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Abstract: This paper outlines the design process for achieving a novel four-legged robot for exploration
and rescue tasks. This application is also intended as an educational mean for masters’ students aiming
at gaining skills in designing and operating a complex mechatronic system. The design process starts
with an analysis of the desired locomotion and definition of the main requirements and constraints.
Then, the paper focuses on the key design challenges, including analytical/numerical modeling
and simulations of kinematic and dynamic performances. Specific attention is addressed to the
manufacturing of a proof-of-concept prototype, including mechanical and control hardware, as well
as the development of the needed software for an autonomous operation. Preliminary tests were
carried out, to validate the main features required by the final prototype, to prove its feasibility and
user-friendliness, as well as the effectiveness of this complex mechatronic design task for successfully
engaging students towards learning complex theoretical, numerical, and practical skills.
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1. Introduction

The constant increase in natural catastrophic events such as earthquakes, fires, and hurricanes has
pushed research towards the development of robotic devices capable of performing patrolling and
rescue tasks, as discussed, for example, in References [1,2]. BIGDOG [3], Momaro [4], DOGGO [5],
and Mini-Mini Cheetah [6] are valuable design examples within the rich literature on the topic.
Some designs have also evolved into commercial products such as SPOT (Boston Dynamics),
ANYMAL (ANYbotics), and AlienGo (Unitree Robotics), as reported, for example, in Reference [7].
The intended operation tasks for the abovementioned robots consist mainly on identification of
the environment, inspection of key features, detection of dangerous materials, and locomotion on
unstructured environments with the presence of obstacles of different sizes and shapes. In this context,
legged locomotion has been found to be the most effective strategy, since it allows us to overcome
obstacles, whose size is comparable with a leg size. Nevertheless, legged locomotion is quite challenging
from design and operation viewpoints, as it is requiring high-level multidisciplinary knowledge in
mechanics, control, programming, and sensing, as also outlined in Reference [8].

Multiple-legged locomotion has attracted specific attention from the research team led by Professor
Carbone in the last 15 years, also aiming at developing proper design procedures and innovative
designs for cost-oriented and user-friendly solutions in specific locomotion tasks, as well as proposing
locomotion architectures ranging from biped to hexapod, as reported, for example, in References [8–14].

This paper proposes the design of a four-legged robot for exploration and rescue tasks as a
challenging mechatronic concept to be developed as a master students teamwork within the classes of
Mechatronics delivered at University of Calabria, Italy. Accordingly, this paper proposes a general
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design procedure to address the specific technical challenges of quadruped locomotion. Moreover,
it also aims at demonstrating the effectiveness of a “learning-by-doing” teaching approach where
master students are stimulated to gain in-depth knowledge on a challenging multidisciplinary
topic, learning skills and expertise which is often difficult to master through other traditional
teaching approaches.

With the above premise, this work describes the key design and operation challenges on the
development of a full quadruped robotic prototype including all hardware, control, sensors and
software components. Namely, in this paper, Section 2 describes the attached problem and the design
steps towards a conceptual design. Then, Section 3 provides kinematics modeling and analyses for
a proper type and size synthesis of a leg. Section 4 addresses the dynamic modeling and analyses
also aiming at a proper selection and sizing of the required actuators. The last section describes
the manufacturing of a proof-of-concept prototype including all hardware and sensory components.
This is followed by a description of the proposed control hardware and software followed by results of
preliminary tests, which have been carried out for validating the feasibility and effectiveness of the
proposed design choices.

2. The Attached Problem and the Proposed Conceptual Design

Inspection and rescue tasks are characterized by several design requirements and constraints,
which are briefly outlined, for example, in References [1,2]. Accordingly, it is fundamental to
undergo a systematic design approach for being able to fulfil the expectations and needs of specific
application tasks.

A feasible design procedure has been defined through key design steps as outlined in the
flow-chart of Figure 1. In particular, the very first step consists of an in-depth analysis of the available
literature for identifying quantitative data regarding the prescribed design requirements and constraints.
These quantitative data can be collected into a product design specification (PDS) table, as reported,
for example, in Table 1. This first step can be followed by a team brainstorming session for identifying
the main challenges and potential design concepts/solutions, which can be technically allow the
prescribed product design specification. Quantitative and qualitative comparisons among multiple
design concepts or choices may lead on reaching a consensus on a specific design concept. The next
design step consists of quantitative calculations (i.e., kinematics and dynamics modeling) and software
aided simulations aiming at identifying the most appropriate materials, hardware components,
sensors as well as for performing mechanism type and size syntheses.

The specific proposed attached problem is providing a valuable engineering design
learning benchmark, as it requires us to address several key challenging theoretical and practical aspects,
including theoretical kinematics and dynamics aspects. Furthermore, the proposed design procedure
and approach can be understood as a valuable general-purpose learning-by-doing educational means,
which can be used and replicated as an effective learning approach for mechanical engineering
masters’ students, who are engaged and stimulated towards gaining complex theoretical, simulation,
operation, and experimental testing skills with the development of a complex mechatronic system.
Furthermore, the proposed specific design solution has the merit and novelty to propose a topology
with just 2-dofs kinematic architecture for each leg, in combination with a crank and rope driving
mechanism and a balancing spring. This proposed solution is demonstrated to be a very effective
solution for achieving dynamic walking and trotting gaits while keeping a reasonable cost-oriented
and user-friendly design.

This phase might require multiple iterations until a proper solution is confirmed to fulfil design
performance expectations based on the product-design-specifications checklist. This phase can be
conveniently followed by a rapid prototyping phase in which one can achieve preliminary experimental
proof of the proposed design concept. This phase might require reiterating the whole design process
in case any key performance results are below the expectations. Moreover, there might be multiple
design refinement/optimization phases until the proposed design reaches its final stage.
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Figure 1. A flowchart of the proposed design procedure.

Table 1. The proposed product design specifications (PDS).

FEATURES

FUNCTION

• Exploration on uneven terrain
• First aid
• Identifying victims
• Detection of harmful substances in the air

PERFORMANCE

• Size:

- Height: 20 ÷ 40 cm
- Width: 30 ÷ 60 cm
- Length: 20 ÷ 80 cm

• Weight: 5 ÷ 60 kg
• Maximum speed: 1.5 m/s
• Payload: 0.5 ÷ 1 kg
• Power supply: Onboard batteries (DC)

MANUFACTURING • Cost: 4000€ ÷ 40,000€
• Amount: 1 Prototype

ENVIRONMENT

• Presence of water or moisture
• Possible gases or corrosive chemicals
• Medium–high heat sources
• Dust presence

MATERIALS
• Carbon fibre
• Steel
• Aluminum alloys (Nickel and Magnesium)
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3. Kinematic Analysis

As shown in Figure 2, a four-bar mechanism is used to actuate the robot’s leg, operated by using a
crank and a rope. The mechanism is obtained through the assembly of four links with revolute joints.
The degrees of freedom of this kinematic mechanism are two, one relating to the rotation of the crank
connected to the frame with an additional revolute joint connecting to the rope that activates the
movement of the four-bar mechanism, as reported in Figure 2a. In this section, the direct kinematics
model is developed and solved by following the design variable that are reported in Figure 2 and
Table 2. This model provides the position of the paw in terms of X and Y coordinates once the values
of the joint variables q1 and q2 are assigned.
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Figure 2. Schemes of a leg: (a) kinematic model based on a four-bar linkage (a dotted line shows a
feasible motion path of the foot) and (b) main design parameters.

Table 2. Link dimension for the proposed mechanism.

a1 a2 a3 a4 a5 a6

0.085 m 0.035 m 0.130 m 0.130 m 0.035 m 0.115 m

The direct kinematics model was developed by using the closing polygon method or close-loop
method [14], identifying three of the possible polygons in the kinematic scheme of Figure 3.

←
a1 +

←
a2 +

←
a3 −

←
q2 = 0 (1)

←
a2 +

←
a3 −

←
a4 −

←
a5 = 0 (2)

←
q2 +

←
a6 −

←
a7 = 0 (3)

where a1, a2, a3, a4, a5, and a6 are the dimensions of the various links that make up the kinematic scheme;
a7 is the virtual segment that traces the position of the point of contact with the ground; and q2

indicates the length of the rope that activates the four bar mechanism. A Cartesian reference frame
was chosen, as reported in Figure 4. Accordingly, one can consider the projections along X and Y axes
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of the vector Equations (1)–(3). Using the abovementioned projections, it is possible to obtain a system
of six equations in six unknowns, namely q3, q4, q5, q6, q7, and a7, as reported in Equation (4).

a1 cos q1 + a2 cos q1 + a3 cos q6 − q2 cos q4 = 0
a1 sin q1 + a2 sin q1 + a3 sin q6 − q2 sin q4 = 0
a2 cos q1 + a3 cos q6 − a4 cos q5 − a5 cos q7 = 0
a2 sin q1 + a3 sin q6 − a4 sin q5 − a5 sin q7 = 0

q2 cos q4 + a6 cos q7 − a7 cos q3 = 0
q2 sin q4 + a6 sin q7 − a7 sin q3 = 0

(4)
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The system of Equations (4) was solved by means of the Matlab symbolic calculation software,
in order to obtain the end-effector positions as function of the input angle, q1, and the length of the
rope, q2.

Px = a7 cos q3 (5)

Py = a7senq3 (6)
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By solving the system of Equation (4), it is possible to obtain the positions Px and Py, as indicated
in Equations (5) and (6). These equations represent the X and Y positions plotted by the virtual link a7

indicated in Figure 3. The validation of the kinematic model developed in this section was carried out
by comparing the respective values obtained through a multi-body model created on SimMechanics.
Figure 3 shows the overlap of the points obtained from the solved kinematic model Equation (4) and
the points extracted from the multi-body model created on the SimMechanics simulation software.
Thus, this validates the correctness of the proposed analytical model.

Figure 4 shows the geometric relationships used to evaluate the position of the centers of mass of
the links that compose the whole mechanism. The position of the mass m1 coincides with the center
of mass of the link of length l1 = a1+a2, and the position of the center of mass Pm1 can be obtained
as follows:

Pm1 =


l1
2 c1
l1
2 s1

0

 (7)

where c1 and s1 stand for cos(q1) and sin(q1), l1 = a1+a2 is the length of the first link, and Pm1 indicates
the position of the center of mass m1 along the components X, Y and Z. The position of the masses m1

and m2 indicated in Figure 4b is obtained starting from the geometric considerations referring to the
triangle shown in Figure 4c. By applying Carnot’s theorem, it is possible to obtain the angle θ1 as a
function of the length of the segment q2 as follows:

θ1 = Acos(
q2

2 − l12
− a3

2

−2l1a3
) (8)

where q2 is the length of the segment in Figure 5c, a3 is the length of link three in Figure 4c, and θ1 is
the angle formed by links one and three visible in Figure 5c. Once the angle θ1 is known, it is possible
to obtain the angle β1 shown in Figure 4b and obtain the position of the centers of mass Pm2 , Pm3 ,
and Pm4 as follows:

Pm2 =


a1 c1 +

a4
2 cos

(
q1 + β1

)
a1 s1 +

a4
2 sin

(
q1 + β1

)
0

 (9)

Pm3 =


l1c1 +

a3
2 cos

(
q1 + β1

)
l1s1 +

a3
2 sin

(
q1 + β1

)
0

 (10)

Pm4 =


a1 c1 +

a4
2 cos

(
q1 + β1

)
+

(a5+a6)
2 c1

a1 s1 +
a4
2 sin

(
q1 + β1

)
+

(a5+a6)
2 s1

0

 (11)

where a3, a4, a5 and a6 are the lengths of the segments visible in Figure 5c. The position of the center of
mass m4 in Figure 5d is determined by considering that geometric constraint is given by the parallelism
of link 1 and link 4. Accordingly, the angles q1 and q7 are always kept at the same value.
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Figure 5. A scheme of the external forces acting on a leg.

4. Dynamic Analysis

A dynamic analysis was developed for the kinematic model that operates the robot paw for
making a suitable choice of servomotors. The approach used is the energy approach as based on
the Euler–Lagrange formulation. Starting from Equations (7) and (9)–(11), the kinetic and potential
energy of the kinematic scheme in Figure 2 was evaluated, taking into account the presence of a spring
installed at the diagonal of the four bar (a2, a3, a4, and a5), between the joints 7 and 6 of Figure 5.
This spring has the function of a gravity balancing element, useful to bring the paw back into contact
with the ground when the rope corresponding to the segment has stretched q2, as shown in Figure 5.

The kinetic and potential energy values shown in Figure 6a,b were obtained by assigning to the
joint variables q1 and q2 of the third order polynomial paths, so as to trace a closed circular path in the
paw–ground contact area. The assigned trajectories are shown in Figures 7 and 8, where one can note a
maximum lift of about 0.22 m and a maximum step size of about 0.14 m for a maximum leg size of
about 0.5 m at nominal standing configuration.
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Figure 8. A path described by a point attached to the foot end point, as obtained by the model in
Figure 5, when using the input variables given in Figure 7.

The forces N and FFriction are present in the model of one leg, as shown in Figure 5, and were
evaluated according to Equations (12) and (13), as follows:

N =
(MFrame

3
+ MLeg

)
g (12)

FFriction = Kd N (13)

where N is the constraint reaction deriving from contact with the ground, MFrame is the mass of the
frame of the entire robot, MLeg is the weight of the single leg, g is the gravitational acceleration constant
(9.81 m/s2), FFriction is the force of friction, and Kd is the dynamic friction coefficient considering a
contact of the rubber-cement type and with a value equal to 0.5. One should note that Equation (12)
refers to the case of three legs in contact with the ground while only a single leg is lifted up. Accordingly,
the mass of the frame, MFrame , is distributed equally among three legs, and the mass of the single
lifted leg, MLeg , sums up to compute the total normal force, N, acting on each leg in contact with
the ground.

The weight force of the frame weighs on the movement of the paw only when it appears to be in
contact with the ground; therefore, in reference to the trajectory traced in Figure 8, a time of contact
with the ground equal to 0.4 s was estimated. From these considerations, we can build a dynamic



Machines 2020, 8, 82 9 of 16

model based on Lagrange’s equations. After calculating the potential and kinetic energy of the system,
as shown in Figure 6a,b the Lagrangian function is calculated according to Equations (12) and (13).

L = EcTotal − EpTotal
(14)

where EcTotal and EpTotal
, respectively, represent the total and potential kinetic energy of the entire system

in Figure 6. Lagrange’s equations were obtained starting from Equation (14), as follows:

d
dt

(
∂L
∂

.
q1

)
−

(
∂L
∂q1

)
= τ+ τN + τa (15)

FFriction = Kd N (16)

where τN is the resisting torque due to the constraint reaction, N, and τa is the resisting torque generated
by friction during the time of contact. Equations (15) and (16) were solved through the Wolfram
Mathematica software, providing the torque and actuation force results needed to follow the trajectory
in Figure 8.

As can be seen from Figure 9b, the torque to be applied is maximum at the time interval during
which the paw touches the ground. Subsequently, there is a drastic decay of the torque values, due to a
short transient during which the paw detaches from the ground. This is justified by the fact that the
torque required to rotate the paw in the air must essentially contrast only its own weight. The transient
duration was defined from practical viewpoint, with a very small value, equal to 0.1 s. Furthermore,
a linear trend of the forces was assumed during the transient phase. As far as the tension of the rope is
concerned, it can be noted (in Figure 9a) that the constraint reaction contributes positively to the lifting
of the leg during contact with the ground. Thus, this is decreasing the force necessary to lift it.
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5. Hardware Selection and Prototyping

Eight motors are needed to actuate the robot, i.e., two on each leg. One actuates hip movement,
and the other one actuates knee movement, as detailed in Figure 10.
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Figure 10. Pictures of the built prototype: (a) full robot and (b) a detail of the built full leg
actuation mechanism.

In this case, it is necessary to precisely control the position of the motors. This is achieved by
using commercial servo motors (Figure 10b). They allow us to control the angular position in a range
between 0◦ and 180◦, in a close-loop control, including an absolute encoder. Moreover, they are easily
programmable with an Arduino board. The choice of motors was made starting from the results
obtained in Section 4, with the results of the inverse dynamics in Figure 9a,b. The maximum actuation
torque values of 2 Nm were detected for the leg motor, while the maximum force required to move
the rope is about 45 N. Since the radius of the pulley is 2 cm, the maximum torque that the motors
must exert to rotate the pulley will be approximately 0.9 Nm. Eight identical motors were selected,
to simplify the control architecture. A JX Servo PDI-HV5932MG [15] was selected with a 6.0 V power
supply. In this case, the servomotor is delivering a torque of 2.5 Nm, which is higher than the maximum
required peak torque, as reported in Figure 9b.

The robot is equipped with several sensors allowing the acquisition of data relating to both the
robot external and internal environment. There is an IMU (inertial measurement unit) sensor providing
accelerometers and gyroscopes, which allow monitoring of the dynamics of a moving robot body.
The chosen IMU sensor is the GY-521 MPU-6050 (Figure 11a). The InvenSense GY-521 MPU-6050
sensor [16] contains, in a single integration, a three-axis MEMS accelerometer and a three-axis MEMS
gyroscope. Its operation is very accurate, as based on a 16-bit analog/digital converter for each channel.
As a result, it manages to simultaneously capture the values of the X, Y, and Z axes.

The measurement of temperature and humidity of the external environment is carried out via a
DHT22 sensor (Figure 11b). This sensor allows us to detect the relative humidity and temperature of
an environment and to transmit it digitally through a single wire (in addition to the two necessaries
for power supply) to a microcontroller [17]. The humidity sensor is of the capacitive type. It uses a
maximum of 2.5 mA in work and allows us to acquire a maximum of one sample each 2 s. The humidity
measurement varies from 0 to 100%, with a typical accuracy of ±2%. As for the temperature, the DHT22
has a measuring range between −40 and + 80 ◦C, with an accuracy of 0.5 ◦C, by using a DS18B20
sensor integrated inside the robot body. To detect the presence of objects in the immediate vicinity,
an ultrasound SRF05 sensor is used (Figure 11c). This sensor is equipped with a microcontroller
that provides all the processing functions. It is enough to send an impulse and read the return echo,
to establish the distance of the obstacle or object in front. It can identify even small obstacles and
objects from a minimum distance of 3 cm up to 3 m [18]. Like all ultrasonic sensors, it is insensitive
to light, so it can also be used outdoors. It is also ideal for applications requiring greater precision
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or range. The sensitive workspace of this sensor is quite wide, and it can be optimized by adjusting its
sensitivity threshold.
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With reference to Figure 12, it can be observed that the proof-of-concept prototype was made by
using low-cost off-the-shelf components. The structure is mostly made of wood; the components were
laser-cut and assembled through bolts and gluing. Steel parts were also made to support the load on
the leg motors, while the rope that moves the knee is a nylon fishing line.
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Figure 12. Prototype of manufacturing phases.

After generating the complete CAD model, the 2D files were exported for cutting, and the
pieces were assembled, considering the moving parts and the games necessary for moving the links.
The springs were chosen based on the torque delivered by the servo motors and based on the weight
of the robot pitch; they aim at returning the robot to an upright configuration.

Figure 13 outlines the electrical wiring of the prototype with a 12 V input power supply. Voltage
regulators are used to provide 6 V as input power for the servomotors. Voltage regulators were doubled,
to guarantee a maximum 15 A output current. This value was calculated by considering that each
servomotor must be powered at 6V −5A (30 W), to provide the required torque (2.5 Nm). The sensors,
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instead, require a 5 V power supply, which is always supplied by using a stabilized voltage regulator.
An Arduino MEGA 2560 R3 controller is also powered through the same regulator. As shown in
Figure 13, two Arduino controllers were used: an Arduino MEGA 2560 R3 in combination with an
Arduino NANO. Communication between the two Arduinos was achieved via I2C communication.
The Arduino Nano has the master role and communicates with a PC, serially, sending the sensor
data and receiving input commands by a user, from a specifically developed graphic user-interface.
The Arduino NANO transmits the commands to the Arduino MEGA, which begins the calculation
for the gaits. The master-and-slave Arduinos are connected via two SDA (serial data)–SCL (serial
clock) standard communication cables. Only the pins with PWM (pulse-width modulation) outputs
are connected to the Arduino MEGA for controlling the servomotors, while the Arduino NANO
is connected via I2C not only to the Arduino MEGA but also with the 3-axis accelerometer (IMU),
the radar sensor, and the temperature and humidity sensor.Machines 2020, 8, x FOR PEER REVIEW 12 of 16 
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Figure 13. A logical scheme for the control hardware, motors, and sensors.

6. Main Programming Architecture

The control and sensors’ feedback architecture is entirely managed by the Arduino NANO
controller, as shown in Figure 14. The program compiled and loaded on the sensor controller acts as
the master for the whole system. In fact, it simulates multi-thread processes that allow it to be able to
quickly acquire information from the sensors without ever stopping (as in the case of a single process).
The reading of the outputs of all the peripherals is carried out simultaneously, and all the data are
subsequently sent to the various viewers. The delay() function can be avoided through a technique
based on the system clock, which slows down the data transmission speed. This technique therefore
simulates a parallel execution of all reading processes. The process begins with the creation of a
class that is used for the creation of objects in the programming. It includes attributes and methods
that will be shared by all objects created (instances), starting with the class. The objects that can
be instantiated by the class are events (I2C reading from the sensors, reading, and writing on the
serial port). The attributes related to the objects of the class define the time that elapses between
the execution of an action and its subsequent repetition. This time is evaluated by counting the
milliseconds, starting from the system activation time, using the millis() function. The logic of the object
ensures that the system does not stop until a predetermined time interval is exceeded; once exceeded,
the process linked to the object itself is reactivated. In this case, the I2C communication requires the
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master to take the action command from the serial port that the user wants the robot to do and send it
back to the motor controller, in the form of Byte.

As shown in Figure 14, the servomotors are controlled through the Arduino MEGA 2560 R3
controller. The #servo library was used to control the movement of the servomotors, which automatically
manages PWM communication. To facilitate programming and control logic, a special class was created
that manages each leg and all legs of the robot.Machines 2020, 8, x FOR PEER REVIEW 13 of 16 
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Figure 14. Master–slave communication between the Arduino MEGA and Arduino NANO controllers.

7. Preliminary Testing Results

A dedicated user interface was developed in Java programming language, as shown in
Figure 15, with the aim of making the output signal from the sensors as user-friendly as possible.
This allowed us to conduct a series of preliminary tests and a preliminary comparison of the robot’s
performance. For each test, the robot covered a total distance of about three meters, demonstrating
the synchronization speed, this led to defining an optimal walking speed that allowed us to obtain
maximum walking stability.
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A specific motion strategy was implemented proposed in the scheme of Figure 16 with a sequence
of diagonally opposite legs can rest or move alternatively. The gait sequence starts from the right
rear and front left and then vice versa, as also discussed in References [14,19]. Figure 17 reports some



Machines 2020, 8, 82 14 of 16

snapshot frames taken from videos of the experiments. Through the frames, one can clearly see that
the synchronization movements of the legs are allowing the robot to walk, for instance, at very low
speed. In such a case, the center of gravity must always be within the stability triangle area described
by connecting the three support points. When increasing the speed, we achieve a dynamic motion
by using a trot gait strategy. In this case, the support points shift from three to two, and a dynamic
equilibrium needs to be achieved by considering the inertia of the robot body. Figure 17 confirms that
the desired dynamic gait was successfully achieved.Machines 2020, 8, x FOR PEER REVIEW 14 of 16 
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The reported experiments have preliminarily demonstrated the proper operation of the prototype
in achieving complex dynamic gaits. They also demonstrate the effectiveness of the attached very
challenging topic for successfully engaging students towards learning very complex theoretical,
numerical, and practical skills. Further studies will be carried out in future, to explore the potential
use of the built prototype for multiple applications including exploration, patrolling, surveillance of
unstructured environments, as proposed, for example, in References [20–22].

8. Conclusions

This paper outlines the conceptualization, design, and proof-of-concept manufacturing of a
low-cost and user-friendly four-legged robot that is fulfilled within a proposed general design
procedure. Each design phase is discussed for identifying the main features and key points as part
of a multidisciplinary approach. Namely, the proposed procedure includes (but it is not limited to)
mechanism design, kinematic, and dynamic modeling/simulation, to inform a proper design procedure
and to achieve a proper selection and adaptation of off-the-shelf components. The proposed design
procedure results in developing a specific leg design topology with 2-dofs kinematic architecture for
each leg, in combination with a crank and rope driving mechanism and a balancing spring. A prototype
was built based on the proposed procedure, and it was integrated with all the mechatronic components,
including control and sensory hardware. A specific user-interface and software was also developed
based on a dedicated master–slave Arduino architecture. An experimental validation was successfully
reported to demonstrate the fulfilment of the desired key performances in terms of static and dynamic
gaits, as well as in terms of real-time collection of environment data. These successful results were
obtained by a team of masters’ students within a teamwork project. This also demonstrates the
effectiveness of the proposed challenging multidisciplinary mechatronic design task as an effective
means for non-conventional learning of multiple complex topics. In particular, it demonstrates that the
proposed interesting and very challenging topic can successfully engage students towards learning
very complex theoretical, numerical, and practical skills.

Author Contributions: All authors contributed equally to conceptualization, methodology, software, validation,
and writing; G.C. additionally provided overall supervision. All authors have read and agreed to the published
version of the manuscript.

Funding: This is a self-funded project. Authors acknowledge the support of Make3 and Profilsider companies for
laser cutting of wood parts and for shaping the metal parts, respectively.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liu, J. Current Research: Key Performances and Future Development of Search and Rescue Robot.
J. Mech. Eng. 2006, 42, 1–12. [CrossRef]

2. Technical Report of Urban Search and Rescue Robotics. Available online: https://warwick.ac.uk/

fac/sci/eng/meng/wmr/projects/rescue/reports/1516reports-copy/submission_tech_report.pdf (accessed on
15 October 2020).

3. Raibert, M.; Blankespoor, K.; Nelson, G.; Playter, R. BigDog, the Rough-Terrain Quaduped Robot.
In Proceedings of the 17th IFAC World Congress, Seoul, Korea, 6–11 July 2008; pp. 10822–10825.

4. Schwarz, M.; Schreiber, M.; Behnke, S. Hybrid Driving-Stepping Locomotion with the Wheeled-legged
Robot Momaro. In Proceedings of the IEEE International Conference on Robotics and Automation (ICRA),
Stockholm, Sweden, 16–21 May 2016.

5. Kau, N.; Schultz, A.; Ferrante, N.; Slade, P. Stanford Doggo: An Open-Source, Quasi-Direct-Drive Quadruped.
In Proceedings of the International Conference on Robotics and Automation (ICRA), Montreal, QC, Canada,
20–24 May 2019; pp. 6309–6315.

6. Katz, B.; Carlo, J.D.; Kim, S. Mini Cheetah: A Platform for Pushing the Limits of Dynamic Quadruped
Control. In Proceedings of the International Conference on Robotics and Automation (ICRA), Montreal, QC,
Canada, 20–24 May 2019; pp. 6295–6301.

http://dx.doi.org/10.3901/JME.2006.12.001
https://warwick.ac.uk/fac/sci/eng/meng/wmr/projects/rescue/reports/1516reports-copy/submission_tech_report.pdf
https://warwick.ac.uk/fac/sci/eng/meng/wmr/projects/rescue/reports/1516reports-copy/submission_tech_report.pdf


Machines 2020, 8, 82 16 of 16

7. The Robot Report Homepage. Robotic Business Review. Available online: https://www.therobotreport.com/

(accessed on 21 November 2020).
8. Ceccarelli, M.; Carbone, G. Design and Operation of Human Locomotion Systems; Elsevier Academic Press:

Amsterdam, The Netherlands, 2019.
9. Orner, A.M.M.; Ogura, Y.; Kondo, H.; Morishima, A.; Carbone, G.; Ceccarelli, M.; Lim, H.-O.; Takanishi, A.

Development of a humanoid robot having 2-DQF waist and 2-DOF trunk. In Proceedings of the 5th IEEE-RAS
International Conference on Humanoid Robots, Tsukuba, Japan, 5–7 December 2005; pp. 333–338.

10. Orozco-Madaleno, E.C.; Gomez-Bravo, F.; Castillo, E.; Carbone, G. Evaluation of Locomotion Performances
for a Mecanum-wheeled Hybrid Hexapod Robot. IEEE/ASME Trans. Mechatron. 2020. [CrossRef]

11. Tedeschi, F.; Carbone, G. Design of a novel leg-wheel hexapod walking robot. Robotics 2017, 6, 40. [CrossRef]
12. Carbone, G.; Ceccarelli, M. A low-cost easy-operation hexapod walking machine. Int. J. Adv. Robot. Syst.

2008, 5, 161–166. [CrossRef]
13. Carbone, G.; Shrot, A.; Ceccarelli, M. Operation strategy for a low-cost easy-operation Cassino Hexapod.

Appl. Bionics Biomech. 2007, 4, 149–156. [CrossRef]
14. Tedeschi, F.; Carbone, G. Design issues for hexapod walking robots. Robotics 2014, 3, 181–206. [CrossRef]
15. Data Sheet of JX Servo PDI-HV5932MG. Available online: https://www.banggood.com/JX-Servo-PDI-

HV5932MG-30KG-Large-Torque-360-High-Voltage-Digital-Servo-p-1074871.html?cur_warehouse=CN
(accessed on 19 September 2019).

16. GY-521 MPU-6050 Module. Available online: http://win.adrirobot.it/sensori/MPU-6050/sensore_MPU-6050.
htm (accessed on 25 September 2019).

17. DHT22 Module. Available online: https://www.sparkfun.com/datasheets/Sensors/Temperature/DHT-22.pdf
(accessed on 22 October 2020).

18. HY-SRF05 Datasheet. Available online: http://www.datasheetcafe.com/hy-srf05-datasheet-sensor (accessed
on 22 October 2020).

19. Geva, Y.; Shapiro, A. A combined potential function and graph search approach for free gait generation
of quadruped robots. In Proceedings of the IEEE International Conference on Robotics and Automation,
St. Paul, MN, USA, 14–19 May 2012; pp. 5371–5376.

20. De Almeida, J.P.L.S.; Nakashima, R.T.; Neves, F., Jr.; de Arruda, L.V.R. Bio-inspired on-line path planner for
cooperative exploration of unknown environment by a Multi-Robot System. Robot. Auton. Syst. 2019, 112,
32–48. [CrossRef]

21. Corah, M.; O’Meadhra, C.; Goel, K.; Michael, N. Communication-efficient planning and mapping for
multi-robot exploration in large environments. IEEE Robot. Autom. Lett. 2019, 4, 1715–1721. [CrossRef]

22. Romano, D.; Donati, E.; Benelli, G.; Stefanini, C. A review on animal–robot interaction: From bio-hybrid
organisms to mixed societies. Biol. Cybern. 2019, 113, 201–225. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

https://www.therobotreport.com/
http://dx.doi.org/10.1109/TMECH.2020.3027259
http://dx.doi.org/10.3390/robotics6040040
http://dx.doi.org/10.5772/5645
http://dx.doi.org/10.1155/2007/327349
http://dx.doi.org/10.3390/robotics3020181
https://www.banggood.com/JX-Servo-PDI-HV5932MG-30KG-Large-Torque-360-High-Voltage-Digital-Servo-p-1074871.html?cur_warehouse=CN
https://www.banggood.com/JX-Servo-PDI-HV5932MG-30KG-Large-Torque-360-High-Voltage-Digital-Servo-p-1074871.html?cur_warehouse=CN
http://win.adrirobot.it/sensori/MPU-6050/sensore_MPU-6050.htm
http://win.adrirobot.it/sensori/MPU-6050/sensore_MPU-6050.htm
https://www.sparkfun.com/datasheets/Sensors/Temperature/DHT-22.pdf
http://www.datasheetcafe.com/hy-srf05-datasheet-sensor
http://dx.doi.org/10.1016/j.robot.2018.11.005
http://dx.doi.org/10.1109/LRA.2019.2897368
http://dx.doi.org/10.1007/s00422-018-0787-5
http://www.ncbi.nlm.nih.gov/pubmed/30430234
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Attached Problem and the Proposed Conceptual Design 
	Kinematic Analysis 
	Dynamic Analysis 
	Hardware Selection and Prototyping 
	Main Programming Architecture 
	Preliminary Testing Results 
	Conclusions 
	References

