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Abstract. The viscoelastic properties of tires play a fundamental role into vehi-
cle dynamics field affecting the vehicle performance and safety according to their
evolution over the mileage. The knowledge of these properties is obtained through
destructive tests, such as the Dynamic Material Analysis, which make the tire unus-
able. In this scenario, the Applied Mechanics research group of the Department
of Industrial Engineering at the Federico II has developed an innovative device,
called VESevo, capable of providing a smart and non-destructive characterization
of the viscoelastic properties of tires tread compound. This new device allows to
characterize tires obtained important information about the evolution of viscoelas-
tic properties of a same tire over its mileage, opening scenarios of interest in a
very broad panorama of applications ranging from the monitoring of the material
performance during its whole lifecycle, to the quantitative analysis of products
quality and repeatability of production processes. In this work, the authors show
how the viscoelastic properties of a tire change as function of its mileage.
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1 Introduction

In the vehicle dynamics, the knowledge of the viscoelastic properties of the tire tread is a
key factor to understand the phenomena occurring in the interface between tire and road.
Indeed, the knowledge of such properties allows to improve and optimize the vehicle
stability, performance and safety [1, 2].

In the last decades, many theories and models about the interaction tire-road have
been developed and discussed [3—7], but the analysis of the contact problem requires
full experimentally-based knowledge of the roughness profile and the rubber viscoelastic
properties. To make the problem even more complex the tire properties are not steady and
vary according to its conditions: new or worn. The most common way to characterize
the materials’ viscoelastic behaviour is the Dynamic Mechanical Analysis (D.M.A.),
which also allow to define the hysteretic behaviour of the compound following the
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time-temperature superstition principle [8]. If on the one hand this technique provides
with information about viscoelastic properties, on the other hand, it requires expensive
equipment and to damage the tire, making it unusable. Moreover, in most application, as
well as motorsport ones, the tires are linked to restrictions, and they cannot be analysed
by the standard procedures. In this scenario, the possibility to obtain the compounds
viscoelastic response by mean of a totally non-destructive and non-invasive procedure
is a key factor for several applications, from the development of polymers for innovative
compounds to vehicle performance and safety, gaining the attention of industries and
academics from different sectors [9—13].

In this work, an innovative device, named VESevo (Viscoelasticity Evaluation Sys-
tem Evolved), able to evaluate in a non-destructive way the viscoelastic properties of
the tires, is presented. The proposed methodology has been developed by the Vehicle
Dynamics Research Group of the Department of Industrial Engineering of the university
of Naples Federico II, with the main aim to characterize the compound viscoelasticity
directly on the tires, with the possibility to perform the tests both in laboratory and on
track [14]. After a brief introduction on viscoelastic phenomena and VESevo device,
the author presents a case study about the evolution of viscoelastic properties increas-
ing of its mileage: exploiting the non-invasive and portable nature of the device, it was
possible to perform a viscoelastic characterization and to reuse a same tire several times
in order to trace the evolution of the Storage Modulus and Loss Factor as the mileage
changes, highlighting the differences between the new and used tire and how they affect
the vehicle performance and safety, suggesting when the tire should be replaced by a
new one.

2 Viscoelastic Properties and Grip Principles

Viscoelastic material is a deformable material with a behaviour that lies between a
viscous liquid and an elastic solid. The feature that differentiates these materials from
others is that, while in the case of elastic solids and viscous fluids the answer to one
effort or instantaneous deformation is also instantaneous and independent of time, in the
case of viscoelastic materials it is function of time [15].

This means that the stress-strain relationship is defined by a complex dynamic
modulus as the amount of the overall resistance to the deformation of the compound:

f!un 8 — 2 (12)
( ) El

The complex modulus is characterized by a real and an imaginary part. The first one
is defined Storage Modulus E” and is an esteem of the elasticity of the material linked to
the ability to store energy, the second one is the Loss Modulus E” and it is associated with
the aptitude of the compound to dissipate energy as heat. The ratio of the Loss Modulus
to the Storage Modulus defines the Loss Factor which is an index of the material overall
damping and one of the key parameters in the studies of tire grip.
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Under stress, the behaviour of viscoelastic materials is strongly influenced by both
the excitation frequency and temperature, for the latter is proposed a diagram in the
Fig. 1. These two physical magnitudes can be correlated applying an empirical equation
defined by Willian, Landel and Ferry [16, 17].
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Fig. 1. Storage and loss modulus respect temperature

The knowledge of viscoelastic properties is a key factor in the grip generation, which
is defined as the coefficient of friction between the surface of the tire and the surface
of the road. This friction depends on an array of factors including the roughness of the
track as well as the type, temperature and therefore behaviour of the tire-rubber [4, 18,
19]. In vehicle dynamic field two stress mechanism, shown in Fig. 2, are involved in the
rubber-road interface:

e The first mechanism is the frequency excitation of the material by the road texture.
The rubber is distorted when it slips over the rough spots on the road, the size of
which varies from 1 cm (macrotexture range) to 1 micron (microtexture range). This
mechanism is known as the road roughness effect. It is also described using the word
indentation, which emphasises the penetration of road roughness into the rubber of
the tire tread.

e The second mechanism is molecular adhesion, which comes into play at a scale of
one hundredth of micron and is amplified by slippage.

In both cases, the viscoelastic properties of the rubber, and particularly its hystere-
sis (linked to the Loss Factor), play an important role affecting the tire grip performance
[4,21].



Investigation of the Mileage Effects on the Viscoelastic Properties 433

(a) Roughness effect (b) Molecular adhesion

Speed of sllppage

() ij%

Rubber Speed of slippage

Road surface

Road surface

Fig. 2. Friction phenomena: a) Road roughness effect or indentation, b) The molecular adhesion
[20].

3 Innovative Device and Testing Procedure

The viscoelastic properties of polymers, such as the tire tread compound, are usually
determined by means of D.M.A. However, this method requires a polymeric specimen of
suitable dimension which cannot be carried out on systems that do not allow, the realiza-
tion of the sample required, such as a piece of tread compound of a Motorsport confiden-
tial tire. In this scenario, non-destructive procedures are an advantageous solution for the
analysis of the tread viscoelasticity, without affecting the tire integrity, allowing a great
number of tests in the shortest time possible. An innovative and portable device, defined
as Viscoelasticity Evaluation System Evolved, commonly known as VESevo [12, 14],
which allows users to characterize the tire tread viscoelasticity and its variations due to
cooling or heating, due to wear phenomena, aging or different compounding, depending
on vehicle applications. Thus, engineers, especially Motorsport ones, are capable to get
useful information about their tires, improving the reliability of the data processed by
their physical models, and consequently the vehicle performances.

As displayed in Fig. 3 the VESevo device is composed by an instrument for inden-
tation analysis, an acquisition case and a self-made customized software for raw data
acquisition.

Fig. 3. VESevo device and acquisition unit
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The operation of the device is based on a steel rod with a semi-spherical indenter,
which is free to fall and bounce on the surface of the compound to test. The free drop
motion of the rod always starts from the same initial position. During each test, the motion
of the rod is acquired by an integrated optical sensor, with high frequency response, while
a compact IR pyrometer acquired the temperature of the tested compound.

A standardized testing procedure has been set up to perform a single acquisition
employing the VESevo; it consists of: the positioning of the device vertically to the tire
tread compound or slab; the indenter is manually raised until a mechanical lock in order
to obtain each acquisition with the same starting position and velocity; once reached the
maximum point, the rod is released thanks to the semi-automatically system and both
the rod displacement curve and the compound temperature are shown on the acquisition
software.

In Fig. 4, a typical displacement signal is reported, here it is noticeable different
phases that characterized the motion of the rod: the drop phase starting from the initial
position, the first indentation into the material thickness and, then, the transient bounce
until the established contact between the indenter and the tread surface.
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Fig. 4. Acquired raw signal on tire tread surface

In order to investigate the tread compounds behaviour in dependence on the temper-
ature, the tests are performed varying the sample temperature, warming or cooling the
material.

The acquired data are then elaborated by a post-processing algorithm capable of
analysing each displacement curve at the corresponding temperature and of extrapolating
the storage modulus and the loss factor as function of the following magnitudes:

E' :f(A(,‘7 T,K:)
Tan((s) Zf(ACa w, T’ SC)
where A, is the effective contact area between the semi-spherical indenter and the

compound, o is the solicitation frequency linked to the single VESevo test, T is the
compound temperature and K. and S, are the equivalent contact stiffness and damping
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coefficient, which can match with the tire tread ones being the VESevo spring stiffness
and rod guide negligible.

4 Evolution of the Viscoelastic Properties of a Tire

The testing procedure and the raw signal elaboration, described in the previous chapter,
were performed on a tire in order to analyse the evolution of the viscoelastic properties
with increasing the mileage.

The tests started by acquiring data on the new tire, which subsequently travelled
a distance equal to its mild-life and retested, finally, it travelled a further distance to
the end of its life and tested for the last time. The acquisitions were carried out on the
central rib in according to the following test-plan: 30 measurements have been acquired
at ambient temperature; after that the tire has been cooled down to —20 °C by a freezing
spray and 100 measurements have been acquired during the natural heating-up phase of
the tire until it reaches almost the ambient temperature; then the tire has been warmed
up to 100 °C by a thermal gun and 150 measurements have been acquired during the
natural cool down phase of the tire until it reaches almost the ambient temperature.

In Fig. 5, the results of VESevo measurements are plotted at the frequency of 1 Hz,
and they are normalized with respect to the maxima values of Storage Modulus (E") and
Loss Factor (tan(d)).
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Fig. 5. Viscoelastic properties obtained by means of VESevo

The comparison of the viscoelastic curves highlights the differences among the three
tire conditions:

e New-Middle used tire: the middle used curves compared to the new ones display, in
term of Loss Factor, a reduction of the values in almost the entire temperature range,
and a slightly variation of the temperature of the tan(8) peak. While, in terms of Storage
Modulus, an increasing of the values at temperature above 20 °C. The evolution of
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the two viscoelastic properties suggests that the middle used tire cannot exploit more
good grip performance in both adhesive (linked to the E") and hysteretic (linked to
tan(3)) terms in high temperature range.

e Middle-Very used tire: increasing the mileage, the loss factor curve highlights a further
decrease in the values, generating a worsening of the hysteretic grip. Also in this case
the glass transition temperature (linked to the peak of the tan (3)) does not show
large changes on the contrary of the relative value in terms of loss factor. The Storage
Modulus exhibits the same evolution of the Loss Factor, displaying a marked reduction
for temperature below 10 °C, making it less hard than the previous two conditions.

e New-Very used tire: the comparison between the two opposite conditions shows great
differences in both viscoelastic properties, highlighting a great decay of the hysteretic
grip, especially in the glass transition zone, due to lower values of the Loss Factor
curve (Table 1).

Table 1. Glassy transition temperature comparison

Condition Glass transition temperature (°C) Normalized peak value
Very used —15.90 1

Middle used —21.70 0.75

Very used —19.70 0.59

5 Conclusion

In this paper, the analysis of the evolution of viscoelastic properties over the progres-
sive mileage is presented, to highlight the tread performance degradation due to wear
phenomena. Such analysis was made possible thanks to the use of an innovative device
called VESevo, which is able to characterize the viscoelastic properties of tires without
using expensive rheometers, as traditional D.M.A., and not damaging the tested tire.

The results obtained have highlighted important variations between the new and the
used tire both in terms of Storage Modulus and Loss Factor, that could be very useful in
vehicle dynamic field, from motorsport to truck or passenger applications such as: the
improvement of the monitoring of material performance during its whole lifecycle and
for comprehending when changing tires configuration could be necessary.
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no. 2017948FEN.



Investigation of the Mileage Effects on the Viscoelastic Properties 437

References

1.

[es)

10.

11.

12.

13.

14.

15.
16.
17.

18.

19.

Sakhnevych, A.: Multiphysical MF-based tyre modelling and parametrisation for vehicle
setup and control strategies optimisation. Veh. Syst. Dyn. 0, 1-22 (2021). https://doi.org/10.
1080/00423114.2021.1977833

. Farroni, F.,, Genovese, A., Sakhnevych, A.: Performance and safety enhancement strategies

in vehicle dynamics and ground contact. Appl. Sci. 12 (2022). https://doi.org/10.3390/app
12042034

. Genovese, A., Carputo, F., Maiorano, A., Timpone, F., Farroni, F.,, Sakhnevych, A.: Study on

the generalized formulations with the aim to reproduce the viscoelastic dynamic behavior of
polymers. Appl. Sci. 10 (2020). https://doi.org/10.3390/app10072321

. Genovese, A., Carputo, F., Ciavarella, M., Farroni, F., Papangelo, A., Sakhnevych, A.: Anal-

ysis of multiscale theories for viscoelastic rubber friction. In: Conference of the Italian
Association of Theoretical and Applied Mechanics, AIMETA 2019, pp. 1125-1135 (2020)

. Carbone, G., Lorenz, B., Persson, B.N.J., Wohlers, A.: Contact mechanics and rubber friction

for randomly rough surfaces with anisotropic statistical properties. Eur. Phys. J. E 29 (2009).
https://doi.org/10.1140/epje/i2009-10484-8

. Lang, A., Kliippel, M.: Influences of temperature and load on the dry friction behaviour of

tire tread compounds in contact with rough granite. Wear 380-381 (2017). https://doi.org/10.
1016/j.wear.2017.02.047

. Teodosio, L., et al.: A numerical methodology for thermo-fluid dynamic modelling of tyre

inner chamber: towards real time applications. Meccanica 56 (2021). https://doi.org/10.1007/
s11012-021-01310-w

. Menard, K.P., Menard, N.R.: Dynamic mechanical analysis. CRC Press, Boca Raton (2020)
. Lionetto, F., Montagna, F., Maffezzoli, A.: Ultrasonic dynamic mechanical analysis of

polymers. Appl. Rheol. 15 (2005). https://doi.org/10.1515/arh-2005-0016

Sakhnevych, A., Genovese, A., Maiorano, A., Timpone, F., Farroni, F.: An ultrasound method
for characterization of viscoelastic properties in frequency domain at small deformations.
Proc. Inst. Mech. Eng. Part C J. Mech. Eng. Sci. 235 (2021). https://doi.org/10.1177/095440
62211005789

Schultz, J.W.: Dielectric spectroscopy in analysis of polymers. In: Encyclopedia of Analytical
Chemistry. Wiley, Hoboken (2006)

Genovese, A., Pastore, S.R.: A novel nondestructive procedure for tire tread viscoelastic
characterization. Tire Sci. Technol (2022). https://doi.org/10.2346/tire.21.19002

Genovese, A., Pastore, S.R.: Development of a portable instrument for non-destructive char-
acterization of the polymers viscoelastic properties. Mech. Syst. Signal Process. 150 (2021).
https://doi.org/10.1016/j.ymssp.2020.107259

Farroni, F., Genovese, A., Maiorano, A., Sakhnevych, A., Timpone, F.: Development of an
innovative instrument for non-destructive viscoelasticity characterization: VESevo. In: Niola,
V., Gasparetto, A. (eds.) IFToMM ITALY 2020. MMS, vol. 91, pp. 804-812. Springer, Cham
(2021). https://doi.org/10.1007/978-3-030-55807-9_89

Mark, J.E., Erman, B., Roland, M.: The science and technology of rubber (2013)

Ferry, J.: Viscoelastic Properties of Polymers (1980)

Landel, R.F.: A two-part tale: the WLF equation and beyond linear viscoelasticity. Rubber
Chem. Technol. 79 (2006). https://doi.org/10.5254/1.3547943

Genovese, A., Farroni, F., Papangelo, A., Ciavarella, M.: A discussion on present theories of
rubber friction, with particular reference to different possible choices of arbitrary roughness
cutoff parameters. Lubricants 7 (2019). https://doi.org/10.3390/lubricants7100085
Genovese, A., D’ Angelo, G.A., Sakhnevych, A., Farroni, F.: Review on friction and wear test
rigs: an overview on the state of the art in tyre tread friction evaluation. Lubricants 8 (2020).
https://doi.org/10.3390/lubricants8090091


https://doi.org/10.1080/00423114.2021.1977833
https://doi.org/10.3390/app12042034
https://doi.org/10.3390/app10072321
https://doi.org/10.1140/epje/i2009-10484-8
https://doi.org/10.1016/j.wear.2017.02.047
https://doi.org/10.1007/s11012-021-01310-w
https://doi.org/10.1515/arh-2005-0016
https://doi.org/10.1177/09544062211005789
https://doi.org/10.2346/tire.21.19002
https://doi.org/10.1016/j.ymssp.2020.107259
https://doi.org/10.1007/978-3-030-55807-9_89
https://doi.org/10.5254/1.3547943
https://doi.org/10.3390/lubricants7100085
https://doi.org/10.3390/lubricants8090091

438 E. Timpone et al.

20. Acosta Reche, M., Kanarachos, S., Blundell, M.: Road friction virtual sensing: a review
of estimation techniques with emphasis on low excitation approaches. Appl. Sci. 7 (2017).
https://doi.org/10.3390/app7121230

21. Le Gal, A., Kliippel, M.: Investigation and modelling of rubber stationary friction on
rough surfaces. J. Phys. Condens. Matter 20 (2008). https://doi.org/10.1088/0953-8984/20/
01/015007


https://doi.org/10.3390/app7121230
https://doi.org/10.1088/0953-8984/20/01/015007

	Preface
	Contents
	History of Mechanism Science
	A Note on 50-Year Anniversary of IFToMM Italy
	References

	Contributions of Italian Jesuits in Machinery Technology Transfer to China in the 16–18 th Centuries
	1 Introduction
	2 Italian Jesuits in China and Their Activities
	3 Machinery Technological Transfer
	4 Today Legacy
	5 Conclusions
	References

	Evolution of Racing Wheelchair: From Its Origin to the Paralympic Games
	1 Introduction
	2 A Brief History of Wheelchairs
	3 Evolution of Racing Wheelchairs
	4 Handhweelchair.q Racing
	5 Conclusions
	References

	Earliest Locomotives in Italy and China from the Perspective of Technology Transfer
	1 Introduction
	2 The Initial Locomotive Technology in Italy
	3 The Initial Locomotive Technology in China
	4 A Perspective of Technology Transfer and Comparison
	5 Conclusions
	References

	Computational Kinematics
	Kinematic Modelling of a High Mobility Tracked Robot
	1 Introduction
	2 Rover Modeling
	2.1 Degrees of Freedom
	2.2 Constraints
	2.3 Newton-Euler Equations

	3 Results and Conclusions
	References

	Motion Profiles with Elliptic Jerk
	1 Introduction
	2 Definition of Motion Profile with Elliptic Jerk
	3 Kinematic Comparison with Other Motion Laws
	4 Dynamic Comparison with Other Motion Laws
	5 Conclusions
	References

	Kinematic Analysis and Centrodes Between Rotating Tool with Reciprocating Motion and Workpiece
	1 Introduction
	2 Kinematic Analysis and Centrodes
	3 Numerical Examples and Validation
	4 Conclusions
	References

	Kinematic Representation of a Biomimetic Squid Soft Robot’s Arms in a Simulation Environment
	1 Introduction
	2 Robotic Squid for Underwater Manipulation and Intervention
	3 Discretized Soft Robot Arm Design and Modelling Approach in Rigid-Body Simulation Environment
	4 Implementation Procedure of the Discretized Representation of the Soft Robot
	5 Conclusions
	References

	Balanced Twin Lip Vane Pumps: A Kinematic Approach to the Design
	1 Introduction
	2 Kinematic Principles of Vane Motion
	3 The Parametric Study
	4 Conclusion
	References

	Kinematic Modeling and Design of a Sensorized Cable-Routing System for Cable-Driven Parallel Robots
	1 Introduction
	2 Geometric Model
	3 Mechanical Design
	4 Experimental Results
	5 Conclusions
	References

	An Overview on the Kinematic Analysis of the Rocker-Bogie Suspension for Six Wheeled Rovers Approaching an Obstacle
	1 Introduction
	2 Kinematic Position Analysis
	3 Ground Reactions
	4 Stability Analysis
	5 Six-Wheeled Rover
	6 Conclusions
	References

	Spring-Loaded Rocker-Bogie Suspension for Six Wheeled Rovers
	1 Introduction
	2 Static Load Distribution Among the Wheels
	3 Soil Reactions and Friction Forces in the Presence of a Step Obstacle: Bogie Forward
	4 Rotational Spring Between Rocker and Bogie 
	5 Rover Moving in the Opposite Direction: Rocker Forward
	6 Conclusions
	References

	Dynamics of Machinery, Rotordynamics, Multibody Dynamics
	Analytical Synthesis of Five-Bar Linkage used for 3D Printer Structure
	1 Introduction
	2 Kinematic Analysis of Symmetrical Five-Bar Linkage
	3 Analytical Synthesis of Symmetrical Five-Bar linkage
	4 Singularities Analysis
	5 Numerical Example
	6 Conclusions
	References

	Non-stationary Resonance Transition of the Gyroscopic Rigid Rotor with Nonlinear Damping and Non-ideal Energy Source
	1 Introduction
	2 Equations of Motion
	3 Non-stationary Oscillations
	4 Conclusions
	References

	Comparison of PID and PII1/2DD1/2Position Control of a Rotor with Trapezoidal Velocity Profile: Influence of the Profile Parameters
	1 Introduction
	2 Discrete Time Implementation of Fractional-Order Derivatives and Integrals
	3 PII1/2DD1/2Position Control of a Rotary Axis
	4 PII1/2DD1/2/PID Comparison in Position Control with Trapezoidal Velocity Profile
	5 Conclusions
	References

	Visualization Approach of Gaps Between Rotors of an Oil Pump Based on Geometrical Arrangement
	1 Introduction
	2 Simulation Approach
	3 Simulation Results
	4 Experiment
	5 Conclusion
	References

	Multibody Simulation of a Novel Tracked Robot with Innovative Passive Suspension
	1 Introduction
	2 Multibody Modeling
	3 Obstacle Negotiation
	4 Conclusions
	References

	Sensitivity Analysis of Flexible Multibody Dynamics with Generalized- Time Integration and Baumgarte Stabilization
	1 Introduction
	2 Flexible Multibody Dynamics
	3 Sensitivity Analysis
	4 Numerical Results
	5 Conclusion
	References

	Mechanism Design
	Problems and Requirements for Docking Operation in Orbital Stations
	1 Introduction
	2 Docking Problems
	3 Requirements
	4 An Experimental Scheme of a Locking System Working
	5 Conclusions
	References

	Development of Discontinuous Shaped Roller-Chain Drive Type Wave Motion Reducer
	1 Introduction
	2 Structure of a Proposed Reducer
	3 Analysis of a Position Misalignment Caused by Polygonal Motion at the Input Cam
	4 Vector Geometry
	4.1 An Internal Input Grooved Cam
	4.2 Elliptical Shaped Grooves on a Fixed Cam and the Roller Motion
	4.3 External Gear Teeth on an Output Shaft

	5 Performance Test for Prototype Reducer
	6 Conclusions
	References

	Identification of Key Parameters for Synthesis of Straight-Line Crank Rockers Using Inflection Circle Properties
	1 Introduction and Objective
	2 Terminology
	3 Intersecting Inflection Circles and Possible Coupler Points
	3.1 Tracing Coupler Curves and Straight Path Identification
	3.2 Using the First Generated Data Bank

	4 Multiple Linear Regressions and Independent Variables
	4.1 Regression-I with Precipitated Parameters
	4.2 Creating the Second Generated Data Bank
	4.3 Regression-II

	5 Results and Conclusion
	References

	Development of a Hydraulic System for the Mitigation of End-Effector Collisions
	1 Introduction
	2 Hydraulic Compliant System
	2.1 Mathematical Model

	3 Numerical Results and Comparison with Bistable Mechanism
	4 Conclusions
	References

	An Analytical Model for Cantilever Layer-Jamming Structures
	1 Introduction
	2 Analytical Modelling
	2.1 Cantilever Structure with Four Layers
	2.2 Cantilever Structure with n-Layers

	3 Results
	3.1 Influence of the Number of Layers
	3.2 Influence of the Vacuum Pressure
	3.3 Influence of the Coefficient of Friction

	4 Conclusions
	References

	Design and Validation of a Novel Pyramidal Cable-Driven Robot
	1 Introduction
	2 System Structure
	3 Geometric Modeling
	4 Simulation Results
	5 Preliminary Experimental Results
	6 Conclusions
	References

	Tribology, Gearing and Transmissions
	Modeling a Magneto-Rheological Fluid-Based Brake via a Neural Network Method
	1 Introduction
	2 Experimental Setup
	3 Methods
	4 Results
	4.1 Case 1: Discrete Sample Test
	4.2 Case 2: Applying Staircase Current Input at Constant Speed
	4.3 Case 3: Applying Staircase Current for Sinusoidal Angular Speed Input

	5 Discussion and Conclusion
	References

	A Model for the Prediction of Frictional Power Losses in Hypoid Gears
	1 Introduction
	2 Lubricated Friction Coefficient Model
	3 Geometry Generation and LTCA Simulation
	4 Entraining Velocity Calculation
	5 Results
	6 Conclusions
	References

	A Vision Based Approach to Study Lubrication Conditions in Gearwheels
	1 Introduction
	1.1 Test Bench
	1.2 Acquisition System

	2 Algorithm for Image Analysis
	3 Results and Discussion
	4 Conclusions
	References

	Determination of Tooth Profile Curve of Helical Pinion and Rack Gears to Achieve Non-constant Transmission Ratio
	1 Introduction
	2 Derivation of Rack and Pinion Gears’ Tooth Profile Curvatures
	3 Geometrical Evaluation for Avoiding Undesirable Tooth Shape
	4 Numerical Example
	5 Experimental Validation
	6 Conclusions
	References

	Light Weight Geared Actuator Utilizing the Drive Redundancy
	1 Introduction
	2 Redundant Motor Actuator
	2.1 Composition and Features of Redundant Motor Actuator
	2.2 Determination Procedure of the RM Design Parameters

	3 Analysis of Mass of Reduction Gear
	3.1 Analysis Model
	3.2 Constraints on the Bending Strength of the Gear
	3.3 Determination of the Design Parameters

	4 Formulation of Motor Characteristics in the Market
	5 Minimization of Mass of Actuator
	6 Conclusion
	References

	A Vibro-Impact Analysis of a Driveline Equipped with a Dual Clutch Transmission System
	1 Introduction
	2 The Driveline with DCT
	3 The Driveline Torsional Model
	4 Numerical Simulations
	5 Conclusions
	References

	Vibrations
	Vibrations of a Rigid Body on Rolling Vibration Bearings in Case of Accidental Kinematic Perturbations
	1 Introduction
	2 Statement of the Problem
	3 Analysis of Random Vibrations of a Vibration-Proof Body
	4 Results and Discussion
	5 Conclusions
	References

	The Effect of Pulleys and Hooks on the Vibrations of Cable Rehabilitation Robots
	1 Introduction
	2 Mathematical Model
	3 Numerical Results
	4 Experimental Test and Validation
	5 Discussion and Conclusion
	References

	On the Ride Comfort Effect of Unsprung Mass Reduction Using a Composite Wheel Rim
	1 Introduction
	2 Ride Comfort
	3 Results
	4 Conclusions
	References

	Nonlinear Analysis of the Vibrational Behavior of an Internal Combustion Marine Engine
	1 Introduction
	2 Experimental Part
	3 Methods
	4 Results and Discussion
	5 Conclusions
	References

	Study of Cavitation Phenomenon in a Proportional Spool Valve Through Chaos Theory
	1 Introduction
	2 Experimental Phase
	3 Results and Discussion
	4 Conclusions
	References

	Experiments on a Quasi-zero Stiffness Suspension for Passive Vibration Control
	1 Introduction
	2 Experimental Setup
	3 Results
	4 Conclusions
	References

	A Test Rig for Experimental Investigation on a MRE Vibration Isolator
	1 Introduction
	2 Test Rig Description
	3 Experimental Tests
	3.1 Natural Vibrations
	3.2 Forced Vibrations

	4 Conclusions
	References

	On the Profitability of Higher Order FE Formulations for Structural Dynamics
	1 Introduction
	2 Formulation of Structural Dynamic Problems
	2.1 Numerical Integration: Gauss Quadrature
	2.2 Solid Hexahedral Elements: Tri-Linear vs Tri-Quadratic

	3 Test Results
	4 Conclusions
	References

	Vehicle Dynamics and Control
	On the Vehicle Stability and Maneuverability Domain Definition for Automated Vehicles
	1 Introduction
	2 Stability and Maneuverability Domain
	2.1 Mathematical Model
	2.2 Phase Plane Representation
	2.3 Stability Region Determination

	3 Results
	3.1 Analysis of Phase Plane and Stability Approaches
	3.2 Factors Affecting Phase Plane and Stability Region

	4 Conclusion
	References

	Problems and Requirements in Impact Analysis from Vehicle Accidents
	1 Introduction
	2 Types of Impact in Car Accidents
	3 Problems and Requirements for Risk Analysis
	4 Formulation of an Index from Experimental Data
	5 Conclusions
	References

	Development and Validation of a Vehicle Simulation Platform for Driver-in-the-Loop Testing
	1 Introduction
	2 Description of the Simulation Platform
	3 Validation of the Motion Platform
	4 Conclusions
	References

	Active Steering Assistant for Powered Two-Wheelers: Hardware Prototyping and Results
	1 Introduction
	2 Active Steer Assistant Concept
	3 Hardware Implementation
	3.1 Steering Torque Sensor
	3.2 Active Steering System

	4 Functional Test
	5 Conclusion
	References

	A Sliding Mode Course Control for Robust Path Following of a Fixed Wing UAV
	1 Introduction
	2 Problem Formulation
	3 Sliding Mode Approach
	3.1 System Dynamics
	3.2 Guidance Law

	4 Results
	5 Conclusions
	References

	Virtual 7-Post Rig: A 7 DoF Vehicle Model for Suspensions Parameters Optimization
	1 Vehicle Model
	2 Model Parametrization
	3 Results and Validation
	References

	A Nonlinear Estimation Approach for Vehicle and Tire-Road Monitoring with No Interaction Modelling
	1 Introduction
	2 Extended Kalman Filter
	3 Estimator Design Model
	4 Results
	5 Conclusions
	References

	A PID-Based Active Control of Camber Angles for Vehicle Ride Comfort Improvement
	1 Introduction
	2 Overview of the Vehicle Model and Rear Suspension
	3 Control Architecture
	4 Simulation Results
	4.1 Sine Steer Maneuver
	4.2 Fish-Hook Maneuver

	5 Conclusions
	References

	Engineering Education: Exploring Group Projects to Teach Innovative Automotive Topics
	1 Introduction
	2 The Course Structure
	3 The Projects
	4 Results and Discussion
	5 Conclusion
	References

	Modelling and Identification of a Pneumatic Positioning System: A Preliminary Study
	1 Introduction
	2 Material and Methods
	2.1 Experimental Set-Up
	2.2 Model Structure

	3 Results
	4 Conclusions
	References

	Car-Trailer Dynamics: Modelling for Parametric Study on System Stability
	1 Introduction
	2 Model Description
	3 Model Linearisation
	3.1 Validation

	4 Results
	4.1 Stability Analysis of the Linear Model
	4.2 Effect of Variable Cornering Stiffness on System Stability

	5 Conclusions
	References

	Investigation of the Mileage Effects on the Viscoelastic Properties by a Non-destructive Method
	1 Introduction
	2 Viscoelastic Properties and Grip Principles
	3 Innovative Device and Testing Procedure
	4 Evolution of the Viscoelastic Properties of a Tire
	5 Conclusion
	References

	Tire Noise Analysis: A Correlation Among Track and Laboratory Measurements
	1 Noise Detection Tests
	1.1 Coast-by Method
	1.2 Impact Noise Test
	1.3 Near Field Measurement

	2 Test Setup
	3 Results
	4 Conclusions
	References

	Enhancing ADS and ADAS Under Critical Road Conditions Through Vehicle Sideslip Angle Estimation via Unscented Kalman Filter-Based Interacting Multiple Model Approach
	1 Introduction
	2 Vehicle Dynamics Modelling
	3 Interacting Multiple Model Unscented Filter
	3.1 IMMUF for Vehicle State Estimation

	4 Numerical Simulation
	4.1 Simulation Driving Scenarios
	4.2 Results

	5 Conclusions
	References

	Biomechanical Engineering
	A Feasibility Study of ExoPass, a Passive Magnetic-Spring Support Exoskeleton to Reduce Worker’s Physical Strain
	1 Introduction
	2 Design Requirements
	3 Proposed Design
	3.1 Human-Machine Fitting and Interaction
	3.2 Magnetic-Spring Support as a Passive Actuation System

	4 Conclusions
	References

	Prototype and Testing of a Finger Linkage Exoskeleton
	1 Introduction
	2 Finger motion
	3 ExoFinger, A Linkage Exoskeleton
	4 Experimental Setup
	5 Test Results
	6 Design Consideration for Improvements
	7 Conclusions
	References

	Design and Testing of RESPIRholter Device for Respiratory Monitoring
	1 Introduction
	2 Biomechanics of Breathing
	3 Requirements
	4 Device Design
	5 Experimental Setup
	6 Testing Results
	7 Conclusions
	References

	Design and Testing of a Lab Prototype LARMbot Hand
	1 Introduction
	2 Requirements for LARMbot Humanoid
	3 Mechanical Design
	4 Prototype Manufacturing and Assembly
	5 Layout and Modes for Testing
	6 Testing Results
	7 Conclusions
	References

	Development of a Serious Game Using the Leap Motion Controller for Virtual Rehabilitation of a Human Upper Limbs
	1 Introduction
	2 Upper Limb Rehabilitation and Leap Motion Controller
	2.1 Upper Limb Rehabilitation
	2.2 Leap Motion Controller

	3 Design of the Serious Game Named You Can Cook Again
	4 Discussion and Conclusions
	References

	A Passive, Customizable and Kinetically-Accurate Hand Replica for Testing Assistive and Rehabilitative Hand Exoskeleton Systems
	1 Introduction
	2 Methodology
	3 Hand Replica Design
	4 Conclusions and Future Developments
	References

	A Novel Design for an Upper-Limb Rehabilitation Assisting Device
	1 Introduction
	2 Mechanical Design
	2.1 Upper-Limb Rehabilitation Assist Mechanism Features

	3 Kinematic Design
	4 Conclusions
	References

	Modelling and Simulation of ADIUTOR Upper Limb Rehabilitation Robot
	1 Introduction
	2 Upper-Limb Rehabilitation Characteristics
	3 The Proposed Rehabilitation Robot Concept
	4 The Proposed Simulation Models
	5 Conclusions
	References

	Kinetic Analysis of Lower Limb Power Assist Suits with Biarticulate Muscle Structure
	1 Introduction
	2 Monoarticular and Biarticular Muscles
	3 Specifications of Prototype PAS
	4 Experiment to Determine Output Characteristics of Toe
	4.1 Experimental Setup
	4.2 Results

	5 Discussion
	6 Conclusions
	References

	Implementation of a Robot Assisted Framework for Rehabilitation Practices
	1 Introduction
	2 Rehabilitation Framework Description
	2.1 Exercise Phases
	2.2 Control Law

	3 Preliminary Experimental Results
	4 Conclusions
	References

	Conceptual Design of a Stewart Platform in a Testbed for the Peritoneal Movements
	1 Introduction
	2 Design Requirements
	3 Conceptual Design of the Testbed
	4 Kinematics Analysis
	5 Conclusions
	References

	A Spatial Dynamic Model for the Simulation of Human Upper Limb
	1 Introduction
	2 Mathematical Models
	2.1 Kinematic Model
	2.2 Dynamic Model
	2.3 Metabolic Model

	3 Comparison of Spatial Model with a Planar Model
	3.1 Movement in the Sagittal Plane
	3.2 Spatial Movement

	4 Conclusions
	References

	Fourier Analysis of Center of Mass Trajectory in Hemiparetic Gait
	1 Introduction
	2 Material and Methods
	2.1 Participants
	2.2 Task and Instrumentation
	2.3 Data Analysis

	3 Results and Discussion
	4 Conclusion
	References

	Modeling and Kinematic Optimization of the Human Upper Limb for Collaborative Robotics
	1 Introduction
	2 Materials and Methods
	2.1 DH Model of the Human Upper Limb
	2.2 Optimization Framework
	2.3 Data Acquisition
	2.4 Signal Pre-processing, Kinematics Estimation and Error Evaluation

	3 Results
	4 Discussions and Conclusions
	References

	A Novel Design Method of Four-Bar Linkages Mimicking the Human Knee Joint in the Sagittal Plane
	1 Introduction
	2 Experimental Setup and Motion Analysis
	3 Kinematic Synthesis and Analysis
	4 Conclusions
	References

	Experimental Characterization of Active Joint for Trunk Exoskeleton
	1 Introduction
	2 System Description
	2.1 Joint Design
	2.2 Experimental Test Bench

	3 Characterization of the System
	3.1 Joint Model
	3.2 Characterization of Viscous Friction Within the Joint
	3.3 Characterization of the Weight Effect
	3.4 Characterization of Moment of Inertia and Torque Offset
	3.5 Numerical Validation

	4 Active Set Generation
	5 Conclusions
	References

	Robotics
	Problems and Requirements for Outer Space Astronaut Service Robot
	1 Introduction
	2 Outer Space Services in Orbital Station
	3 Problems and Requirements
	4 Lab Experiences with a Torveastro Prototype
	5 Conclusions
	References

	Improving the Efficiency of Closed-Chain Robotic Systems by the Trajectory Energy Index
	1 Introduction
	2 Formulation of the Trajectory Energy Index
	3 Application to a Closed-Chain Robotic System
	4 Simulation Results
	4.1 Rest-to-Rest Motion
	4.2 Three-Leaf Clover Motion

	5 Conclusion
	References

	A Universal Aided Piloting System with NLU Support
	1 Introduction
	2 The Proposed Universal Aided Piloting System
	3 Implementation of the Proposed Universal Piloting Platform on a Commercial Drone
	4 Conclusions
	Bibliography

	A Modal Approach for the Identification of Joint and Link Compliance of an Industrial Manipulator
	1 Introduction
	2 Configurations to Identify the Joints Compliance
	3 Identification of Joint Compliance
	4 Compliance Axis
	5 Identification of Link Compliance
	6 Conclusions
	References

	Adaptive Real-Time Gesture Recognition in a Dynamic Scenario for Human-Robot Collaborative Applications
	1 Introduction
	2 Gesture Recognition Application
	2.1 Neural Network and Recognition
	2.2 Software Organization

	3 Case Study and Results
	4 Conclusions
	References

	End-Effector Collision Avoidance System for Four SCARA Robots Using Buffered Voronoi Cell
	1 Introduction
	2 SCARA Robot Platform
	2.1 Robot Simulator

	3 BVC and Its Adaptation to SCARA Robot Platform
	4 Experiment Results and Discussion
	5 Conclusions
	References

	Partial Contact Loss in Robotic Vacuum Grasping
	1 Introduction
	2 Gripper Description
	3 Theoretical Framework
	3.1 Optimization
	3.2 Trajectory

	4 Results
	4.1 Influence of Fingers
	4.2 Influence of Phalanges

	5 Conclusion
	References

	Inverse Uncertain-Dynamics of Robot Manipulators Using Interval Arithmetic
	1 Introduction
	2 Preliminaries on Interval-Arithmetic
	3 Inverse Dynamics Using Interval Arithmetic
	4 Numerical Results
	5 Conclusion
	References

	Realization and Control of a Mecanum Wheeled Robot Based on a Kinematic Model
	1 Introduction
	2 Kinematic Model
	3 Simulation of Robot Control
	4 Experiments Results
	5 Conclusion
	References

	Actuation and Control Layout of the Hybrid Locomotion Ground Mobile Robot WheTLHLoc
	1 Introduction
	2 WheTLHLoc Mechanical Architecture
	3 Internal Layout of the Robot and Control Architecture
	4 Conclusions
	References

	Performance Evaluation of Mobile Robot Pose Estimation in MARG-Driven EKF
	1 Introduction
	2 Pose Estimation Framework
	2.1 Pose Propagation with MARG Sensors
	2.2 Pose Update with Reference Measurements
	2.3 Extended Kalman Filter

	3 Experimental Results
	3.1 Test Environment
	3.2 Performance Results

	4 Conclusion
	References

	Online Planning of Path-Consistent Stop Trajectories for Collaborative Robotics
	1 Introduction
	2 Problem Statement
	3 Proposed Approach
	4 Simulation Results
	5 Conclusion
	References

	Soft Pneumatic Helical Actuator for Collaborative Robotics
	1 Introduction
	2 The Working Principle and Preliminary Considerations
	3 The Helical Actuator
	3.1 Design
	3.2 Prototyping

	4 Experimental Activity
	5 Conclusions
	References

	A Simple but Effective Approach to Generate Energy-Efficient Trajectories of a 2 Degree-of-Freedom Planar Manipulator
	1 Introduction
	2 Mathematical Model
	2.1 Electrical Model

	3 Motion Planning Algorithm
	3.1 Optimization Procedure

	4 Simulation
	5 Conclusions
	References

	Design of a Path Planning Method for a Robotized Optimal Trimming
	1 Introduction
	2 Constraints Formulation
	3 Overview of the Clustering Method
	3.1 Mesh Generation
	3.2 Clustering
	3.3 Path Computation

	4 Numerical Implementation and Validation
	5 Conclusions
	References

	Position Control of Lagrangian Robotic Systems via an Affine PID-Based Controller and Using the LMI Approach
	1 Introduction
	2 Dynamic Model of Robotic Systems and Problem Formulation
	2.1 Nonlinear Dynamic Model
	2.2 Problem Formulation

	3 Approximate Linear Model and Adopted Control Law
	3.1 Approximate Linear Model
	3.2 Transformed Nonlinear Dynamic Model
	3.3 Adopted Affine PID-Based Control Law

	4 LMI-Based Design of the Affine PID-Based Control Law
	4.1 Closed-Loop Dynamic Model
	4.2 LMI Design of the Feedback Gains

	5 Simulation Results
	5.1 The Adopted Planar 2-DoF Manipulator Robot
	5.2 Simulation Results

	6 Conclusion
	References

	Theoretical and Experimental Characterization of a New Robotic gripper’s Joint
	1 Introduction
	2 Methodology
	3 Experimental and Theoretical Characterization of the New Joint
	3.1 Experimental Characterization
	3.2 Theoretical Characterization

	4 Results and Comparison
	5 Conclusions
	References

	Dynamic Obstacle Avoidance for Omnidirectional Mobile Manipulators
	1 Introduction
	2 Obstacle Avoidance Strategy
	3 Test Cases
	4 Conclusions
	References

	Design of a Service Robot for High-Pressure Cleaning
	1 Introduction
	2 Characterization of a Cleaning Task
	3 Conceptual Design
	4 Static Analysis
	5 Experimental Validation
	6 Conclusions
	References

	Path Planning of Robot Fleet in Upside-Down Configuration
	1 Introduction
	2 Theoretical Model
	2.1 State s1: The Robots Uniformly Cover the Working Area
	2.2 State s2: The Robot Engages the Item
	2.3 State s3: The Robot Moves to the Unload Area
	2.4 State s4: The Robot Enters the Working Area Moving Along the Inlet Corridor

	3 Simulation
	4 Simulated Results
	5 Conclusions
	References

	Mechatronics
	Simple Kinematic Calibration Approach for Eye-In-Hand Depth-Camera
	1 Introduction
	2 Calibration Problem Definition
	3 Kinematic Calibration Algorithms
	4 Experimental Test
	5 Conclusions
	References

	Mechatronic Design of an Underwater Multisensor System for Optical Data Acquisition
	1 Introduction
	2 System Architecture
	2.1 Mechanical Assembly
	2.2 Wiring and Power Supply

	3 Mechanical Design and FEM Analysis
	4 Conclusions
	References

	Experimental Evaluation and Comparison of LiDAR SLAM Algorithms for Mobile Robotics
	1 Introduction
	2 LiDAR SLAM Algorithms
	3 Materials and Methods
	4 Experimental Results
	5 Conclusion
	References

	On the Numerical Modelling of Conductive CNT-Polymers: The Electro-mechanical Response
	1 Introduction
	2 Representative Volume Element (RVE)
	3 Electro-mechanical Homogenisation
	4 Results and Discussion
	5 Conclusions
	References

	Mechatronic Design and Experimentation of a Mecanum Four Wheeled Mobile Robot
	1 Introduction
	2 Mechatronic Design
	3 Experimental Test
	4 Conclusions
	References

	A Software Application for Fast Liquid-Sloshing Simulation
	1 Introduction
	2 Sloshing Model
	2.1 Cylindrical Container

	3 Software Application
	4 Conclusions
	References

	Sustainable Development Goals
	Regenerative Braking Effects on Non-combustion Pollutant Release
	1 Introduction
	2 Model Configuration
	2.1 Braking and EM Model
	2.2 Abrasion Model
	2.3 On-Track Test Description

	3 Regenerative Braking: Analysis of the Performance
	3.1 Model Validation
	3.2 RB Impact on Particulate Production in Different Driving Condition

	4 Conclusions
	References

	CHECK TEMPERATURE: Controlling the Heating of Electronic Circuits: A Key-Approach Through Solid-State Elastocaloric-Effect Based Refrigerants
	1 Introduction
	2 State of the Art of the Elastocaloric Technology
	3 The CHECK TEMPERATURE Prototype
	4 Conclusions
	References

	Optimization of a Piezoelectric Wind-Excited Cantilever for Energy Harvesting from Facades
	1 Introduction
	2 Mathematical Model
	2.1 Vortex-Induced Vibrations
	2.2 Piezoelectric Cantilever Harvester with Cylindrical Bluff Body

	3 Experimental Validation
	4 Optimization Algorithm
	5 Conclusions
	References

	Energy Performance and Fluid Leakage in Rotary Volumetric Machines at Off-Design Operating Conditions
	1 Introduction
	2 Screw Expander Modeling
	3 Numerical Results
	4 Conclusions
	References

	A Neural Network Based Approach for the Intake Air Mass Flow Prediction in SI Engines
	1 Introduction
	2 Feedforward Neural Networks
	3 Intake Manifold Dynamical Model and Training of FNNs
	4 Results
	5 Conclusions
	References

	Non-linear Frequency Domain Modelling of a Wave Energy Harvester
	1 Introduction
	2 ISWEC Numerical Models
	2.1 Time-Domain Modelling
	2.2 Spectral-Domain Modelling

	3 Numerical Results
	4 Conclusions
	References

	Stepping-up Wave Energy Extraction in All Degrees of Freedom by Combining Pendulum and Gyroscopic Effects
	1 Introduction
	2 Mechanical System and Mathematical Modelling
	3 Results and Conclusions
	References

	Experimental Identification of Synthetic Ropes Stiffness for Scaled Mooring Systems
	1 Introduction and Purpose
	1.1 Semi-Taut Mooring for WEC: A Case of Study

	2 Methodology
	2.1 Scaling of the Mooring Properties
	2.2 Test Procedure Proposed by Standards

	3 Experimental Tests
	3.1 Stiffness Identification

	4 Results and Conclusions
	References

	Multi-physical Model of a Rainfall Energy Harvester - Sensitivity Analysis
	1 Introduction
	2 Rainfall Harvester Multi-physical Model
	3 Experimental Validation and Sensitivity Analysis
	4 Conclusions
	References

	E-scooter Modelling: Battery and Fuel Cell System Integration
	1 Introduction
	2 E-scooter Model
	2.1 Longitudinal Dynamic Model
	2.2 Battery Model
	2.3 Fuel Cell Model and Integration
	2.4 Brushless DC Motor and Control Model

	3 Results
	4 Conclusions and Future Developments
	References

	Correction to: Tire Noise Analysis: A Correlation Among Track and Laboratory Measurements
	Correction to: Chapter “Tire Noise Analysis: A Correlation Among Track and Laboratory Measurements” in: V. Niola et al. (Eds.): Advances in Italian Mechanism Science, MMS 122, https://doi.org/10.1007/978-3-031-10776-4_51 

	Author Index

