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Abstract: This paper focuses on integrating a laser rangefinder system with an anthropomorphic robot
(NAO6—Aldebaran, United Robotics Group) to improve its sensory and operational capabilities,
as part of a larger project concerning the use of these systems in “assisted living” activities. This
additional sensor enables the robot to reconstruct its surroundings by integrating new information
with that identified by the on-board sensors. Thus, it can identify more objects in a scene and
detect any obstacles along its navigation path. This feature will improve the efficiency of navigation
algorithms, increasing movement competence in environments where people live and work. Indeed,
these environments are characterized by details and specificities within a range of distances that best
suit the new robot design. The paper presents a laser finder integration project that consists of two
different parts, which are as follows: the former, the mechanical part, provided the NAO robot’s
head; the latter, the software, provided the robot with proper software drivers to enable integration
of the new sensor with its acquisition system. Some experimental results in an actual environment
are presented.

Keywords: anthropomorphic robot; laser rangefinder; indoor scene reconstruction

1. Introduction

According to well-known and widespread demographic studies, the number of peo-
ple that have lost their self-sufficiency continues to increase, due to typical pathologies
associated with old age or disabilities [1-3]. For this purpose, in recent years, a research
field known as “assisted living” has been developed to search for adequate solutions to
support this section of the population in their everyday life [4-7]. Different solutions have
been suggested to provide this increasing proportion of people with proper and effective
support tools to enable them to continue living in their own homes, while ensuring an
adequate degree of self-sufficiency. Among these solutions, the use of anthropomorphic
robots is promising [8-10].

The acceptability of any IT (information technology) tool by the elderly (and by fragile
users in general) mainly depends on the characteristics presented by its interface. These
interfaces must be adequate to fit the specific features and criticalities of the user [11-15] to
improve the system’s acceptance in providing support to fragile users.

Among the various assistive technologies currently available, socially assistive robots
(SARs) have proven to be helpful in elderly care. They can effectively assist frail users in
continuing to live in their homes [16-22]. When an anthropomorphic form is added to these
robots, the relationship can be further strengthened because user-robot interactions can
adopt the same communication channels that people usually use. These robots can adapt
to the specific characteristics of each user, using the person’s most efficient communication
channel by applying reinforcements tuned to people’s particular abilities [23-27]. In this
study, we used the anthropomorphic robot NAO [28], a well-known platform that is famous
for its pleasant and reassuring characteristics [29-32].
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In particular, the purpose of this study was to improve the sensory and operational
capabilities of the NAO robot, as part of a larger funded project concerning the use of
these systems in “assisted living” activities. The addition of a laser rangefinder sensor
enabled the robot to reconstruct its surroundings, by integrating new information with
that identified by the on-board sensors. As a consequence, the robot can better detail its
surroundings, enabling it to recognize new objects and detect any obstacles that may be
present in its path, allowing the navigation algorithms to operate more efficiently and
increasing the autonomy of movement inside a house. For this purpose, a new helmet that
houses a laser rangefinder sensor has been designed to be worn by the robot. This device
inputs measured distance data directly into the robot’s memory, making the data available
for other tasks, such as localization and navigation.

The developed system has been tested within living environments where people
usually live and work and that are characterized by details and specificities within a range
of distances that are well-suited to the chosen device.

2. Materials and Methods
2.1. NAO6—Aldebaran, Part of United Robotics Group

The NAO is a commercially available anthropomorphic robot designed to imitate
human movement, while performing user-friendly interactions (Figure 1). It is a small
robot, 58 cm in height, about 5.5 kg in weight, and one of the most widely used robotic
platforms with similar features in the research field. In particular, several applications of
innovative social and creative robotics algorithms are currently available.

Figure 1. Robot NAO.

The NAO robot is compatible with the ROS (Robot Operating System) standards [33],
which makes it remarkably versatile and relatively easy to use in various applications.
Moreover, it can be considered one of the most advanced humanoid robots that is commer-
cially available today and is capable of expressing itself in several languages. Due to these
features, the NAO robot represents a good example of an SAR that demonstrates excellent
interaction capabilities when employed with autistic children, the elderly, or persons with
disabilities, as reported by numerous studies available in the literature [34—41].
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In this study, the model H25 (version 6) has been used. It is equipped with two
5-megapixel cameras with a resolution of 2592 x 1944 that are located in the forehead and
are capable of a frame rate of up to 30 images/s in the high-definition mode. Moreover,
to allow interaction with the user using voice commands, the robot is provided with four
directional microphones positioned on the head, a speech synthesizer, and two high-fidelity
speakers at ear height. An Intel quad-core Atom E3845 processor at 1.91 GHz that is able
to process up to 8 GB of memory and a software system based on the Linux Built-in OS
are the core of the onboard processing unit devoted to engine control, communications,
and ancillary services (e.g., voice recognition, etc.). The data transmission with peripherals
outside of the robots or with the user themselves is assured by a network card provided
with an Ethernet cable (the port is positioned on the back of the head), a Wi-Fi wireless
transmitter, and two infrared transceivers placed on the robot’s head at eye height.

From a mechanical point of view, NAO is a robot with 25 DoF (degrees of freedom)
that uses four typologies of electric motors to move its joints, each presenting a different
torque value. The robot has also been provided with sensors to control the joints” positions
(i.e., encoders) and to measure each motor’s electrical absorption for complete control of its
movements. A lithium polymer battery (LiPo; 21.6V/2.9Ah) provides the robot with an
operating time that varies from 45 to 120 min, depending on the performed activities.

Regarding the availability of on-board sensors for its localization and obstacle avoid-
ance, NAO is provided with different families of sensors. An inertial measurement unit
(IMU) with six degrees of freedom is located in the middle of the trunk. With this device,
the robot can measure its kinematic parameters and, in this way, also evaluate its postural
position. Furthermore, it is equipped with contact sensors positioned on its surface to
act as additional touch input and for collision detection. The former are three capacitive
touch sensors that have been installed on the head and each of the hands, respectively.
The latter are two bumper sensors that have been placed on the front of each foot and four
FSR (force sensitive resistor)-type pressure sensors in their lower part for the measure of
the applied pressure.

The robot performs the obstacle detection operations by using, in addition to the two
cameras, an ultrasonic (US) system composed of several transmitters and receivers working
at 40 kHz that allow the scan of the scene in front of it. In particular, the obstacle’s position is
achieved with trigonometric formulas, starting from measuring the two distances obtained
by the US sensors and the known distance between them and detecting, in the range of
25-255 cm and a cone of 60°, the position of the nearest obstacle. No information about the
obstacle’s dimension is available to the robot’s navigation system with this measurement
technique. Moreover, below the minimum detection length of 25 cm, the robot cannot
detect the obstacle’s distance, as the only available information is that something is in its
path. In addition, it is worth noting that the measurement procedure takes about 10 ms to
be completed.

Regarding motion odometry, this is computed by the NAO robot via exploiting the
relative motion of the legs. Since a slip of the robot’s feet on the floor often occurs, the
odometry error can be significant and quickly increase. Thus, its use for robot localization
returns relatively poor results.

2.2. Autonomous Navigation and “Range Finder” Sensors

There are several critical issues concerning the autonomous navigation of a robot
moving in an unknown environment, such as the accurate mapping of the surrounding
area and the localization of each nearby object. This issue can be easily solved when the
robot navigates an outdoor environment by exploiting the Global Navigation Satellite
System (GNSS) signals. However, the solution must be accomplished using more complex
indoor or underwater navigation algorithms where such a system is unavailable.

In the most straightforward cases, the robot has complete knowledge of the environ-
ment in which it moves, for example, by knowing the map of the environment or by adding
distinctive markers within it. However, on a more general level, this information is not
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available. In this case, the robot must increase its knowledge while navigating, trying
to build a detailed model of the surrounding environment, until obtaining a map and
locating itself inside it. These operations can be performed online without needing any
a priori knowledge of the area and are usually accomplished using specific and highly
performing algorithms, known as SLAM (simultaneous localization and mapping) [42—44].
These algorithms exploit different mathematical and probabilistic approaches to solve the
SLAM problem, but in all cases, their performance strongly depends on the accuracy and
reliability of the scene’s measurements.

As described above, the NAO robot is equipped with a sonar-type sensor used by the
robot’s navigation system to carry out obstacle avoidance procedures. Nevertheless, the
limited action range of such a sensor and the long response time result in feeble performance
that is unsuitable for providing the information usually exploitable by algorithms such
as SLAM. Furthermore, as described above, the NAO’s odometry cannot be effectively
employed for this purpose either.

The location of the cameras on the robot’s head does not yield any overlapping areas
because the design allows a continuous alternation of forwarding gaze and gaze on the
feet. Consequently, it is impossible to implement stereopsis to evaluate the distances
and dimensions of the objects visible in the acquired images. The extraction of such
parameters from monocular images, although possible through proper algorithms [45],
shows limited performance and a high computational cost that is difficult to sustain by the
NAO processor. Consequently, using a rangefinder laser seemed necessary to improve the
system’s capabilities in its autonomous navigation. Most of the SLAM algorithms available
in the literature are based on measurements obtained by odometry and/or scanning with
laser rangefinders.

Currently, two leading families of laser rangefinders (laser rangefinder—LRF) are com-
mercially available. They differ in the measurement principle used, which are as follows:

e  Time of flight measurement;
e  Measurement of phase shift.

The former family is represented by systems where the distance value is obtained
based on the flight time measurement. This class of sensors presents the best performances
in terms of precision and reliability. Nevertheless, it contains sensors of sizes and weights
that are unsuitable for small robots in most cases. Indeed, this sensor family is commonly
used in robots with larger dimensions and is mainly designed for outdoor use. On the
contrary, the latter sensor family is features techniques for measuring distances, which
are obtained based on phase shift measurements. These sensors generally have a much
more compact structure than the previous sensors and show, in addition to considerably
lower energy consumption, reduced weight, and dimensions, which makes them more
suitable for use in small-size robots mainly designed for indoor use. For these reasons,
using a rangefinder laser seems to be necessary to improve the system’s capability in its
autonomous navigation.

Among the several rangefinder devices commercially available and suitable to be used
with the NAO robot, we chose the following sensor that belongs to the LRF family based on
phase displacement measurements: the LRF model URG-04LX-UG01 (Hokuyo Automatic
Co., Ltd., Osaka, Japan), a device widely employed in both industrial and research fields
and devoted to indoor applications only [46].

This device, as depicted in Figure 2, can acquire up to a maximum angle of 240°, ranging
between 20 and 5600 mm. The device shows an angular resolution equal to 0.0063 rad (i.e., 0.36°),
which means about three scans for each sexagesimal degree. A maximum number of 683 scans
can be performed in the range between —120° and 120° and each of them are separated from the
next by an angle of 0.36°. The sensor acquisition rate for the entire viewing angle (—120° and
120°) is equal to 100 ms, and it shows an accuracy that is dependent on the measured distance,
which is as follows: £30 mm (in the range of 60 mm to 1 m) and +3% of the measurement
(between 1 and 4.095 m). The device communication system is based on the standard Secure
Communications Interoperability Protocol (SCIP2.0). The module can be connected with the



Appl. Syst. Innov. 2022, 5, 105

50f19

host via the URG-SCIP protocol over a native Universal Serial Bus (USB) link or using the same
port configured as a serial link. From a mechanical point of view, the Hokuyo Automatic’s
rangefinder size is 50 x 50 x 70 mm, and its weight (without cable) is 139 g.

Figure 2. LRF URG-04LX-UG01 by Hokuyo Automatic Co.

A few years ago, the French company that designed and built the NAO robot put
a modified NAO head on the market, equipped with a rangefinder sensor [47]. This
customization, for several reasons, is no longer available today, despite its undeniable
effectiveness [48-50].

This work aims to restore this accessory by making it available again to the community
of robot NAO users. It required both mechanical and electric design to overcome the
issues of its suitable power supply and the relative mechanical hooking on the robot’s
head. Therefore, the study aims to design and manufacture, by 3D printing, a helmet that
is wearable by the robot and suitable for more applications [51,52]; the idea is to create
a scaffold that is mountable on the robot’s head and that could host different typologies
of payload. For example, this could consist of additional sensors or digital data memory
to integrate the already available data obtained by the robot or a secondary battery to
extend operational autonomy. Finally, the payload could also consist of an additional
high-performance computing unit to implement those algorithms with high computational
costs that are otherwise not directly executable by the robot.

This section describes the mechanical and electric project of a helmet that is customized
to host the previously described rangefinder laser sensor.

2.3. Rangefinder Power Supply Circuit Design

Since the Hokuyo Automatic rangefinder device presents an electrical absorption
profile that the robot may not be able to guarantee by its USB port, we decided to use an
additional battery. Consequently, this required adapting the lithium polymer battery’s
(LiPo; output voltage: 3.7 V and capacity: 1500 mAh for a weight of 20 g only) output
voltage to the rangefinder’s power supply (i.e., 5 VDC) and the design and manufacturing
of a suited electronic board for static conversion of the voltage and the battery recharge
task. Figure 3 shows the design of the electronic board. The weight of the manufactured
electronic board, plus the USB connector, is 26 g.
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Figure 3. Front (a) and back (b) view of the PCB design for the recharge and voltage regulation board.

2.4. Design and Manufacturing of the Helmet

The helmet must present a structural support function for the rangefinder sensor,
whose weight is about 140 g (plus the LiPo battery required for its power supply and the
respective charging circuit board). Therefore, the piece must have adequate strength to hold
the payload weight; consequently, it must be manufactured with a high-density material.
In addition, the fixing of the different parts requires the use of self-tapping screws. After
several tests were performed with other materials, a PLA (polylactic acid) filament was
chosen, since it was a reasonable compromise between density, dimensional accuracy, and
sustainability features.

The designed structure Is composed of the following three different pieces:

- The rear hooking bracket (Figure 4a). This part is hooked, by two M2 screws (not visible)
placed into two holes, onto the bottom of the back of the robot’s head.

- The payload support base (Figure 4b). This part must hold the payload and can be placed
laterally on the robot’s “ears”.

- The payload protection enclosure (Figure 5a). This part must host the rangefinder laser
device and the LiPo battery. In addition, it hosts the relative electronic board used
for its recharging. Figure 5b depicts the protection enclosure with the rangefinder
laser sensor.

() (b)
Figure 4. (a) Rear hooking bracket; (b) payload support base.
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Figure 5. Sensor protection enclosure: without (a) and with (b) the rangefinder laser device.

The particular shape of the helmet employed in this design is dictated by the almost
complete absence of flat surfaces and any attachment points on the robot’s head. Indeed,
the robot skull is essentially a solid of rotation generated by the rotation of a low arch
profile around a horizontal axis. Consequently, an object resting on the head tends to rotate
and fall at the slightest movement. Therefore, the rear hooking bracket was designed to
make use of the holes for two M2 screws located at the base of the occiput, near the robot’s
neck, and was hooked onto this part, avoiding any unwanted rotation. In addition, this
part was designed to join the payload support base where the rangefinder laser was placed.
The dimensions of the rear hooking bracket are 120 x 100 x 100 mm, and the weight is 49 g.

The payload support base is composed of two parts connected through a flange and three
screws. This feature allows for easier mounting of the piece on the robot’s head because
of the low elasticity degree of the PLA material that does not tolerate extensive bending.
Moreover, the helmet has been designed to finely adjust this piece’s position to fine-tune
the rangefinder beam’s orientation (not only horizontally, but with a downward inclination
to detect obstacles on the ground or upwards). For this purpose, this part presents two
lateral grooves in the shape of an arc of a circle, where two screws that are placed in two
holes have been arranged on both top sides of the rear hooking bracket. In this way, the
payload support base is free to rotate around an axis, passing through the center of the robot’s
“ears”, and it can be held in place by these screws once tightened. In particular, it can be
tilted at an angle of + 10° toward the horizontal plane. Its inclination does not vary during
the robot’s motion since it has been fixed in advance, based on the conformation of the
environment or measurement requirements. Finally, the payload support base was prepared
with different holes to allow the part to house various size enclosures or to allow a small
digital camera to pass through a hole tailored to host a 1/4” screw. The piece’s dimensions
are 75 x 142 x 100 mm, and the weight is 132 g.

Figure 5 depicts the payload protection enclosure that was customized to host the
rangefinder laser sensor. This enclosure was designed to host the base of the sensor.
It presents a wide hole (diameter 52 mm) in the top for the rangefinder’s head, as shown in
Figure 5b. In this figure, it is also possible to notice the switch and USB plug that is required
to connect to the LiPo battery or to connect to a USB cable to recharge. The dimensions of
the manufactured payload protection enclosure for this kind of sensor are 90 x 70 x 45 mm,
and the weight is 41 g.

In summary, the total weight of the helmet’s structure is 222 g. Therefore, the whole
weight of the helmet, including the sensor (rangefinder in this case), the battery, the
electronic board, and the double USB cable, reaches 248 g. Figure 6 depicts the exploded-
view drawing of the helmet that allows us to analyze its mechanical features in more detail.
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Figure 6. Exploded-view drawing of the helmet’s design: (1) rangefinder laser device, (2) sensor
protection enclosure, (3) payload support base, (4) rear hooking bracket, (5) robot’s head, (6) USB
connector; (7) LiPo Battery.

Figure 7 shows the front, rear and side views of the manufactured helmet worn by the
robot on its head. In particular, at the bottom of Figure 7b, it is possible to note a couple of
holes that correspond with those located at the base of the occiput of the robot’s head that
are required to hook the piece onto the robot using two M2 screws.

(b)

Figure 7. Helmet on the robot’s head: (a) front, (b) rear, and (c) side view.

In Figure 7c, the flange and the relative three screws needed to assemble the support
base and to help to simplify, as described above, the helmet-wearing operation on the
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robot’s head are shown. Moreover, it is possible to recognize the groove, in the shape of an
arc of a circle, and the relative screw, required for its tilt adjustment.

3. Results

The dynamic control of the robot’s movements is based on the knowledge of the mass
distribution and moments of inertia of its different solids. These parameters, which must
be considered in the calculation of the robot’s direct dynamics, are contained in three terms
named mass (M), center of mass (CoM), and inertial matrix (Ip) [53]. The addition of the hel-
met, the rangefinder laser, and relative accessories on the robot’s head (an additive weight
of about 250 g) has modified the mass distribution concerning its original configuration.
Since this modification could reduce the robot’s stability, balance, and mobility, the effects
of the new weight distribution on the inertia matrix of the robot’s head have been studied.
Thus, these inertial parameters have been recomputed, considering the actual distribution
of the weights and the dimensions of each part that belong to the helmet concerning the
coordinate system shown in Figure 3a. The new inertial matrix is shown in (1).

—0.00155 0.00645 932710  4.63210°°
CoM(S) = 0 [Ih(S)] = | 9.32710°®  0.00621  —3.265107° 1)
0.0734 4632107 —326510"°  0.000161

3.1. Experimental Setup

The first tests performed on the robot aimed to verify its behavior’s fittingness, in
terms of mechanical stability, when the helmet was worn. At the same time, the problems
at the different joints and relative servo motors were investigated due to the greater weight
placed on the robot’s head. Successively, the performance of the rangefinder sensor was
tested in comparison with the ultrasound sensor in some operative scenarios.

Regarding the former issue, several different tests have been performed by carrying
out a series of movements, starting with simple movements of the head only and, later,
letting the robot walk. In these tests, any stability loss in the robot’s movement was
monitored, together with any possible critical alteration in the current absorption of the
servo motors and the relative operating temperatures. As for the second issue, to verify the
improvements obtained by integrating the rangefinder laser sensor, the robot that wore the
manufactured helmet was initially tested to compare the performances of the rangefinder
sensor with those obtained by the sonar sensor embedded in the NAO robot (test #1).
The latter test (test #2) evaluated three scenarios characterized by the presence of both
fixed and moving objects. In these scenarios, the NAO robot was stationary or moving,
acquiring information about the position of the obstacles in the surrounding environment,
both with the camera and the rangefinder sensors. All the tests were performed in a
domestic-like environment. In particular, in test #1, the robot was placed in front of a wall
in a rest position, and the measure of the distance from the wall was carried out by using
the rangefinder sensor over the robot’s head and the ultrasound sensor embedded in the
robot’s trunk. Figure 8a depicts this experimental setup.



Appl. Syst. Innov. 2022, 5, 105

10 of 19

(b)

(d)
Figure 8. Measurement setups for test #1 (a) and test #2 scenario #1 (b), #2 (c) and #3 (d).

The three scenarios employed for test #2 are as follows:

e  Scenario #1: The robot NAO is moving in an environment of fixed objects. It is
advancing towards an obstacle that consists of a large box placed at an initial distance
of 200 cm (Figure 8b).

e  Scenario #2: The robot NAO is standing in an environment with the presence of
moving objects (i.e., the Pepper Robot [54]). In particular, it is standing in front of an
open door at a distance of 250 cm while the Pepper robot is moving towards it, passing
through the door (see Figure 8c).

e  Scenario #3: The NAO robot is advancing in an environment where other objects are
also in movement (i.e., the Pepper Robot—see Figure 8d). In particular, it was initially
placed in a wide corridor at a distance from the second robot of more than 500 cm
(maximum detectable range for the sensor). The acquisition of data began when both
robots started to move toward each other.

3.2. Measurement Results

The acquisition procedure was the same in each previously described test; the robot, if
moving, was stopped for the length of the acquisition of data and started moving again
once completed. So, it was possible to repeat the measurement procedure several times
to measure its accuracy. When involved in the tests, other robots moved in the same way.
In the following polar diagrams, the NAO robot equipped with the laser is located in the
center (at coordinates 0,0) and oriented toward 0°.

3.2.1. Test#1 Measurement Results

Figure 9 depicts the map of the room where the robot was placed for test #1. In particular,
it is possible to identify a window located in a recess in the wall on the upper left side of the
map, a radiator (depicted in dark gray) located on the upper part of the left wall, and two
doors (shown in dashed red in the drawing) on the bottom part of both left and right walls,
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with the latter left open. The NAO robot was initially placed (test #1a, as shown in Figure 9) at
a distance A = 100 cm from the front wall and B = 140 cm from the wall at its right. The next
test (test #1b) was performed, maintaining the same distance B and reducing the distance A to
50 cm.

\\M\\m\m&\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\i
\

7%

11 N~

m ¥ a B

0@ 0o

Figure 9. Test #1: map of the room with the robot.

The laser rangefinder device was set with an opening angle of 240°, a detection range
between 50 and 300 cm, and the same measurement was repeated one hundred times for
each position. Figure 10a,b show the polar diagrams obtained at the two distances.

0° 0°
60° 60°
90°

90°

1200 ’ 1209

(a) (b)

Figure 10. Polar diagrams are relative to the acquisition of the rangefinder device with the robot
placed at a distance of 100 cm (a) and 50 cm (b) from the wall. The robot is located in the center (at
coordinates 0,0), and it is oriented toward 0°.

Both the polar diagrams shown in Figure 10 make it possible to note the objects in the
room. In particular, at 2 m, 60° (as shown in Figure 10a), one can observe the radiator and
the recess in the wall of the window, while at 1.5 m, 240°-270° (as shown in Figure 10a), the
shape of the open door can be observed. Table 1 reports the averages of the one hundred
measures of the distances in front of the robot, at what angle the laser rangefinder device
identifies the distance, and the measure of the same distance obtained with the sonar sensor
for both tests #1a and #1b. The values of the angles at which the distance values were
determined can be found in brackets.
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Table 1. Sonar and laser rangefinder distance measures.
Test Sonar Laser
€s Mean Value Variance Mean Value Variance
#la (50 cm) 51.98 cm (6.6°) 0.02 ¢cm (0.3°) 49.9 cm (6.5°) 0.9 cm (0.1°)
#1b (100 cm) 102.41 cm (2.2°) 0.02 cm (0.3°) 102.5 cm (2.6°) 1.1 cm (0.1°)

Figure 11 depicts the two histograms relative to the statistics of the laser rangefinder’s
measurements.

40 40

30 30

Z 20 Z 20
10 10
0 0
480 490 500 510 520 1010 1015 1020 1025 1030
Distance (mm) Distance (mm)
(a) (b)

Figure 11. Test #1: Histograms for 100 laser rangefinder measurements of the distance between robot
and wall. (a) 50 cm (test #1a) and (b) 100 cm (test #1b).

3.2.2. Test #2 Measurement Results
Scenario #1

Figure 12 shows the measurement setup and the results of test #2 (scenario #1).
The robot was placed at an initial distance of 200 cm (Point A in Figure 12) from one
of the corners of a box sized 60 x 50 x 60 cm. The room is the same as test #1 (as shown
in Figure 9), but the robot travels horizontally towards the left wall. In particular, the
robot advanced towards this obstacle, while the rangefinder device continuously took
measurements and stored them in the proper memory area. Moreover, the robot stopped
at three specific distances from the box, (B) 150 cm, (C) 100 ¢cm, and (D) 60 cm, to read
the actual distances. The corresponding polar diagrams are shown in Figure 12¢, while
Figure 12b shows the relative images acquired by the robot’s camera.
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(@)

(b) (©

Figure 12. Test #2—scenario #1: (a) measurement setup, (b) pictures taken by the robot’s camera; (c)
polar diagram from the data acquired by the rangefinder device at the distances of (A) 200 cm, (B)
150 cm, (C) 100 cm, and (D) 60 cm. The robot is located in the center (at coordinates 0,0) and oriented
toward 0°.

Scenario #2

Figure 13 depicts the results of test #2 (scenario #2). In particular, it shows the pictures
taken by a camera behind the NAO (Figure 13a) and those taken by the robot’s camera
(Figure 13b). Figure 13c shows the polar diagram from the data acquired by the rangefinder
device. The NAO robot was placed at an initial distance of about 150 cm from an open
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door from which the Pepper robot entered the room. The robot NAO remains steady for
the entire test duration, while the Pepper robot is moving. Figure 13c shows the actual
detected positions of the Pepper robot (circled in red).

(@ (b) (©)

Figure 13. Test #2—scenario #2: (a) pictures taken by a camera located behind the NAO, (b) pictures

taken by the robot’s camera; (c) polar diagram from the data acquired by the rangefinder device.
The robot is located in the center of the diagram (coordinates 0,0) and oriented toward 0°. Circled in
red is the position of the Pepper robot.
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Scenario #3

Figure 14 shows the results of test #2 (scenario #3). It shows the pictures that a camera
took behind the NAO (Figure 14a) and those taken by the robot’s camera (Figure 14b).
Figure 14c depicts the polar diagram from the data acquired by the rangefinder device.
In this case, the robot was placed in a corridor with stationary obstacles. The NAO robot
moves forward in steps of 50 cm, while the Pepper robot advances toward it to stop beside
it. Figure 14c shows the actual detected positions of the Pepper robot (circled in red).

(a) (b) (c)

Figure 14. Test #2—scenario #3: (a) pictures taken by a camera located behind the NAO, (b) pictures
taken by the robot’s camera; (c) polar diagram from the data acquired by the rangefinder device. The
robot is located in the center of the diagram (coordinates 0,0) and oriented toward 0°. Circled in red
is the position of the Pepper robot.
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4. Discussion

The measurements highlighted how the designed helmet with the rangefinder device
can provide a wide range of accurate information about the surrounding environment,
which is otherwise not retrievable with the robot’s embedded sensors. At the same time, it
does not significantly affect the stability of the robot when accomplishing its usual tasks.
In each of the performed tests, the robot, due to the new settings described by equation
(1), maintained its balance correctly and responded by executing the commands given
without errors, both for the rotational movements of the head and the walking movements,
maintaining a good level of balance and mobility.

Due to the additional battery used as a sensor power supply, no alterations in the
current power consumption from the robot’s onboard battery were observed. In addi-
tion, no alterations were found concerning anomalous power consumption of the robot’s
servo motors, and no supply current increases were detected in any of the stressed joints.
The factory provides each servo motor with a proper current sensor. Moreover, each joint
presents a specified current limitation value to protect the respective motor, the electronic
board, and any mechanical parts of the joint itself. Thus, if the current reaches the maximum
allowed value, the PWM (pulse wide modulation) signal returned by the control loop will
be modified until the value of the current falls back into the allowed range.

Moreover, by using the NAO APIs, it is possible to retrieve the temperature infor-
mation from each joint, actuator, CPU, and battery and store the value in the proper
corresponding ALMemory key. If at least one of the items presents a non-null status, a Hot-
DeviceDetected() event is triggered. In particular, the NAO software provides an alert code
to monitor the temperature status for each device, from 0 (meaning a normal temperature)
to 3 (meaning that the joints are critically hot). A non-null value of this code implies an
automatic correction of the robot’s stiffness, which will be lowered in the case of a status
equal to three, until the zero value is reached.

Once these embedded controls were activated within the tested behaviors, no mal-
function warning regarding an anomalous current nor an increase in the temperature of
the joints, actuators, CPU, or battery was reported during any of the tests. In addition,
no robot protection system operation occurred regarding the robot’s stiffness, which was
maintained during the tests.

The device consumption and the temperatures inside the machine remained stable.
Due to the excellent balance and appropriate weight of the proposed system, even the
movements of the devices related to the HeadYaw, the only degree of freedom allowed for
the robot’s head, were smooth and not slowed down. This also affects the movements
of the robot, which, as long as the walking speed is not increased, but maintained as
recommended, remained normal and stable. This is the case in indoor environments (where
the tests were carried out), where the factory characteristics of the NAO allow it to operate
in complete safety. Since this is a simple characterization of the system, we have no speed
constraint, so a setup was chosen in which the robot moves, stops, and acquires laser data
and then moves again.

The precise adjusting mechanism provided by the helmet allows for the leveling of the
rangefinder sensor. Thus, when the helmet is worn and the sensor is adequately oriented,
the robot’s head must no longer be pitch rotated, while yaw rotation is freely allowed. This
setup, combined with the firmness of the helmet lock, ensures parallelism with the floor.

The new robot-sensor system has been verified to study the behavior of rangefinder
lasers within a living environment. In particular, the rangefinder device has been tested for
the designed power supply and laser control through the software functions developed
by the robot manufacturers. Moreover, by test #1, the reliability of the sonar and laser
rangefinder measures were studied. The measurement was performed at 50 and 100 cm,
respectively, and repeated 100 times. The obtained values (Table 1) are within the measure-
ment error given by the manufacturer, and the values obtained by the US sensor present
about the same uncertainty as the laser sensor (see Figure 11).
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Nevertheless, the critical issue is that for the sonar sensor, unlike the laser sensor, both
the measurements obtained do not fall within the error range. Furthermore, using the laser
rangefinder allowed for a broader richness of information about the surrounding environ-
ment, whereas the US sensor can only provide measures of one-point distances. In contrast,
the laser rangefinder can analyze the whole plane around the robot. In particular, this is
visible in the polar diagrams shown in Figure 8a,b, as the system has been able to detect, at
a precise distance, the room’s three walls within an angle of 240°. Furthermore, it could
locate the recess of the window and the presence of the radiator at the left of the robot
(partially visible in the photo in Figure 8a).

In test #2, the robot correctly performed the assigned task, moving without any stability
problems in the three scenarios. Figures 12-14 depict the results of these tests. As shown in
the polar diagrams, the system can detect the presence and relative distance from the robot
of the standing and moving objects in the scene. For example, in Figure 12 (scenario #1), it
can be observed that the sensor was able to detect at a precise distance, in addition to the
side of the box located at 0°, the three walls visible in the detection range of the sensor, the
wall recess and the radiator (located between 330° and 360° at a distance of 200 cm).

In the test depicted in Figure 13 (test #2—scenario #2), it is possible to note that the
system can detect (see the top polar diagram) the opened door and some other obstacles
in the scene. In the polar diagrams below, one can observe the position (circled in red) of
the Pepper robot that is advancing towards it. In particular, in the lowest row of the figure,
one can note the rangefinder sensor can detect the exact position of the Pepper robot (1 m,
300°), which is located out of the on-board camera’s field of view.

Finally, Figure 14 describes the test where both robots move toward each other. In this
case, it is possible to note that the distance from the wall at the left of the robot reduces
as the NAO’s moves and the Pepper robot (whose position is circled in red in the figure)
approaches. As in the previous scenario, the rangefinder sensor can detect the Pepper
robot’s position (50 cm, 60°) outside of the on-board camera’s field of view.

5. Conclusions

The paper described the integration of the NAO robot with a laser rangefinder to
improve the robot’s capabilities within unstructured environments. The study involved
a mechanical and electrical project and the development of software drivers to position a
laser sensor on the robot’s head to be used in its navigation system. This new information,
integrated with that already available to the robot, will allow the navigation algorithms to
operate more efficiently, increasing the efficiency and autonomy of movement inside an
indoor environment such as a house, which is characterized by furniture and specificity
within a range of distances that best suit the proposed robot customization.

As proof of this, the tests carried out show that the robot equipped with the new
sensor can effectively identify the operating scenario, allowing it to detect any obstacles
that may be present in its path. This feature also allows the robot to perform more complex
operations, such as context analysis and object recognition. Another future development
of this work involves performing other tests in which measurements are acquired. At
the same time, the robot moves and uses the newly available information to implement
efficient planning and navigation algorithms.
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