometer placed above the ground; in (e), the Crawler Units adopt the
snake configuration to inspect the internal surface of a tank.

2.2. The Crawler Unit: Overview
Referring to Figure 2, each Crawler Unit consists of three main bodies plus the docking
module. Each module is connected with the subsequent through an active kinematic chain
with 3 degrees of freedom (DoFs).

Figure 2. CAD drawing of the Crawler Unit version two. Each module is 0.11 m high and 0.22 m
wide. In total, the robot is 1.54 m long.

The Crawler Unit equips a combination of active and passive tracks for locomotion. In
particular, the tracks on the two longest modules are active, while the others are passive. The
single DC motor concurrently drives the tracks on both sides of active modules. For turning,
the Crawler can adopt two configurations: the C-configuration and the S-configuration.
In the former, the Crawler rotates the modules in the same direction using the yaw joints,
and the system assumes a configuration similar to the letter C. When the active tracks
spin in the same direction, the Crawler begins to turn with a given curvature radius. In
the S-configuration, the Crawler rotates the modules in opposite directions using the yaw
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joints; the robot assumes a configuration similar to the letter S. When the active tracks spin
in opposite directions, the Crawler starts to turn on the spot.
The system is redundant either in kinematics and actuation. Kinematic redundancy
confers great adaptability to different terrains and obstacles. Kinematic redundancy is
crucial when the Crawler Unit operates as a ground robot in unknown environments,
and when the Crawler Unit attaches to the Main Base and reconfigures into a robotic arm.
Actuation redundancy ensures an additional degree of fault-tolerance and reliability to the
Crawler Unit.
Two prototypes of the Crawler Unit have been developed, see Figure 3. Both the
models have similar macroscopic features, e.g., number of modules, kinematics, tracks.
However, the two versions present some differences on specific components. Such differences will be discussed in next subsections. The modules are called from the left to the
right: rear module, central module, front module and docking module. In both versions,
each module has a hollow chassis to store the actuators and electronic boards that drive
the system. In particular, the rear module houses the electronics, the drive system and the
yaw joint actuator. In version one, the central module encloses two servomotors that act
as pitch joints and it has some free space for possible payloads. In version two, however,
the free space is reduced to give room to the two pitch joints and their new transmissions.
The front module contains another drive system and two yaw joints, one in the front and
the other in the back. Lastly, the docking module accommodates another pitch joint, the
docking mechanism and its driver circuit.

Figure 3. Snapshots of the Crawler Unit prototypes. On top, version one of the Crawler. Due to the
conservative design, each module has an average weight of 2 Kg. On bottom, version two of the
Crawler. The new prototype includes thinner parts and design improvements. Each module has an
average weight of 1.7 Kg.

Referring to Figure 3, the chassis of the modules deeply differ between versions. In
particular, the Crawler frames of version two present several external ribs, and such a
feature is not merely aesthetic. As a matter of fact, version one of the Crawler Unit is
quite heavy as a result of the over-sizing of the mechanical parts. In developing version
two, a preliminary structural analysis guaranteed that the most sensible components, such
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as the module chassis and the joint flanges, still could withstand the loads. Besides the
aforementioned external ribs, some structural gussets and fillets are included to strengthen
the chassis frame of version two. Tables 1 and 2 summarize the parameters of version one
and two of the Crawler Unit, respectively.
Table 1. Parameters of the Crawler Unit, version one.
Crawler Unit Version One
Back Module

Central Module

Length = 0.4 m;

Length = 0.44 m;

Height = 0.11 m;

Height = 0.11 m;

Width = 0.22 m;

Width = 0.22 m;

Mass = 2.3 Kg.

Mass = 2 Kg.

Front Module

Docking Module

Length = 0.4 m;

Length = 0.22 m;

Height = 0.11 m;

Height = 0.11 m;

Width = 0.22 m;

Width = 0.22 m;

Mass = 2.5 Kg.

Mass = 1.3 Kg.

TOTAL MASS = 8.1 Kg;

TOTAL LENGTH = 1.46 m.

Table 2. Parameters of the Crawler Unit version two.
Crawler Unit Version Two
Back Module

Central Module

Length = 0.4 m;

Length = 0.49 m;

Height = 0.11 m;

Height = 0.11 m;

Width = 0.22 m;

Width = 0.22 m;

Mass = 1.8 Kg.

Mass = 2.1 Kg.

Front Module

Docking Module

Length = 0.4 m;

Length = 0.25 m;

Height = 0.11 m;

Height = 0.11 m;

Width = 0.22 m;

Width = 0.22 m;

Mass = 2 Kg.

Mass = 1.3 Kg.

TOTAL MASS = 7.2 Kg;

TOTAL LENGTH = 1.54 m.

2.3. The Crawler Unit: Kinematics
The Crawler Unit kinematic representation is illustrated by Figure 4. For visual clarity,
each x, y and z axis of the reference frames is distinguished using red, green and blue
colors, respectively. Moreover, each joint DoF is denoted by an orange, curved arrow.
The Crawler Unit is a floating base system; therefore, it would be necessary to define
a fictitious 6 DoFs joint qb , which relates the position and orientation of frame B , with
respect to the inertial frame W , [22,23]. However, in a purely kinematic perspective, the
fictitious joint characterization is not fundamental for the definition of the Crawler Unit
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kinematics. For convenience, the local frame B is fixed on the central module center of
mass (CoM). The Crawler Unit is modeled assuming its modules as belonging to two serial
kinematics originating from frame B . Applying the Denavit–Hartenberg convention (D–H),
the (i − 1)-th frame is attached to the i-th joint, with the local z axis parallel to the joint
rotation axis. Finally, frames E f and Er identify the two Crawler Unit end effectors. Table 3
lists the D–H parameters used for modeling these two serial kinematics.
Table 3. The Denavit–Hartenberg parameters of the Crawler Unit kinematics.
ai

αi

di

θi

→ 0f
→ 1f
→ 2f
→ 3f
→ 4f
→ 5f
→ Ef

lc /2
ll
lρ
lf
lρ
ll
ld

π/2
0
−π/2
0
π/2
0
−π/2

0
0
0
0
0
0
0

0
q1
q2
q3
q4
q5
q6

B → 0r
0r → 1r
1r → 2r
2r → E r

lc /2
ll
lρ
lr

−π/2
0
π/2
0

0
0
0
0

π
q7
q8
q9

Reference Frame

B
0f
1f
2f
3f
4f
5f

Figure 4. Schematic representation of the Crawler Unit kinematics. The inertial frame is denoted by
W , and the local frame B is attached to the central module center of mass (CoM). The (i − 1)-th local
frame is attached to all the i-th joint, and frames E f and Er identify the Crawler Unit extremes. The x,
y and z axis of each frame are denoted by the red, green and blue colors, respectively. Orange arrows
represent the joint degree of freedom (DoF).

In particular, the two transformations from frame B to the frames 0 f and 0r are static
transformations. The central module length is represented by lc . The variable ll corresponds
to the length of the link among two consecutive pitch joints, e.g., the distance between
frame 0 f and 1 f . The variable lρ denotes the radii sum of successive pitch and yaw joints,
e.g., the distance between frame 1 f and 2 f . The parameters l f , lr and ld represent the length
of the central, front, rear and docking modules, respectively. Each variable qi denotes the
corresponding i-th joint angle. The vector q j = [q1 , q2 , q3 , q4 , q5 , q6 , q7 , q8 , q9 ] T collects the
robot-generalized variables.
Figure 5 illustrates the kinematic chain that connects the central module to the rear one.
Each joint is driven by a servomotor, which is equipped with a dual stage transmission in
order to increase the output torque. Here, timing belts and pulleys were used to implement
all the transmissions; in this way it was possible to design compact light-weight reducers.
In particular, the transmissions of both pitch joints have a reduction ratio η p = 5.6 : 1, while
the transmission of the yaw joint has a reduction ratio ηy = 3.8 : 1. Referring to Figure 5,
the yaw joint is completely enclosed in the module chassis. This joint assembles with the
middle pitch joint with a C flange. Due to the short distance, lρ = 0.05 [m], among the axis
of these two joints, such connection can be intended as a Cardan joint. The middle pitch
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joint is partially encapsulated into the linking element to the consecutive pitch joint. The
kinematic chain ends with the pitch joint, on the right, that anchors to the central module
chassis. Further details about the mechanical features of the Crawler Unit are provided
in [21].

Figure 5. Detailed view of one kinematic chain that connects the Crawler Unit modules. From left
to right, the yaw and the pitch joints are assembled into a Cardan joint, which is connected to the
second pitch joint. In all joints, the servomotors are equipped with dual stage transmissions.

2.4. Electronics and Control
The Crawler Unit active tracks are driven by two DCX12L Maxon Motors. Each motor
includes the GPX12HP planetary gearbox with reduction ratio 83 : 1 and the ENX10 EASY
256IMP encoder. Additional details are listed in Table 4. These actuators are driven by
the L298N Motor Driver, which includes a dual H-Bridge chip. Such a board is controlled
through PWM and digital signals generated by the microcontroller.
Table 4. The Crawler Unit technical specifications.

Herkulex Servomotor

Model: DRS-0602
Total weight: 145 g
Total Stall Torque: 7.6 Nm
Reduction Ratio: 202:1

Maxon Motor

Model: DCX12L
Total weight: 36.6 g
Total Stall Torque: 0.99 Nm
Reduction Ratio: 83:1

Arduino Board

Model: Mega 2560
Microcontroller: ATmega 2560
Clock Frequency: 16 MHz

L298N Motor Driver

Driver: L298N Dual H Bridge
Motor Channels: 2
Driver Voltage: 5–35 V

All the active joints of the Crawler kinematic chains are driven by the Herkulex
DRS-0602 servomotors, as shown in Table 4. These servomotors are light-weight, but
they produce high output torques. Additionally, the embedded electronics controls the
servomotor implementing a PID logic. Once it received the desired angle, the servomotor
computes the velocity profile to reach the goal smoothly. All the Herkulex servomotors
are serially connected, and the communication is implemented using the TTL Full Duplex
UART Serial logic. The microcontroller interacts with the servomotors exchanging request
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packets, which encode the required information. Here, a C++ custom library is used to
interface the Herkulex servomotors with the microcontroller. Such a library defines a set of
functions that build request packets and decode the acknowledgment packets, according to
the communication logic.
In version one of the Crawler Unit, the user input is provided by a dual axis joystick.
This configuration allows the operator to control only the horizontal mobility of the Crawler
Unit. Therefore, the robot behavior is pre-determined by many control routines that have
been developed to perform the ground maneuverability experiments. This arrangement
was not ideal; therefore, version two of the system provides the user with an extended
joypad. Referring to Figure 6, the new joypad consists of two dual axis joysticks and five
push buttons. The joystick on the right controls the forward motion and the lateral motions
of the module, and, instead, the joystick on the left controls the vertical motions of the
modules. The control programs have been updated as well to include the additional inputs.
In this way, the user had an improved control over the system during the experiments.
The push buttons are wired to the microcontroller, but their features are not implemented
yet. Future work will focus on the development of a good user-interface and high-level
controllers that will help the end-user in piloting the Crawler Unit during field tests.

Figure 6. The representation of the Crawler Unit electronics and control architecture. The robot is
powered through an umbilical cable connected to the power supply. The code is uploaded into the
microcontroller, which manages the joypad inputs.

Both the Crawler Units equip the ATmega 2560 microcontrollers embedded in the
Arduino Mega 2560 boards, as referred to in Table 4. The clock frequency of the microntroller is 16 MHz, and the Arduino board has to deal with many input/output signals.
The FreeRTOS library is installed on the Arduino board in order to effectively manage all
the signals mimicking the multi-tasking, [24]. The Arduino Mega board equips a single
core microprocessor; therefore, the instructions are executed sequentially. However, the
Real Time Operating System FreeRTOS implements a scheduler, which allows one to run
different bits of the control code almost simultaneously. In particular, the instructions for
managing each input/output are coded in separate execution threads and the scheduler
executes the threads according to the priority or the presence of interrupts.
As shown in Figure 6, the Crawler Unit is powered by an umbilical cable. This cable
connects the robot to a dual channels power supply, with one channel for the DC motors
and the other for the servomotors. In addition, the Arduino Mega 2560 board is connected
to the control computer by a USB cable.
3. Results
Both the Crawler Unit versions have been tested during lab experiments and their
behaviors have been evaluated and compared. First experiments aimed at verifying the
functionality of all the mechanical subsystems. Successive experiments evaluated the
Crawler performance in common scenarios that can be met by the system during inspec-
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tions. Many tests targeted the Crawler ground maneuverability on flat terrains. Particular
relevance assumed the experiments on the Crawler Unit turning motion. Further experiments evaluated the Crawler Unit vertical mobility as well. In particular, these tests
involved the system mobility assessment over ramps, uneven grounds and in the presence
of ditches. Finally, experiments investigated the Crawler Unit behavior during vertical
motions of the extreme modules, i.e., the docking module and the rear module.
All the experiments reported in the following subsections were performed by a human
operator, which tele-operated the Crawler Unit. At first, the low clock frequency of the
Arduino Mega 2560, equipped by both versions, made it impossible to read the encoders of
the robots. Therefore, linear and angular velocities of the two Crawler Units were estimated
dividing the distance traveled by the time spent. Later, version two was upgraded, replacing
the microcontroller with the Arduino Due. With this improvement, it was possible to record
feedback from the encoders and the horizontal mobility experiments were repeated. In
the following, the experimental results of version one have to be accounted as qualitative
estimations, whereas the horizontal performance of version two are obtained by statistical
analysis of the results from 3 trials.
3.1. Forward Motion
Version one of the Crawler Unit was tested in performing a forward and backward
motion on a flat terrain. This experiment aimed at verifying the effectiveness of the
drive systems in concurrently driving the active tracks. Additionally, such an experiment
provided preliminary data on the maximum longitudinal velocity that could be achieved.
It is worth mentioning that the modular design of the Crawler allows a certain degree of
customization. For instance, it is possible to replace the DC motors or the drive system
transmission ratio in order to achieve higher torques or higher velocities. Referring to
Figure 7, the test consisted in moving the Crawler from its starting position toward the
finish line, which was placed 1 m forward. The system covered this distance in t = 10 s,
achieving an estimated average velocity v = 0.1 [m/s].

Figure 7. Forward motion sequence. The Crawler Unit version one travels 1 m forward from the
starting position, on the left, toward the finish line, on the right. The robot achieves an average speed
of v = 0.1 [m/s].

As shown in Figure 8, the same experiment was repeated for version two of the
Crawler Unit. From data analysis of 3 trials, it was possible to conclude that the new
version demonstrated similar results. The active tracks achieved the average forward
speed v = 0.107 [m/s] with standard deviation of σ = 0.002 [m/s]. The robot traveled 1 m
forward in t = 9.3 s.
During these experiments, both versions demonstrated that the external polyurethane
layers of the tracks did not provide a high friction coefficient over the linoleum floor. In
addition, the internal friction of passive tracks was higher than expected. As a result, the
passive tracks slipped on the ground rather than rotating. However, this represents a
minor issue, which can be solved by coating the external layer of each track with a more
adhesive material.
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Figure 8. Forward motion sequence. The Crawler Unit version two travels 1 m forward from the
starting position, on the left, toward the finish line, on the right. The robot achieves an average speed
of v = 0.1 [m/s].

3.2. The C-Configuration
Since the tracks of each active module are concurrently driven by a single motor, the
Crawler Unit cannot turn using a skid-steering technique, i.e., driving the tracks to spin in
opposite directions. With this design layout, a possible way of inducing a turning motion
on the Crawler Unit is by rotating the modules with the yaw joints, while the active tracks
spin, as shown in Figure 9. In particular, the Crawler Unit assumed C-configurations,
whose shapes were determined by the desired yaw angles. Moving the dual axis joystick
from the center to the left/right directions, the operator determined how loose or sharp the
Crawler Unit final configuration was and, consequently, the circular trajectory followed by
the system. The curvature radius ρ depends on the lengths of the modules and on the yaw
angles according to the following relation:
ρ=

l1 + l2 cos q
sin q

(1)

where q = q3 = q4 = q8 represents the relative yaw angles between modules,
l1 = lc /2 + ll + lρ is the equivalent central module length, and l2 = l f /2 = lr /2 is
the front module half length. It is worth noticing that this formula holds true, provided
that all the modules rotate by the same angle. According to the system dimensions, the
minimum curvature radius of version one of the Crawler Unit is ρ = 0.45 m, when the
yaw joints reach their limit angles ±0.87 [rad]. Version one of the Crawler achieved an
estimated angular velocity ω = 0.1 [rad/s] and rotated by about 1.57 [rad] in t = 15 s, with
all yaw joints at their maximum allowed rotation of 0.87 [rad].
The same experiments were performed on version two of the Crawler Unit, as shown
by Figure 10. Adopting the same configuration of version one, the performance of the new
prototype slightly downgraded and the curvature radius resulted ρ = 0.6 m. This behavior
was not surprising, because version two has longer modules than version one, i.e., the
length l1 is increased. In addition, the yaw joints have narrower limit angles of ±0.7 [rad].
The data analysis demonstrated that the active tracks of version two achieved an average
linear velocity v = 0.0608 [m/s] with standard deviation σ = 0.002 [m/s] and a theoretical
angular velocity ωt = 0.10 [rad/s]. Accordingly, the robot rotated by about 1.57 [rad] in
t = 17 s, achieving an estimated angular velocity ωe = 0.09 [rad/s], when all yaw joints
were at their limit angles.
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Figure 9. Turning motion sequence adopting the C-configuration. The Crawler Unit version one
rotates by 1.57 [rad] in t = 15 s, reaching an angular velocity ω = 0.1 [rad/s] with a curvature radius
ρ = 0.45 m.

Figure 10. Turning motion sequence adopting the C-configuration. The Crawler Unit version two
rotates by 1.57 [rad] in t = 17 s, achieving an angular velocity ω = 0.09 [rad/s] with curvature radius
ρ = 0.6 m.

3.3. The S-Configuration
Despite the fact that each pair of active tracks are driven concurrently by the same
motor, the Crawler can still turn on the spot. This represents a useful feature, especially in
constrained environments to make little adjustments to the robot heading.
For turning the robots on the spot, the yaw joints rotate the modules in a S-configuration
while the Crawler Unit is stationary, as in Figure 11. Then, the motors spin the tracks in
opposite directions. Given the track linear velocity v, the angular velocity ω of the central
module is given by
v sin q
ω=
(2)
l1 + l2 cos q
Version one of the Crawler achieved an estimated angular velocity ω = 0.08 [rad/s] and
rotated by 1.57 [rad] in t = 20 s when the yaw joints were rotated by 0.87 [rad]. The
same experiments were repeated with version two of the Crawler Unit, as shown by the
sequences in Figure 12. Unsurprisingly, this new version exhibited a slight difference
with regards to the previous result due to the design changes. From data analysis, the
active tracks reached an average linear velocity v = 0.03 [m/s] with standard deviation
σ = 0.003 [m/s]. Version two achieved an angular velocity ω = 0.07 [rad/s] and rotated
by 1.57 [rad] in t = 22 s when the yaw joints were rotated by 0.7 [rad]. Theoretically, it
is possible to increase the angular velocity ω shortening l1 by lifting the central module.
Further experiments are required to investigate the most effective configuration.
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Figure 11. Turning motion sequence adopting the S-configuration. The Crawler Unit version one
rotates on the spot by 1.57 [rad] in t = 20 s, achieving an angular velocity ω = 0.08 [rad/s].

Figure 12. Turning motion sequence adopting the S-configuration. The Crawler Unit version two
rotates on the spot by 1.57 [rad] in t = 22 s, reaching an angular velocity ω = 0.07 [rad/s].

3.4. Climbing Ramps
Assessing the vertical mobility performance is another crucial aspect in validating the
design of the Crawler Unit. In real applications, the robot will operate in complex environments that may include ramps, uneven terrains, stairs, obstacles and curbs. Version one
of the Crawler Unit succeeded in climbing and descending ramps, as shown in Figure 13.
The robot was tested on slopes up to 20◦ ; beyond this threshold, the friction on the active
tracks was not enough to push the Crawler Unit. During the experiments on version one,
the docking module was lifted above the ground to help the robot in climbing the initial
ramp step. The other pitch joints were disengaged, and the modules adapted to the terrain.
The Crawler Unit traveled over the 0.6 m ramp in a time t = 11 s with an estimated average
velocity v = 0.05 [m/s].
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Figure 13. Climbing ramp sequence. The Crawler Unit version one climbs a 0.6 m ramp with a slope
up to 20◦ in t = 11 s.

Version two of the Crawler Unit exhibited similar performance over the same kind of
slopes, as shown by the sequence in Figure 14. During these experiments, all the angles of
the pitch joints were actively controlled by the operator through the joypad. In this way,
the user had an enhanced control over the system. The Crawler Unit traveled 0.8 m and
reaches the ramp top in a time t = 15 s, with an estimated average velocity v = 0.05 [m/s].

Figure 14. Climbing ramp sequence. The Crawler Unit version two climbs a 0.8 m ramp with a slope
up to 20◦ in t = 15 s.

3.5. Uneven Terrains
The experiments on version one of the prototype were performed on a mock-up
scenario with climbs, descents and steps, as shown in Figure 15. Be aware that, in this
experimental scenario, version one of the Crawler Unit faced only descending steps and
ascending slopes. The pitch joints in this version are not able to lift the modules. Therefore,
all the pitch joints were disengaged with the exception of those connecting the front module
to the docking module. The back, central and front modules adapted to the terrain, while the
docking module weight slightly increased the friction force of the front module. Combining
the forward and turning motions, and rotating the modules allowed the operator to recover
the Crawler Unit from stuck conditions. As shown in the sequence of Figure 15, version one
of the Crawler Unit successfully traversed the 2 m long terrain in a time t = 30 s. Even if
the passivity of pitch joints was very useful in descending transitions of terrain, it reduced
the overall maneuverability.
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Figure 15. Uneven terrain sequence. The Crawler Unit version one traverses a 2 m long uneven
terrain which includes ascending ramps and descending steps.

This limitation represented one of the reasons why version two of the Crawler Unit
has been developed. As already discussed, the new version equips pitch joints with
transmissions that increase the output torques and an enhanced joypad, which provides
the operator with the ability to actively control the vertical motion of the Crawler Unit
modules. The experiments over the uneven terrain were repeated using the newer version.
As displayed in Figure 16, version two traversed a scenario even more complex. Here,
the Crawler Unit started with the front and docking modules on a platform placed 0.10 m
above the central and back modules. Therefore, these last two segments had to climb
a step, which was comparable with the height of tracks. Referring to Figure 16, the
Crawler Unit successfully overcame that transition height by moving the modules vertically
and traversed the 1.5 m long terrain in a time t = 30 s. Such results were encouraging
and suggested that version two of the Crawler Unit produced better performance over
uneven terrains.

Figure 16. Uneven terrain sequence. The Crawler Unit version two traverses a 1.5 m long uneven
terrain, which includes ascending and descending steps and ascending ramp.

Another possible challenge the Crawler Unit may deal with is the crossing of ditches.
Both the versions of the robot were tested in this kind of scenario. As shown in Figure 17,
version one succeeded in traversing a gap of length d = 0.25 m. During this experiment, all
the pitch joints were active and maintained zero pitch angles between modules. Beyond
the threshold d = 0.25 m, the modules got stuck in the ditch due to undesired deflections
of pitch joints.
The new Crawler Unit exhibited better performance than the previous version, as
shown in Figure 18. As a matter of fact, version two successfully traversed larger gaps,
whose length is up to d = 0.4 m. During these tests, the operator drove the robot, choosing
how to move the active joints in order to overcome the ditch and reach the top. Here, the
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threshold d = 0.4 m was not due to the weakness of the pitch joints, but it was determined
by the low friction with the ground. In particular, the Crawler became stuck when one of
the active modules was not in contact with the ground. In this case, the other active module
started to slip on the ground without producing any motion.

Figure 17. Overcoming ditch sequence. The Crawler Unit version one traverses a plain terrain with
0.25 m long ditch.

Figure 18. Overcoming ditch sequence. The Crawler Unit version two traverses an uneven terrain
with 0.4 m long ditch.

3.6. Lifting Modules
As already mentioned, the pitch joints of the Crawler Unit version one do not produce
torques high enough to lift the modules. However, version one succeeded in lifting up the
docking module and, thanks to the kinematics adopted, this module could flip by 170◦
pointing back toward the tail, as shown in Figure 19. Considering that the final version of
the docking module will equip cameras, flipping back this module will allow the operator
to see the Crawler Unit tail helping the user in driving the robot backward when it is not in
the line of sight.
The performance obtained by version one is promising, but not sufficient. The high
reduction ratio of the new transmission reduces the limit angle of each pitch joint. As a
result, the docking module in the newer version could rotate at most by 160◦ , as shown
in Figure 20. Anyway, the benefits introduced by the new transmissions significantly
outweigh the flaws. Referring to Figure 21, the Crawler Unit could push the modules on
the ground and lift the others. Such ability confers to the robot more freedom in negotiating
complex terrains and, in the future, also the chance of producing snake and caterpillar gaits.
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Figure 19. Lifting modules sequence. The Crawler Unit version one flips the docking module
backward. The two pitch joints in the kinematic chain allows one to rotate the docking module by
170◦ .

Figure 20. Lifting modules sequence. The Crawler Unit version one flips the docking module
backward. The new transmission on each pitch joint reduces the limit angle, and the docking module
can rotate by 160◦ .

Figure 21. Lifting modules snapshots. On the left, the docking and the central modules push on the
terrain and the front module raises above the ground. On the right, the back and the front modules
push on the terrain, raising the central module.

4. Conclusions
In this contribution, the design of a novel modular self-reconfigurable Hybrid Platform
for inspection is proposed, which exploits self-reconfigurability and modularity for adapting to many inspection missions. The Hybrid Platform consists of two Crawler Units and a
mobile Main Base. These systems perform inspections independently or in collaboration.
Through autonomous docking interfaces, the Crawler Units can reconfigure into a snake
robot or they can connect to the Main Base, turning the Hybrid Platform into a dual arm
system. The focus, here, is on the design and the performance evaluation of the Crawler
Units. Each Crawler Unit consists of four modules connected by active joints, sorted in three
kinematic chains. For locomotion, the robot adopts a combination of active and passive
tracks. Each pair of active tracks is concurrently driven by a single motor. Both versions
of the Crawler Unit were tested to compare the maneuverability over various terrains.
The good, but yet unsatisfactory experimental results achieved by version one motivated
the development of version two. Some design flaws in the first prototype prevented such
versions from vertically moving the modules. Version two addressed those defects and

Appl. Sci. 2022, 12, 5579

17 of 18

succeeded in lifting the modules, overcoming obstacles, larger ditches and steps. Future
works will involve the integration of sensors and controllers on the system. A wise choice
of navigation and localization sensors, together with the definition of the robot dynamic
model, will allow the development of advanced control algorithms. Further experiments
will evaluate the performance of the Crawler Unit when it reconfigures into the snake
robot and the robotic arm. Finally, the mechatronic design of the mobile Main Base will be
defined and the Hybrid Platform general performance will be tested.
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