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Abstract

The motorcycle dynamics research group “MDRG” of the University of Padova is dedicated for
researches in the field of motorcycles stability and handling. Such research require having a tire model
for dynamic simulation since tires play a principal role in motorcycles dynamics. For this reason the
“Mototiremeter” was built, it is a tire testing machine that reproduces the behavior of a tire on the
road in order to study its characteristics and deduce the Pacejka coefficients that are later on
implemented in a tire model. It allows simulations closer to reality in order to achieve a better stability
and higher performance which helps increasing road safety.

The first part of my dissertation was dedicated to the “Mototiremeter” machine which was
operational but suffered from a poor control and data acquisition system. This resulted in loss of time
and accuracy. Both, hardware and software were updated in order to facilitate testing and increase
efficiency.

The main work of the thesis revolves around the new tire machine. The project was still in the design
phase therefore the proposed design solutions and construction methods are explained. This new
design offers a lot of improvements over the previous one. The main advantage is the new
implemented load cell that allows the measurement of all six components (Forces and moments) at
the wheel with higher accuracy.

After tire testing, the data are collected and processed by mean of a Matlab code. The program allows
to plot the raw data (after down sampling and cancelling the curvature effect of the rotating disk) and
perform the Pacejka fitting. The development of such code was also a part of the thesis.



Sommario

Il gruppo di ricerca sulla dinamica del motociclo “MDRG” dell’'universita di Padova é dedicato per le
ricerche nel campo della stabilita dei motocicli. Tale ricerche richiedono avere un modello del
pneumatico per le simulazioni, poiché ha un ruolo principale nella dinamica dei motocicli. Per questo
motivo la macchina "Mototiremeter” & stata costruita, & una macchina di prova che riproduce il
comportamento dei pneumatici sulla strada per studiare le caratteristiche e dedurre i coefficienti di
Pacejka che sono implementati nel modello per simulazione. Concede simulazioni piu vicine alla realta

per ottenere una migliore stabilita e aumentare la sicurezza stradale.

La prima parte della mia dissertazione ¢ stata dedicata alla macchina “Mototiremeter”. Era operativa
ma aveva tanto problemi nel sistemo di controllo e dell’acquisizione dei dati. C'era una perdita di
tempo nelle prove e anche una mancanza di precisione. Il hardware e software erano aggiornati per
facilitare la procedura delle prove e aumentare I'efficienza.

Il lavoro principale della tesi era sulla nuova macchina dei pneumatici. Il progetto era ancora nella fase
di progettazione quindi le soluzioni proposte e metodi della costruzione sono spiegati. Il nuovo design
offre miglioramenti su quello precedente. Il vantaggio principale & la nuova cella di carico che misura
i sei componenti (Forze e coppie) con alta precisione.

Dopo le prove, i dati sono salvati ed elaborati con un codice di Matlab. Il programma traccia i dati
necessari (dopo cancellare I'effetto di curvature del disco) e calcola i coefficienti di Pacejka. Lo sviluppo
di tale codice fa parte della tesi.



Introduction

Improving vehicle dynamics models requires having a more realistic tire model which can only be
provided by tire testing (Chapter 1). Such tests are characterized with a very high cost which can limit
researches in such areas (handling, stability...) due to limited financial resources. This need opened
the opportunity to develop low cost tire testing machine in order to expand researches without
worrying about the high price of tire testing.

The first section of the thesis deals with the actual tire machine in our laboratory. The control and
data acquisition systems were updated (Chapter 2) as well as the appropriate software. In addition,
the several tire test performed in our laboratory are described (Chapter 3) with a brief analysis of
some test results.

The second section is dedicated to the Matlab code developed for data elaboration (Chapter 3). The
software allows the processing of the data from the test in order to plot the necessary graphs (Side
slip force, camber force, self-aligning torque, twisting torque...) and perform the Pacejka fitting of the
data to deduce the appropriate coefficient which are used for building tire models for simulations.

The third section is about the new tire testing machine which represents the main work of the thesis.
The design solutions and construction of the machine are summarized (Chapter 4) as well as the
implementation of the control and data acquisition system of the two tire machines (Chapter 4). Such
prototype offers many advantages over the previous machine. It allows measuring all the 6
components (forces and moments) at the tire by mean of one load cell. This load cell offers higher
precision and allows us to measure the longitudinal force (acceleration and braking) which was not
possible before. All the adjustments for the vertical load, toroid and rolling radius are fully automatic
therefore increasing the safety of the user and reducing the testing time. Figure 1 illustrates the
several activities performed during the three years of the doctoral study.
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Figure 1: Grant chart illustrating the carried activities during the three doctoral years.



Chapter 1 - State of the art

Tires are the interface between the driver’s input (steering, accelerating or braking) and the vehicle’s
response (turning, sliding...). A proper design [1] starts from choosing the right tire, then building the
vehicle around it which is usually the case in racing since tires directly affect handling and stability [2],
[3], [4]. The optimal conditions and limitations vary from one tire to another, this is why it is important
to understand the subjected forces and moments at the contact patch. Motorcycle dynamics research,
in the area of handling and stability, use tire data to build mathematical models [5], [6] for dynamics
simulations.

Since the awareness of tire’s importance, vehicle stability improved significantly therefore increasing
road safety. Tires development [7] was not limited to safety, it also reduced fuel consumption [8] by
minimizing rolling resistance [9] which helped increasing fuel efficiency [10] of vehicles and reducing
pollution. In racing applications, understanding the tire is essential to achieve the desired yaw moment
during cornering which makes the difference in lap-time [11]. Too much over-steer makes the vehicle
slides from the rear which puts the driver in risk while too much under-steer increases the trajectory
therefore increasing the lap-time [11].

The earliest tires were bands of leather, then iron, (later steel), placed on wooden wheels, used
on carts and wagons. The first practical pneumatic tire was made in 1888. Keeping the vehicle stable
and firm on the road depends on the amount of grip generated by the tire. The grip is generated by
the rubber’s deformation at the contact patch of the tire. The deformation shape depends on the
vehicle maneuver resulting in lateral deformation during steering or longitudinal deformation during
acceleration and braking. Lateral deformation creates a slip angle [12] which is simply the angle
between the direction where the wheel is pointing and the direction where the wheel is going. The
slip angle allows a certain amount of lateral force referred as the grip.
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The lack of grip is caused when the lateral force from cornering is greater than the lateral force
delivered by the tire which makes it slide. Oversteer occurs when the lack of grip is greater at the rear
of the vehicle while understeer is the opposite. The same reasoning is valid for longitudinal forces
where an excess in acceleration makes the wheel spinning while an excessive braking makes it sliding
longitudinally.

One of the tire tests is the side slip test where the slip angle is varied under certain conditions (road
surface, vertical load, inflation pressure, temperature...). The result is a graph of the lateral force
against the slip angle. The amount of lateral force at a given slip angle varies with the conditions,
mentioned earlier, therefore tire testing helps defining the grip as well as the optimal conditions for
best tire performance.

The coefficient of friction varies with the road surface [12], [13]. A dry asphalt surface has a higher
coefficient of friction than a snow surface which requires different tires. The difference in tire’s
construction comes from the mechanical structure (radial or bias) and (or) the chemical compounds
of the rubber.

The vertical load [14] has a major influence on the tire’s grip. The generated amount of lateral force
(or longitudinal) is related, in a nonlinear way, to the vertical load on the tire. This means that the gain
in lateral (or longitudinal) force from an increase in vertical load will always be smaller than the loss
in lateral (or longitudinal) force from a decrease, of the same amount, in vertical load. Because of the
constant braking and acceleration (especially in racing applications), the vertical load on a tire changes
dynamically due to the longitudinal weight transfer [12]. During braking, the weight shifts from the
rear to the front, unloading the rear tire from a certain amount of vertical load and loading the front
tire with the exact amount. At a constant slip angle during a corner, the previous vertical load variation
result in a bigger grip loss at the rear than the grip gain at the front. This increases over-steer which
tends to unstable the vehicle.

Another important condition is the inflation pressure [15]. A low inflation pressure allows more
deformation of the contact patch therefore increasing grip. An inflation pressure too low increases
dramatically the rolling resistance (increasing fuel consumption) and the steering torque (hard
steering for the driver). High inflation pressure resolves the rolling resistance and steering torque
problem but it reduces the contact patch leading to less grip (less stability) and less damping (less ride
comfort). The optimal inflation pressure varies from tire to tire.

Tire’s temperature [16], [17] is also an interesting condition since every tire operates best at its
optimal temperature where the rubber becomes soft and sticky. In revenge, a low temperature makes
the rubber harder resulting in some loss of grip. This is why, in racing, the tire is preheated at its
optimal temperature in order to deliver the maximum grip. Also temperature and pressure are related
to each other by the gas laws. Therefore an excessive variation in temperature results in a variation of
the inflation pressure which influences the tire’s behavior.

All the above justifies the importance of tire testing [18]. A tire testing machine intends to reproduce,
indoor, the tire’s behavior on the road while varying the several factors mentioned earlier (Vertical
load, inflation pressure, temperature...) and others (like the speed for example). The machine is
equipped with load cells that measure the forces and torques during the test session. The



measurements are then elaborated by mean of a software in order to analyze the characteristics of
the tested tire.

Many engineering firms present various and competitive tire testing machines which all share in
common the high cost. Below are listed some of the most interesting machines in today’s market.

1.1 The FlatTrac III Classic from MTS

The Classic features the capacity and capability for testing passenger car and light truck tires under a
wide range of conditions. You can dynamically change tire attitudes and loads on its continuous flat
surface, while simultaneously measuring tire-generated forces and moments. You can take data under
steady state or slowly changing conditions. The Flat-Trac Il Classic system can also be used for running
simple roadway simulations. Drawing on the Flat-Trac heritage and patents from all earlier designs,
the FlatTrac Il Classic system provides you with a wide range of capabilities not available with tire test
systems of other manufacturers. One reason is the performance of its continuous-loop stainless steel
belt tensioned between two drums. Testing is performed on the flat portion of the belt that is
supported by a hydrodynamic water bearing. The tire spindle assembly is mounted on an A-frame
positioned over the belt. This design allows the tire assembly to be steered (slip angle) about the
center of the tire, and also to be cambered (inclination angle) about the tire patch.

A

Figure 2: The FlatTrac lll Classic from MTS
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1.2 Calspan tire test machine

Calspan’s Force and Moment Testing is performed onsite at the test facility, which is the most premier
indoor tire test facility of its kind in the world. The facility’s unique combination of speed and torque
enables cutting-edge research and robust data quality. An experienced tire test team helps customers
select load, velocity, slip angle, inclination angle, slip ratio, and other test conditions to maximize the
effectiveness of their test programs.

The test bench allows to measure dynamic force and moment characteristics of a tire to predict how
its performance will affect vehicle behavior. It controls the vertical load, slip angle, inclination angle,
slip ratio, inflation pressure and speed to understand how a tire responds to different inputs. Force
and Moment data provides detailed insight into how the tire interacts with the road surface and how
the resulting forces and moments influence tire and vehicle performance attributes such as braking
and cornering.

The continuous flat belt machine is capable of delivering road speeds in excess of 200 MPH (320km/h)
and tire loads up to 12,000 pounds (53kN). It can accommodate large test articles and is well suited to
truck tires, racing tires, small aircraft tires, and more. Finally, the machine can perform high torque
(braking and driving) with high precision thanks to high power electric drives.

Figure 3: Calspan tire test machine
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1.3 Delft-tire test from TASS International

TASS International offers an interesting and profound test facility. The on-road test lab measures tire
performance at any road surface and almost any condition. The test trailer is completely designed to
measure the forces and moments that arise when placing a tire on the road in various situations. By
default, two towers are mounted. On one side there is a car tire measurement setup, on the other
side, there is a motorcycle tire measurement setup, with the possibility to measure tires at camber
angles up to 70 degrees. Measurements with the tire test trailer is usually performed at proving
grounds ATP in Germany or IDIADA in Spain, but can be conducted at any other test track. Such test
benefits from extremely realistic, on-road, testing of tire slip characteristics. In addition, it is flexible
in timing and location.

Figure 4: Delft-tire test trailer

1.4 Our tire testing machines

All of the above machines, and many more, are leaders in the field of tire testing. These machines
share in common the highly accurate and realistic tire measurements as well as the high cost which
makes it nearly impossible to afford one. This is why, the majority of the clients pay huge amount of
money for testing facilities in order to perform tires tests for them.

On one hand, tire testing became indispensable for the development of any vehicle (two and four
wheels) but on the other hand it is very expensive. From this dilemma did rise our urge to design, build
and develop tire testing prototypes that can provide accurate results at a very low price, almost
negligible compared to the machines mentioned above. The Mototiremeter was the first tire machine
developed in our laboratory. The measurements were compared with other machines in the market
and the results were satisfying. Such machine was completely updated (Chapter 2) during my thesis
and was, as well, used to perform a large amount of tests (Chapter 3) for several clients.

Another prototype (Chapter 4) has been designed and built at our laboratory. This prototype is an
improvement over the Mototiremeter, and it offers a lot of advantages and new features in order to
improve tire testing accuracy and safety, as well as decreasing tire testing time.

12



Chapter 2 - Mototiremeter

This particular testing rig (Figure 5) was developed for testing motorcycle and scooter tires. The wheel
is mounted on a hinged arm that creates the side slip angle (+9°) and\or the camber angle (£50°). The
wheel rolls freely on a rotating disc (diameter 3m) covered by a high friction material (safety walk) to
simulate the road. Data are collected by means of three load cells mounted on the arm.

The first load cell is mounted in the lateral direction, locking the hinged arm and therefore measuring
the lateral force component. The two other load cells measure the moment around the diametrical
axis that passes through the contact patch and the moment about the wheel spin axis (Figure 6). The
load cells are then connected to the computer through a data acquisition system composed of some
specific modules (NI-9237 and NI-CDAQ 9188) to convert the signals.

Side slip tests are performed by varying the side slip angle while fixing the camber angle at zero. The
resulting curves are the side slip force and self-aligning torque.

The self-aligning torque results from the non-symmetric distribution of stresses along the contact
patch and it tends to align the wheel to the direction of speed if a perturbation takes place.

Camber tests are performed by varying the camber angle while fixing the side slip angle at zero. The
resulting curves are the camber force and the twisting torque. The twisting torque represents the
tendency of the cambered wheel to move along a trajectory with a curvature radius smaller than the
one demanded by the steady turning manoeuver; it does not tend to align the wheel.

13



Figure 5: Mototiremeter testing machine
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Figure 6: The coordinate system for the definition of tire forces and torques

The tests are carried in steady-state condition, which is achieved by keeping the hinged arm firm for
a specified interval of time (5s by default) for each assigned value of side slip (or camber) angle. During
this interval some measurements are made and the mean value for each slip (or camber) angle is
calculated later by the elaboration software.

The first load cell (responsible of lateral force measurement) measures the actual lateral force with an
additional force generated by the curvature of the track.

This additional force is cancelled by carrying out measurements for positive and negative range of side
slip (or camber) angle. The resulting measurements have the same curvature force (which depends on
the position of the contact point on the disc) and side slip (or camber) forces with the same absolute
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value but opposite signs. The elaboration software calculates the half difference between forces
corresponding to the positive and negative range of side slip (or camber) angle. This is a good estimate
of the real side slip (or camber) force, because the curvature forces cancel each other. The side slip
(or camber) force at zero side slip (or camber) angle is simply set to zero, since the measured value
results only from the curvature force.

To perform the correction, measured data are processed by means of a MATLAB code that generates
the curves for side slip force, camber force, self-aligning and twisting torque with their fittings based
on the Magic Formula [19].

2.1 Hardware problems

The “Mototiremeter” is an old thesis project [20] built in the past. It incorporates two systems; the
motion control and DAQ (data acquisition). Both were subjected to various unsystematic adjustments
which led to a complicated and time consuming test procedure. In addition the control and DAQ
system were engaged independently which increases the chance of mistakes.

The motion control is executed by a PCI-7344 board which is a motion controller, from National
instruments, integrated in the desktop computer (Figure 7). It represents the brain which takes the
motion request from the user, by way of a Labview code [21], and convert it into the proper command
for the step motor. Meanwhile data were acquired by connecting a laptop to the load cells on the
machine through some modules from National Instruments.

Figure 7: Old Control Unit of the Mototiremeter

The motion control hardware was not established properly. The cables and wires (Figure 8) were
disordered and not labeled making it difficult to identify. The step motors switches (Figure 9) were
exposed and hard to reach which was problematic since their main function is safety. The DAQ
hardware suffered from the same inconvenient and contained unnecessary equipment (Figure 10). In
addition to the unprofessional appearance of the machine, it was hard to perform any kind of
modification or maintenance.
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Figure 10: Useless hardware

2.2 Hardware update

Updating the system requires a full understanding of its components and connections. For this reason
the hardware was completely dismounted and then reassembled after removing unnecessary
components (Figure 11). Cables and wires were labeled and organized (Figure 12) In order to simplify

future work like update or maintenance.

¢ LR — PR A ',
Figure 11: Removal of useless hardware
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Figure 12: Proper wiring

The old desktop computer (Figure 7) was replaced with a recent one (Figure 13) while the rest of the
motion control system remained interchangeable. The same motion controller (PCI-7344) was
integrated in the new computer with the installation of its drivers.

Figure 13: New workstation — Front view

The new DAQ system is formed of a NI-CDAQ chassis, from National Instruments, which is connected
to the desktop computer via Ethernet cable. On the chassis is inserted a NI-9237 module that is an
analogue equipment connected to the three load cells. Therefore both system are connected to the
same workstation (Figure 13 and Figure 14).

Figure 14: New workstation — Rear view
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The problem of the exposed switches (Figure 9) was resolved by building a switchbox (Figure 15). The
switchbox is placed on the top next to the computer allowing easy reach in case of emergencies or
malfunctioning.

Figure 15: New switchbox

2.3 Software problems

Since the motion control and DAQ were two separate systems, they were running on different
software which resulted in two different output files. The motion file contained the performed motion
(slip and camber angles) while the DAQ file had the measured forces and moments.

Previously it was required to merge both output files together in order to associate every motion angle
(slip or roll) with the appropriate measurements. This was possible through an intermediate Matlab
code which was time consuming. The software associates the angles to the measurements by dividing
it into steps based on the variation in value, leading to inaccurate results.

In addition, the motion control software was running on Labview 7.5 which is out of date. The front
panel had unnecessary buttons and switches (Figure 16) and the block diagram (software’s code) was
incomprehensible making it hard to modify or update. The user interface was not friendly and did not
allow the possibility of combined slip-roll tests (9] 3.1.7).
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Figure 16: Front panel of the old software
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2.4 Software update

2.4.1 First stage

It focused on simplifying the test procedure and reducing the time. The motion control and DAQ
software were joined together into one unique program. It was built using Labview 2012 (the latest
available version) to benefit from the new features and simplify the code. The motion control code

was rebuilt form zero, using the new features of Labview (Figure 17) while the DAQ code [22] remained
almost the same with some minor adjustments (Figure 18).
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Figure 18: New DAQ block diagram

The front panel was redesigned (Figure 19) to be user friendly since it represents the interface

between the user and the machine. An update history was created to allow the user to track and
understand every modification in the code.
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This software version asks the user to insert some inputs related to the tire characteristics (such as

toroid radius and rolling radius) and others related to the test (such as the vertical load, height of the

M,, load cell, the slip and or roll angle).

The output file (.txt file) contains the inserted input, the motion angles (slip or camber) and the

measured data (F,,M,,M,) from the test
elaboration.

session. The file is directly imported in Matlab for data
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2.4.2 Final stage

The front panel was organized and divide

d into four sections (Figure 20) to prevent the user from

forgetting any necessary step in the procedure. A message box appears directly after launching the

application, to remind the user of all the precautions and steps to do before starting a test run. Safety

switches were added to avoid running the wrong test.

The graphs on the front panel allows the visualization of the measurements in real time during the

test session. A red led is enabled every time a test runs which helps the user to identify the end of the

test.
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2.5 Instructions

The instruction manual is found on the server in the “Mototiremeter” folder and also on the desktop
of the workstation’s computer. It explains the major precautions and steps for new users to prevent
damaging the machine or performing wrong tests.

2.5.1 Hardware

- Switch the power on (the black switch on the metallic box hanged on the wall).
- Power on the NI-DAQ chassis and the power supply by switching on the red switch (Figure 21).

Figure 21: Switch to power the hardware

- Connect the Ethernet cable of the NI-DAQ chassis to the computer (Figure 22).

Figure 22: Ethernet cable for NI-DAQ chassis

- Make sure the sensors cables numbered 0, 1 and 2 are respectively connected to the slots CHO,
CH1 and CH2 of the first NI-9237 module on the NI-DAD chassis (Figure 23).

Figure 23: Cable connections to the NI-9237 for “Mototiremeter”
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2.5.2 Software

- Start the NI-MAX software to make sure that the hardware is functioning properly.

- In NI-MAX go to the tree on the left and deploy the section devices and interfaces, click on
network devices followed by NI-cDAQ-9188. This is the chassis which contains the modules,
normally it is already reserved in NI-MAX ( in case it is not, click on the reserve chassis button)
so just click on the reset button to activate it and make sure that it recognize the two modules
plugged in.

- Back to the tree on the left, deploy the section NI motion devices and then click on PCI-7344.
Click on reset device followed by initialize. This defines the new reference of the motion
controller, so be sure to perform this step after making sure that the wheel is centered at zero
slip and zero camber angle.

- Switch on the step motors from the small switchbox on the table (Figure 15).

- Start Labview and choose the latest version of the software which is found in the
“Mototiremeter” folder on the Local disk (Figure 24).

b@=| » Computer » Local Disk (C) » MOTOTIREMETER » NEW SOFTWAR MOTOTIREMETER 2014

Organize = Include in library = Share with = Burmn Mew folder

¢ Favorites s, Calculate the required angle at each iterration (SubV)

Bl Desktop gg Calculate the required angle at each iterration in both directions (SubV)
& Downloads sl MOTORTIRMETER - 07 Maggio 2014
=l Recent Places ,;Q, MOTORTIRMETER. - 08 Maggio 2014

|, MOTORTIRMETER - 09 Giugno 2014

3 Libraries s}, MOTORTIRMETER - 22 Aprile 2014

5] Documents [s£) MOTORTIRMETER - 22 Luglio 2014
& Music [} MOTORTIRMETER - 23 Aprile 2014
] Pictures [} MOTORTIRMETER - 24 Aprile 2014
B Videos [l MOTORTIRMETER - 25 Marza 2015 Latest version
[ = MOTORTIRMETER - 26 Marzo 2015 |‘ for )
18 Computer T IMPORTANT NOTICEI! or now

&, Local Disk (C)

Figure 24: Path of the software for current machine

- Once the software is open you can directly run it, at the beginning it reminds you to check the
previous steps before testing, as a precaution, then it ask you if you want to enable data
acquisition. Press yes and choose the location to save (the file format will be .txt).

- Enterthe values for the vertical load, toroid radius, rolling radius and the height of the load-cell
that measure the M,, component.

- The software layout is divided into four sections to prevent you from forgetting any step. Start
by switching on the slip (or roll) switch to activate the desired panel.

- Choose between the test with or without increment

- Enter the desired values for maximum angle, increment angle and time interval.

- Go to the second step and reset the load cell until you see approximate zeros on the graphs.

- After resetting, turn on the rotating disk to the desired speed. (It is important to reset before
turning the disk on in order to know the value of the lateral force due to the curvature).

- Go to third step and press the "SAVE DATA" button to record data.

- Press RUN to start the test.

- The led "test running" will enable (red color) until the end of the test run.

- When the red led is disabled go to the fourth step and press "STOP ACQUISITION" followed by
"EXIT PROGRAM".
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Chapter 3 - Tire tests & Data elaboration

During the thesis, many tires were tested for different applications ranging from scooters to racing.
Section 3.1 describes the various tests procedures while section 3.2 illustrates some results for three
tested tires; Michelin, Dunlop and Brembo. The tires size and type are not mentioned, for
confidentiality purposes, as well as the measurements values. The tires are not in the same category
and not for the same application so it is impossible to compare them. The objective of section 3.2 is
just to explain the general idea behind the graph and its purpose.

Sections 3.3, 3.4 and 3.5 explain, in depth, the evolution of the Matlab code developed for the data
elaboration software used to process the tire measurements from the testing session.

Finally section 3.6 describe briefly the written articles that involved tire testing on the Mototiremeter.
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3.1 Test Description

3.1.1 Rolling radius

The rolling radius of a tire is the distance between the center of the wheel and the contact patch.
Typically, the larger the diameter of the tire, the greater the rolling radius. The tire behaves as a linear
spring in vertical direction therefore the effective rolling radius varies significantly with tire load. The
effective rolling radius is used in vehicle dynamics calculations to have the accurate height of the wheel
center due to the tire deformation.

O T e Hajius\O
i

e Distance made by 0ne ———-
rotation

Figure 25: Rolling Radius measurement

Figure 25 explains the procedure for measuring the rolling radius (rr). The measured distance made
by one complete wheel’s rotation is the perimeter (P) of the tire. Therefore the rolling radius is
calculated from the following equation:

P=2XmXrr (3-1)

At our laboratory, we measure the distance made by five complete wheel’s rotation in order to obtain
an average rolling radius.

3.1.2 Toroid Radius

A tire’s cross section is assumed to be a circle therefore measuring its radius represents the toroid
radius (tr). Figure 26 shows the appropriate tool used for such measurement. In case of a used tire, it
is important to mount the tool on the less consumed section since the toroid radius vary with tire
wear. The tool is centered on the tire by positioning the central tip at the middle of the section. After
that, the two vertical sides are adjusted until contact with the tire sidewalls.

Figure 26: Toroid radius measurement
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Once it is mounted and centered on the wheel, the vertical tips are screwed until contact with the tire
surface therefore reproducing the tire cross section. Finally the tool is removed and the distance, from
the horizontal reference until each extremity, is measured.

The measurements are divided into left and right sets because a tire is not perfectly symmetrical and
might be consumed more on one side. The toroid radius is calculated by mean of a small Matlab code.
The measurements are inserted in the program which performs a circle fitting for each set and a global
fitting for both sets (as shown in Figure 27). This method offers a quality control of the measurements
and evaluate if the error is acceptable, the closer the values are, the smaller the error.

100
Left radius (mm) Right radius (mm) Mean radius (mm)

TOROID RADIUS

1029109 1083827

105.1504

Figure 27: Toroid radius calculation software

3.1.3 Radial stiffness

Pneumatic and solid rubber tires must be considered as elastic components [23]. Thus an applied load
(F) in the vertical direction will result in a corresponding global deformation (A) in the same direction.
Therefore the tire can be described as a spring. The tire’s spring constant (Kp) is the radial stiffness.
The radial stiffness test (Figure 28) consist of increasing the applied vertical load and measuring the
corresponding displacement. The radial stiffness is then deduced from the linear relation between the
force and the displacement.

F=Kg XA (3-2)

| | T ] e
Figure 28: Radial stiffness test
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3.1.4 Lateral Stiffness

Similar to radial stiffness (9 3.1.3), an applied load in the lateral direction (Figure 29) of the tire will
result in a lateral deformation (Figure 30). The resulting tire’s spring constant (K;) is the lateral
stiffness.

Both radial and lateral stiffness depend on some tire characteristics like inflation pressure, mechanical
structure and type of rubber. In addition, the lateral stiffness varies with the vertical load therefore
the test is repeated at different vertical loads.

Figure 30: Lateral displacement measurement
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3.1.5 Side Slip

The side slip test (Figure 31) measures the lateral force, self-aligning and rolling resistance torque in
function of the slip angle variation for zero degree camber. The side slip variation is applied in both
directions, positive and negative intervals. The interval is defined by the maximum angle (until 9°), the
increment angle (usually 0.5°) and the delay time (per default 5 seconds). The test is usually repeated
for several vertical load [14], different inflation pressure [15] and sometimes at various speed [24].

Figure 31: Side slip test

3.1.6 Camber

The camber test (Figure 32) measures the lateral force, twisting and rolling resistance torque in
function of the camber angle variation for zero degree side slip. The camber variation is applied in
both directions, positive and negative intervals. The interval is defined by the maximum angle (until
50°), the increment angle (usually 2°) and the delay time (per default 5 seconds). The test is also
repeated for several vertical loads [14], different inflation pressure [15] and sometimes at various
speed [24].

LTS

Figure 32: Camber test
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3.1.7 Combined Test

The machine’s update offers the possibility of performing combined tests (Figure 33) which represent
the real case of a motorcycle tire during cornering. The combined side slip test measures the lateral
force, self-aligning and rolling resistance torque in function of the slip angle variation for a camber
value different than zero. The combined camber test measures the lateral force, twisting and rolling
resistance torque in function of the camber angle variation for a side slip value different than zero.
The test can also be repeated for several vertical loads [14], different inflation pressure [15] and
sometimes at various speed [24].

Figure 33: Combined test

28



3.2 Test results

The following sections present a qualitative interpretation of the tests carried on three front and three
rear tires. For confidentiality purposes, tires size and type are not mentioned as well as the
measurements values therefore the comparison cannot reflect the superiority of a tire over another.
The aim is to show the trends of the curves and their signification. The three tested tires were a
Michelin, a Dunlop and a Brembo. The blue curve is represented as Tire A, the red curve as Tire B and
the green curve as Tire C.

3.2.1 Radial stiffness

Figure 34 illustrates the results of radial stiffness measurements (9 3.1.3) carried on the three front
tires. The dots in the graph, represents the cumulated vertical load applied (in Newton) in function of
the total vertical displacement. The values are fitted with a linear regression model where the slope
represents the radial stiffness. Tire B shows the highest radial stiffness while Tire A shows the lowest.
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Figure 34: Radial stiffness results for front tires

The same concept applies for the rear tires shown in Figure 35, where Tire B and Tire A present almost
equal values for radial stiffness while Tire C has the smallest radial stiffness.
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Figure 35: Radial stiffness results for rear tires
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3.2.2 Lateral stiffness

e T'ire A
= Tire B
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Figure 36: Lateral stiffness results for front tires
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Figure 37: Lateral stiffness results for rear tires

Figure 36 demonstrate the results of lateral stiffness measurements (9 3.1.4) carried on the three
front tires at a vertical load of 1000 N. The dots in the graph, represents the cumulated lateral load
applied (in Newton) in function of the total lateral displacement. The values are fitted with a linear
regression model where the slope will be the lateral stiffness. Tire B and Tire C show almost equal
values of lateral stiffness while Tire A has a much smaller lateral stiffness.

The rear tires results are shown in Figure 37 where the test was also carried at a vertical load of 1000N.

Tire B presents the highest lateral stiffness and Tire A presents the smallest lateral stiffness. The lateral
stiffness of Tire C comes in between.
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3.2.3 Side Slip

The results in Figure 38 are the lateral force in function of side slip variation (9 3.1.5), under a vertical
load of 1000 N, for the three front tires. The dots and curves are respectively, the raw data and the
Pacejka fitting (1 3.3.4). The slope of the linear part is associated to the side slip stiffness of the tire.

Tire A shows the smallest side slip stiffness as well as the smallest side slip force at all tested slip
angles. At the linear part of the curve, Tire B and Tire C present equal values of side slip stiffness,
however after a specific value of slip angle, Tire B delivers higher side slip force then Tire C for the
same side slip.

e T'irE A
= Tire B e
Tire C X

Lateral Force (N)

Slip Angle (°)
Figure 38: Side slip force for front tires at vertical load 1000N

Figure 39 shows the results of the same test performed on the three rear tires under the same
conditions. Tire C shows the highest side slip stiffness and delivers the highest side slip force at all slip
angles. On the other hand, Tire B seems to be slightly inferior to Tire A in terms of side slip stiffness
and side slip force.

For this interval of slip angle, the trend of Tire A starts to become flat which indicates the beginning
of saturation. It implies that a larger increment in slip angle will induce a smaller gain in lateral force.
However Tire B does not show saturation yet, which suggest that it might deliver higher side slip force
than Tire A for bigger slip angles.
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Figure 39: Side slip force for rear tires at vertical load 1000N
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3.2.4 Camber

The results in Figure 40 are the lateral force in function of camber variation ( 3.1.6), under a vertical
load of 1000 N, for the three front tires. The dots and curves are respectively, the raw data and the
Pacejka fitting (1 3.3.4). The slope of the linear part is associated to the camber stiffness of the tire.

Tire C demonstrates the highest camber stiffness as well as the highest camber force at all camber
angles. In contrary, Tire A shows the lowest camber stiffness and also the lowest camber force at all
tested camber angles. Tire B fits in between the two in term of camber stiffness and camber force at
all tested camber angles.
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Figure 40: Camber force for rear tires at vertical load 1000N

3.3 TIRE_FITTING_V1

3.3.1 Purpose

The exported file from the tire measurements holds the necessary data for the elaboration. Such data
are the measured forces and moments with the corresponding slip and camber angles from the test
sessions, as well as the applied vertical load and the tire characteristics like rolling radius (4 3.1.1) and
toroid radius (1 3.1.2).

In order to analyze the test measurements, the program must cancel the turn force (Figure 41)
generated by the curvature effect of the rotating disc. Once the curvature effect is removed (1 3.3.3),
the program generates the necessary graphs of the measurements. It calculates the necessary tire
parameters by fitting the curves with the magic formula [19]. Finally all graphs are saved and the
results are exported in an excel file.

The previous data elaboration was performed by mean of an excel file that was a black box. It initiated
the need of a simpler, more advanced program which was built using Matlab [25].

3.3.2 Inputs

This version of the software asks the user to import the measurements files (Table 1) form the test
sessions. Each desired vertical load requires a side slip test (4 3.1.5) and a camber test (9 3.1.6). The
program guides the user towards the correct order of importing the data.

Fz (vertical load) | Slip angle | Roll angle | Fy [ My [ Mz |tr |rr | h

Table 1: Measurement file from test session
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"tr" and "rr" are respectively the toroid and rolling radius of the tire, both expressed in millimeters,
and "h" is the "M,," load cell height from the surface of the rotating disc.

Before initiating the Pacejka fitting, the program asks the user to choose the limit slip and camber
angle for fitting based on the visualization of the raw measurement curves. This step was added in
order to neglect the data at high angles in case of bad measurements due to excessive vibration
therefore allowing a more accurate curve fitting.

3.3.3 Outputs

Based on the delay time specified by the user for the test session, the DAQ system records many
measurements for each slip (or camber) angle depending on the measurement frequency of the
system. The result is a large number of data which is why the program calculates the average of the
measured force and moments for each slip (or camber) angle. After reducing the number of data, the
turn force generated by the curvature effect of the rotating disc must be cancelled.

Figure 41 illustrates the turn force during a positive and a negative slip angle without camber angle
(y=0°). The turn force aims always to the outside of the rotating disc independently from the sign of
the slip angle. Therefore it adds up to the side slip force in case of negative slip angle and subtract
from it in case of positive slip angle.

FYmeasured (+a) = FYside slip Fturn (3-3)

Ymeasured (—a) _FYSide slip Fturn (3-4)

Subtracting the measured force of negative slip angle from the one of positive slip angle and dividing
the total by two will arbitrarily cancel the turn force. This method assumes that the tire is perfectly
symmetrical therefore the sideslip force generated in case of positive and negative slip angle is equal
in absolute value but opposite in sign.

1::ymeasured (+0) _Fymeasured ()
Fy.. =
slip 2

(3-5)

The same calculation is valid for the measured moments and also in the case of varying the camber
angle without slip angle (a=0°).

Once the turn force is cancelled, the measurements and the appropriate fitting curves can be
presented for further analysis. Figure 42 illustrates the raw data, in dots, with the appropriate fitting
curves for the normalized side slip force at three different vertical loads.
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Figure 41: Curvature effect in case of positive and negative side slip angle (a)
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Figure 42: Corrected curvature data (dots) with Pacejka fitting curves
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Finally the graphs are automatically saved and the results are exported into an excel file. The first excel
sheet holds the measurements results after cancelling the turn force, for side slip and camber tests
and at all vertical loads (Figure 43). The second excel sheet is identical to the first one, but it contains
the data for the fitting curves. The last excel sheet provides all the Pacejka coefficients (Figure 44)
which are used to build tire models later on.

A E C 5] E F G H I J 3 L M| N
1 [ 100N | 1000 N [ 1000N | 1000 N | 1500 N | 1500 N | 1500 N | 1500 N | 000N | 2000 N | 2000 N | 2000 N
2 Slip Fy My Mz Slip Fy My Mz Slip Fy My Mz
3 0,0 0,00 0,00 0,00 0.0 0,00 0,00 0,00 0,0 0,00 0,00 0,00
4 05]  1es0z 0,17 240 0.5 70,1 0,08 3,87 05 o000 0,01 451
5 NI 0,00 .23 10]  avass 0,06 6,64 1] a00 0,04 942
3 15 47BAT 0,02 62 15 3l 0,16 e 15]  GiT.EE 0dz] 457
7 20| semoe 023 779 20 eera7 052 1427 20| 7ezas 07 1sas
5 25| razs? 0,05 922 25| @469 067 15,59 25 60,21 032 2ed
f] 30 esas0 0,101 543 30 102074 0,97 15,14 30[  mz0g 051 2620
10 IR 003 5,04 35 14243 407 15,56 35 120944 0Es|  -2al2
[ 40| 109683 025 5,33 40[  tzgadT 0,81 18,17 40| 137386 o7zl 2604 Roll = 0 deg
1z 45 124nee 052 749 45| 146062 067 17,01 45 1mmse 038 2788
13 50 1aszee 027 638 50 15E530 056 16,30 3 R 109] 2686
14 65 1aeza3 058 367 55 164904 0,39 15,31 65| 195617 13 2330
15 60| 147az8 0,76 323 60 176051 0,34 13,17 60| 1esmsr 113 18,15
1 65| 157675 143 1,49 65 130000 0,33 10,58 65 00 143 838
17 T TR 1] 0,91 70 zom7o 0,45 10,53 7ol zeme 151 1492
18 75| 166923 142 057 75| 209843 0,55 9,26 75| 234046 170] 1528
13 a0 ranas 142 396 T 0,56 6,54 R 244 ar0n
20 25| 180754 1,700 34 55 2zad4in 0,54 2,30 #56] 245350 323 247
2 EX IEET 155 382 30| z3z40 0,23 2,03 a0  Eemdd 370 2402
22
Figure 43: Exported data in Excel
A B C D E F | & H | J | K L M N
[ 1000 N 1000 N 1000 N 1000 N 1000 N | 1000 N 1000 N | 1500 N | 2000 N
| 2| B C D E mr tw [ Mean My (N.m) -0,04 1.05 2581
3 [FysSlip| 3pp413]  2a7461| 15993 006019 My Slip | 0,00571] 2509295
1 [FyRoll| 091129]  108320] 159938 025264 My Roll | 0,00043] -4,601185
5 (MzSlip| 399356 0Fp145|  np0s4a0] 1807577 Mz Roll | 002405 041345
5
7|
'8 | 1500 N 1500 N 1500 N 1500 N 1500 N_| 1500 N
9 B [ D E mr tw
10 [Fy Slip| 419525  227267|  140dB5| 099748 My Slip | -0.0007 |-35 45266
11 [FyRoll| 035663  3.095/5]  140485]  -0,01002 My Roll | 000210 1,39739
12 Mz Slip| 350751 0F2500] 011192 14 54341 Mz Roll | 00275] 023568
13
14
15| 2000 N 2000 N 2000 N 2000 N 2000 N | 2000 N
1B B [ D E mr tw
17 [Fy Slip| 259602 257793 151816 -2.14660 My Slip | 0.00516] 11,85575
18 [FyRoll| 020878]  359669] 1,51818]  -0,99582 My Roll | 000252 262266
19 Mz Slip| 308201 052904 016260 2142623 Mz Roll | 002650] -0 56668
Figure 44: Exported Pacejka coefficients in Excel
3.3.4 Fitting formulas

The side slip and camber force are respectively the lateral force in function of the side slip and camber

nn
z

variation while the self-aligning torque represents the moment around the axis in function of the
side slip. The three are fitted by mean of the general form of the Magic Formula [19], [26], [27]. In the
future it might be interesting to use more advanced magic formulas which take into consideration

with tire pressure and even tire temperature.

Fy, =D X sin (C x atan (B X x — E X (B X (x — atan (B X x))))) (3-6)
B | Stiffness factor
C | Shape factor
D | Peak factor
E | Curvature factor
x | Slip or Camber angle (rad)

Table 2: Magic formula coefficients
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The twisting torque is defined by the moment around the axis in function of the camber angle and

it is fitted using the following equation.

Mz=m, X yX (1+ t,, Xy"2) (3-7)

m, | Stiffness factor

tw | Curvature factor

vy | Camber angle (rad)

Table 3: Twisting torque coefficients

The rolling resistance torque is defined by the moment around the axis “Y” in function of side slip and
camber. It is generated by the longitudinal force from the rolling resistance. The fitting curve uses the
same formula of the twisting torque with the addition of the constant Myo.

My =m, X x X (1+ ty, Xx?) + My, (3-8)

m, | Stiffness factor

t, | Curvature factor

My, | Rolling resistance torque at zero angle

X Slip or Camber angle (rad)

Table 4: Rolling resistance torque coefficients
3.3.5 Fundamental elements

This section describes the principal matrices created in the Matlab code in order to help understanding
how the programs works. The side slip test and camber test measurements, for a vertical load, are
imported and stored respectively in “SLIP_DATA” and “ROLL_DATA” (Table 1).

As mentioned previously, the program calculates the average measurement for each side slip angle
and stroes the values in “ALL_SLIP” (Table 5). The same concept is applied for camber angle and the
values are stored in “ALL_ROLL”. Both are three dimensional matrices in order to store the data for
several vertical load.

Third load /
Second load /
First load

Slip| F, | M, | M,

Table 5: ALL_SLIP

The program cancels the turn force generated from the curvature effect and stores the data in
“ALL_SLIP_C” and “ALL_ROLL_C”. Once the turn force is cancelled, the fitting curves are generated
and the data are stored in “ALL_SLIP_F” and “ALL_ROLL_F”. These four matrices have the same layout
of “ALL_SLIP” (Table 5).
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The Pacejka coefficients from the curves fitting are later on stored in “PACEJKA” and
“PACEJKA_MYMZ” which are three dimensional matrices in order to store the coefficients for all the
vertical loads.

Third lead / Third load
Second load / Second load
First load First load
B|c|D|E m,| t,
F, slip M, slip
F,roll M, roll
M, slip M, roll

Table 6: PACEJKA & PACEJKA_MYMZ
3.3.6 Advantages

This version offers many advantage over the previous software. It imports, at once, all the
measurements files for the different vertical loads and outputs all the results into one excel file and
two figures. The program is user friendly and prevent the new users from making mistakes. Finally the
code was built properly and comes along with an update history to allow future improvements.

3.4 TIRE_FITTING_V3
3.4.1 Purpose

The new tire machine (Chapter 4) is equipped with a load cell capable of measuring the six components
at the wheel therefore the measurements files will contain more data. The aim of the modification is
to adapt the Matlab code for the new format in order to have a unique software for both tire machine.

3.4.2 Inputs

The user shall indicate the machine used for the test session by entering the number one if the tests
were carried on the old machine (Chapter 2) or the number two for the new machine (Chapter 4).
Then he specifies the number of vertical load tested, he can reach up to five vertical loads which is
more than necessary. The rest of the inputs remained identical.

3.4.3 Outputs

The two figures contain additional graphs for the overturning moment (M,,) in function of side slip (a)
and camber (y) and also the longitudinal force (F,) in function of slip ratio (S,.). The layout of the excel
file remained identical to the previous version (§ 3.3). The additional measured components are
simply added.

3.4.4 Fitting formulas

The slip ratio (S;,) is defined as the percentage of longitudinal slip created by the difference between
the rotational speed (£},,) of the wheel and its longitudinal speed (V;).

V, # Q, Xrr (3-9)

37



Vl—Qw*rr)

Sr=—( i (3-10)

The longitudinal force (E,) is defined by the force along the axis “x” in function of the slip ratio and it
is fitted with a curve using the same Magic Formula used for the side slip force (1 3.3.4).

Fy = (D4 sin[CXarctan(BX X S; — Ex(By X S — arctan(By X Sr)))] (3-11)
Dy = (ux X F,)/F, (3-12)
Cx = Pex1 X Agx (3-13)
Ey = Pex1 X Agx (3-15)

The overturning moment (M) is defined by the moment around the axis “X” in function of side slip
and camber angle. In the case of side slip without camber, due to the lateral deflection connected
with the side force (Fy), the point of application of the resultant vertical load moves in the direction

of the side force and as a result generates the overturning moment [19], [28].
Fy

My =—-Fz X () (3-16)
K,

During the test session, the vertical load (Fz) and the lateral stiffness (K1) are assumed to be constant
therefore the overturning moment is related to the side slip force by a linear equation. This means
that it can be fitted with the same magic formula as before (9 3.3.4).

road plane

Figure 45: Overturning moment

With camber change (Figure 45) the induced overturning moment comes from the vertical load and
the lateral force, and since it seems to be related to the lateral force by a linear equation therefore it
also can be fitted with the same previous magic formula [29].

MX=FZx(%)—Fyx(£—§) (3-17)
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3.4.5 Additional elements

When tests are carried on the new tire machine, the data files contain additional measurements
therefore the matrices “SLIP_DATA” and “ROLL_DATA” were modified (Table 7) in order to store the
additional data.

Fz (vertical load) | Slip angle | Roll angle | Fx | Fy | Mx | My [ Mz | tr |rr | h

Table 7: Modified SLIP_DATA and ROLL_DATA

A “SLIP_RATIO” has been created to store the slip ratio values which are used later on to plot the
longitudinal force. Two extra columns were added to the matrices “ALL_SLIP” and “ALL_ROLL” (Table
5) in order to store the longitudinal force and the overturning moment.

Three additional columns were also added to the matrix “PACEJKA” to store the coefficients for the
longitudinal force and overturning moments (9 3.4.4).

3.4.6 Advantages

This version offers a unique program for processing the measurements from both tire machines. It
avoids the user from confusion and it is more user friendly. It can import data consecutively until five
vertical load.

3.4.7 Instructions

- Open TIRE_FITTING_V3 in Matlab
- Click on the browse folder icon (Figure 46) on the left, and choose the proper directory where
the measurement files are located.
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Figure 46: Tire fitting software - Browse folder

- Run the Matlab code

- Enter number one if tests were carried on the old machine and number two for the new machine

- Specify the number of vertical load tested (the maximum is five)

- The program guides you through the sequence for importing the measurement files

- Once all files are imported, the program plots the corrected curvature data (9 3.3.3)

- Enter the desired limits for the slip and camber angle in order to have the best fitting (] 3.3.4).
The program calculates the Pacejka coefficients and plots the fitting curves (] 3.3.3)

- Choose a name for the export file which will automatically be saved the directory (9 3.3.3)
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3.5 TIRE_FITTING_V6

3.5.1 Purpose

The measurements present sometimes disturbance due to excessive vibrations of the rotating disk.
The previous program performed the data fitting automatically without the interference of the user
which often resulted in inaccurate curves or even inadmissible coefficients. The objective from this
version is to offer a live interaction between the user and the fitting curves. The program computes
the data and outcome an initial fitting that can be manually corrected by the user through a friendly
interface. Once the coefficients offer satisfying outcomes the user saves it and proceed to the
following vertical load test.

3.5.2 Inputs

The inputs remains identical to the previous version. The user indicates the machine used for the test
and the number of vertical load tested then the Matlab code imports all the measurements files. The
need of a limit (9 3.3.2) slip and roll angle, previously used to improve the fitting, no longer exists since
this version offers the possibility of a manual correction.

The curve fitting uses exactly the same Magic formula (9 3.3.4) from the previous version and the
matrices (9 3.4.5) of the Matlab code remained unchangeable. No modification was introduced on the
outputs of the program, it maintained the same excel template and figures layout.

3.5.3 Advantages

A user interface was introduced, making the software user friendly. The front panel is organized in a
sequence of four steps, leading the user instinctively through the process. The main advantage is
characterized by the manual correction of the fitting curves resulting in more reasonable and accurate
outcomes.

3.5.4 Instructions

- Open TIRE_FITTING_V6 in Matlab

- Click on the browse folder icon (Figure 46) on the left, and choose the proper directory where
the measurement files are located

- Run the code, the user interface panel automatically appears

- Tick the checkbox (Figure 47) for the corresponding test machine. (MACHINE-1 stands for
"Mototiremeter" and MACHINE-2 is for the new one)

- Type in the number of vertical load tested.

- Click "IMPORT DATA" to import the measurement files

TIRE_FITTING_V6

- STEP 1: Testing machine, number of loads & importing data
V] MACHINE-1
N°of LOADS 3 IMPORT DATA
MACHINE-2

Figure 47: TIRE_FITTING_V6 — Step one
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Click on "FITTING", the program will show the data of the first vertical load, with the initial curve
fitting and the Pacejka coefficients (Figure 48)

In unpleasing fitting, use the sliders on the right side of each graph to adjust the coefficients until
satisfactory results (Figure 48).

Once the correction is finished, Click "Fix Coefficients" in order to save the corrected values
Repeat the three previous instructions until a message box appears, indicating the last
measurement (Figure 48)
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Figure 48: TIRE_FITTING_V6 — Step two

Once the last measurement is corrected and saved, a message box appears, asking to export the
data (Figure 49) therefore click “EXPORT DATA”. The results are automatically saved on an excel
file, in the directory, under the name “EXPORTED_DATA”. A message box will appear to indicate
the end of the process.

— STEP 3. EXPORT DATA into EXCEL.
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Figure 49: TIRE_FITTING_V6 — Step three
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3.6 Issued papers and articles

3.6.1 The effect of the inflation pressure of tires on motorcycle weave stability

The paper [15] focuses on the effect of tires inflation pressure on motorcycles weave stability. Side
slip (1 3.1.5) and camber (9] 3.1.6) tests were carried on front and rear tires at different vertical loads
and inflation pressures. The desired tire (9 3.3.1) parameters are then inserted in an advanced
motorcycle multi-body code used for simulations. The simulations results were later on compared
with experimental data. The research results show an agreement between tests and simulations
where weave stability increases with inflation pressure for the specified range of tire pressure.
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Figure 50: Structural stiffness versus inflation pressure for front (90/90-21) and rear (130/80-17) tires.

Figure 50 illustrates the measurements results of the structural stiffness (4 3.1.3 and 9 3.1.4) in
function of the inflation pressure for front and rear tires. For the tested inflation pressures, both tires
shows a higher stiffness in lateral than radial which opposes the test results in [30]. Such difference is
mainly due to the tire’s carcass construction.
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Figure 51: Side slip and camber stiffness in function of the inflation pressure for front (90/90-21) and rear (130/80-17) tires.

Figure 51 shows the plot of the normalized side slip and camber stiffness in function of the inflation
pressure for the front and rear tires. It is noticed that side-slip stiffness of the rear tire is always higher
than the front for all pressures. Both side-slip stiffness increase with pressure. It is likely that the
behavior is related to the nuances and types of tire construction. Indeed the cornering stiffness
strongly depends on the lateral structural stiffness and the contact patch size and shape. Therefore,
depending on the relative variations in these two factors with pressure, different behaviors may arise.
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It is expected that both curves will reach a peak at higher pressure where the stiffness becomes
constant or slightly decreases because the tire starts sliding as shown in [30].

The rear tire’s camber stiffness increases with the pressure to arrive at its peak at 2.5 bar and then it
slightly decreases. The front tire shows a similar behavior with its peak value at an inflation pressure
of 1.5 bar. The camber stiffness mainly depends on the lateral deformation of the contact patch.
Increasing the inflation pressure will reduce the contact patch. Every tire has an optimal inflation
pressure where it reaches its maximum camber stiffness. Above the optimal pressure, the contact
patch decreases significantly resulting in the decreasing of the camber stiffness. These results are
coherent with [31] and further details about camber force generation are found in [26].

0.05 ——90/90-21 || 0 T 90/%0
" w
g o004 130/80-17 || & -0.05 130/80-17
2 £
= =]
S 003 s 01
£, S °3
T £ 0.02 S S S <—O.15
£E AN w E
¥ o001 ] € 02
3 ’ 2 /
2 000 & 025 I

05 1 15 2 25 3 35 3 05 1 15 2 25 3 35
Pressure (bar) Pressure(bar)

Figure 52: Twisting and self-aligning torque stiffness in function of the inflation pressure for both tires.

Figure 52 represents the plot of the normalized twisting and self-aligning torque stiffness versus tire
pressure for front and rear tire. For both tires, the twisting stiffness decreases with the increase of tire
pressure. These results were expected since the twisting stiffness is related to differences in the
peripheral velocity across the contact patch. The graph shows a higher twisting stiffness for the rear
tire at all pressure. Additional details are available in [30] and [31].

For both tires, the self-aligning stiffness decreases, in magnitude, with the increase of the tire
pressure. This behavior is expected since the self-aligning stiffness is related to the pneumatic trail
which increases with the increase of the contact patch (at low inflation pressure) therefore resulting
in the increase of the self-aligning stiffness.

The above results are for the vertical load of 1500N which agree with the results of the other tests

performed at vertical loads of 1000N and 2000N.
3.6.2 Identification of the mechanical properties of tires for wheelchair simulation

The paper [24] investigates the capability of the tire testing machine at Padova University to collect
data required to develop accurate models for wheelchair tires and analyses the similarities and
differences between the behavior of wheelchair tires and bicycle tires. Furthermore, the behavior of
wheelchair tires under different working conditions is investigated. Finally, the improvement of
wheelchair simulation through this study is discussed. Two tires were tested at different vertical load,
inflation pressure and speed.
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Figure 53: Forces and torques of wheelchair and bicycle tires in reference conditions (vertical load 400 N, inflation pressure
4 bar and disc speed 4 km/h).

The curves of normalized side slip force (Figure 53) show that this component of lateral force increases
in monotonic way with side slip angle without reaching a saturation in the tested range of side slip
angles. Tire A exhibits larger values of force than tire B for every value of side slip. The curve of tire A
is very close to the one of the high performance bicycle tire. The slope of the side slip force curves
near the origin is named normalized cornering stiffness. Normalized cornering stiffness may represent
tire behavior at small values of side slip angle where the relation between the normalized side slip
force and the slip angle is almost linear. This is the case of tires A and B. Cornering stiffness is the
product of normalized cornering stiffness and vertical load.

The curves of normalized self-aligning torque are rather close and both show a tendency to saturation
above 3° for both tires. The maximum values (in modulus) of self-aligning torques of tire A and B are
similar to the maximum value (in modulus) of the self-aligning torque of the bicycle tire, but the bicycle
tire shows a steeper slope near the origin and reaches saturation for a lower value of side slip angle.
The slope of the curves of normalized self-aligning torque near the origin is named normalized self-
aligning stiffness.

The curves of normalized camber force are regular and monotonic for both tires, but tire A exhibits
larger values than tire B and its curve is rather close to the one of the high performance bicycle tire.
The slope of the curves of normalized camber force near the origin is named normalized camber
stiffness. It can represent the behavior of tires A and B, since the curves show a quasi-linear trend.

Finally, the curves of twisting torque against camber angle are almost linear, in this case tire B has a
behavior closer to the one of the bicycle tire.

Then the effect of working conditions was analyzed carrying out specific tests in which only one
parameter was varied at a time.
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Disc speed variations in the range 2+4 km/h have a negligible effect on the measured tire properties.
Figure 54, for example, shows the effect of a decrease in speed on the side slip force generated by tire
A, the difference between the two curves is negligible. It is worth remembering that disc speed
corresponds to wheelchair speed.
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Figure 54: Effect of forward speed on side slip force.

Figure 55 deals with the effect of inflation pressure on tire performance, a strong decrease in tire
pressure (from 4 to 2 bar) is considered.
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Figure 55: Effect of inflation pressure on tire forces and torques.

Tire properties related to side slip angle are strongly affected by inflation pressure. In both tires a
decrease in inflation pressure causes a large decrease in the side slip force generated at the same side
slip angle (Figure 55). This trend agrees with the ones measured in bicycle tires [32] and the ones
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measured in motorcycle and scooter tires, which sometimes also show a saturation at high pressure
[30]. Self-aligning torque increases (in modulus) when inflation pressure decreases, probably because
the contact patch becomes larger. This result is in agreement with the ones obtained measuring
bicycle and motorcycle tires [30] [32]. Figure 55 shows that camber force generated by tire A is not
influenced by inflation pressure, like in bicycle tires [32]; whereas camber force generated by tire B
tends to increase when inflation pressure decreases, like in many motorcycle tires [30]. As for the
twisting torque, the effect of the inflation pressure appears to be negligible which is similar to the
bicycle tires [32].
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Figure 56: Effect of vertical load on tire forces and torques.

The last parameter here considered is vertical load, its effect is shown in Figure 56. In wheelchair tires,
like in bicycle [32] and motorcycle tires [30], when vertical load increases lateral forces do not increase
proportionally, because normalized lateral forces decrease when vertical load increases. This effect is
particularly important for side slip force (Figure 56). The effect of the vertical load on tire torques is
less prominent: in tire A self-aligning and twisting torques are almost unaffected by tire load, whereas
in tire B both torque components decrease slightly (in modulus) when load increases.
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Chapter 4 - New Tire testing machine

This design offers many improvement over the “Mototiremeter” machine. Several modifications were
made during the past years [33] before reaching the actual configuration. The roll arm rotates freely
around the universal joints allowing the camber motion (+50°). The two universal joints are attached
to the roll shafts defining together the roll axis which shall pass through the toroid center of the tire.
The machine is intended to test various tire sizes with different toroid radius starting from a bicycle
tire (18mm) to a Harley Davidson tire (128mm). The height adjustment is made possible through the
vertical movement of the structure which is actuated by two pneumatic pistons, one on each column.
In addition the vertical movement is used to apply the desired vertical load which is a major
improvement over the “Mototiremeter” where the vertical load was applied by adding weights.

At the center of the roll arm is inserted a splined shaft that holds the slip arm. The splined shaft is the
only mechanism available to perform a rotation which is the slip motion (x10°), and a translation. The
vertical translation is required to adjust the wheel center’s height depending on the tire rolling radius
starting from a minimum value of 128mm arriving to 330 mm.

The slip arm holds the wheel’s assembly where the tire is mounted. The wheel’s assembly is equipped
with a load cell capable of measuring the three forces (Fy, F, and F;,) and three moments (My, M,,
and M,) at the tire. It can also incorporate a brake disk and caliper to perform tire tests under braking
conditions in order to measure the longitudinal force in function of the slip ratio. The load cell and the
brake disk represents the major advantages over the previous machine.

Figure 57 illustrates, side by side, the CAD design and real picture of the new tire machine. The
machine has been divided into four main assembly depending on the function of each. The design
solutions and construction for each assembly are explained in the following paragraphs.
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1 | Column assembly

2 | Roll assembly

3 | Slip assembly

Wheel assembly

Figure 57 : New tire testing machine (CAD design and real picture).
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4.1 Column assembly

The column assembly (Appendix A) represents the structure’s support on the ground. It connects the
roll shafts to the roll arm by mean of universal joints which allows the free rotation of the arm around
the roll axis. One column assembly accommodates a step motor with its corresponding speed reducer
responsible of establishing the roll motion, while the other column assembly holds the other roll shaft
inside two bearings in order to follow the motion. As mentioned earlier, the roll axis height is adjusted
through a pneumatic system which actuates the two pneumatic pistons, one on each side. The
pneumatic system helps also to apply the desired vertical load on the tire. The assembly is formed of
three tubes fixed by five horizontal plates where each plate holds diverse components defining a level
(Figure 58).

Level 5

Level 2

Level 1

Figure 58: Column assembly

4.1.1 Horizontal plate

There are ten horizontal plates on the machine, each accommodates various parts at different position
implying the need of particular fixations at every level (Figure 58). These requirements resulted in a
distinctive design for each level which increases the piece machining costs and the chance of
confusion. The plates presented a cut at each extremity (green plate in Figure 59) used to clamp the
plate on the tube in order to maintain each level at the appropriate height. This method appeared
unsafe due to the components weight and the machine vibrations that could overcome the friction
force and move the plates.
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Figure 59: Horizontal Plate designs

For the cited reasons, the design was improved and made unique (blue plate in Figure 59). The plate
is made of steel with a thickness of twenty millimeters. It involves all the possible holes configurations
for the fixation of the various components. The holes were executed by using plasma cutting
technology precision. The technicians at our department’s laboratory (Figure 60) performed the final
adjustments on the necessary holes for each level.

Figure 60: Holes adjustments

The First level serves as the base for the column’s assembly. The two base were carefully positioned
on the ground according to the measures in the CAD design. The fixation is made using nine threaded
bars, of M14, implanted 150 millimeters deep in the ground. The depth was filled by a special fixing
resin for such applications. The resin is left twenty-four hours to dry completely, then the plate is
inserted and fixed with nuts (Figure 61).

The horizontal level of the base was corrected with three adjustable screw due to ground’s
imperfection. The two long threaded bars in the middle serve to keep the second level firm, with nuts,
in case of vibrations.

Figure 61: Base plate fixed on the ground
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Once the base was fixed on the ground, the three tubes were positioned vertically and then welded
(Figure 62). Heat is the major concern, during welding, since it can cause an excessive distortion of the
tubes which is an issue for the vertical sliding on the columns. The problem was minimized by
performing small welding intervals distributed on the three tubes instead of welding each tube
continuously. It reduced the rise in temperature therefore minimizing the distortion. A steady sliding
check was performed during the welding.

Figure 62: Welding

The height of the second level is maintained in position by three hollows tubes inserted between the
first and second plate. The distance shall be equal on the three tubes to insure a vertical position of
the pneumatic piston. The welding was made on the top of the base therefore the surface was not
horizontal. This issue was resolved by machining a welding cover (Figure 63). It is made of aluminum
and has an internal diameter of 81 millimeters in order to be inserted in the tubes. The base diameter
(105 millimeters) is larger than the welding surface in order to completely cover it. The second plate
settles on the three hollows tubes and is fixed by two nuts to restrain the vertical movement in case
of vibrations.

Figure 63: Welding cover

The pneumatic piston holds the third level (Figure 58) with a support fixed by four M8 screws.
Actuating the piston causes the vertical translation of the third and fourth levels. These two plates
accommodate bushings (1 4.1.3) to insure a smooth sliding on the tubes. In between are mounted the
speed reducer and the vertical plates (9] 4.1.2) which hold the roll shafts.

The fifth plate at the extremity keeps the tubes vertical and firm therefore preventing any bending.
The height does not need precision, it just requires to be horizontal. The plate is fixed by screws
passing through, until contact with the tubes surface. The friction force is enough to maintain it in
position since the plates do not hold any component.

However, the other column was preassembled and then welded on a bench (Figure 64). The
components mounted reduced the tubes bending during welding which resulted in a better sliding. In
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addition, the welding was faster and it was made on the bottom of the base (Figure 65) therefore
avoiding the use of welding covers (Figure 63).

Figure 65: Welding on the bottom of the base
4.1.2 Vertical Plate

The three vertical plates are located between the third and fourth level (Figure 58) of the column’s
assembly, one on the speed reducer side and the other two on the opposite column. Each vertical
plate hosts a bearing holding the roll shaft. The two roll shafts must be aligned in order to form the
roll axis of the machine. The initial design was not identical (green design in Figure 66) causing as well
the same inconvenient in term of machining time and cost. The design was simplified and made unique
for all the plates (Blue design in Figure 66) using the same concept of the horizontal plates. The pieces
are made of aluminum and were machined outside our department.

Figure 66: Vertical Plate designs
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4.1.3 Bushing

The bushings allow the vertical sliding of the third and fourth level on the tubes. It is made of aluminum
with an inner diameter (of 80 millimeters) equal to the tube diameter, and an outer diameter of 90
millimeters. It presents three equidistant holes (Figure 67) in order to be fixed on the horizontal plate
with M8 screws. On each plate are mounted three bushings which makes a total of twelve.

Figure 67: Bushing

The pieces were machined with high precision which created some difficulties in the vertical sliding
due to the presence of some distortion in the tubes after welding. The vertical movement intends to
adjust the roll axis height and the vertical load therefore it requires a smooth sliding without stick slip.
For this reason the inner diameter was augmented of one millimeter to increase the play between the
tube and the bushing.

In addition, two sockets were machined in order to fit the guide rings (shown in Figure 68). These rings
are manufactured from reinforced acetal resin, a material that is characterized by low coefficient of
friction (between 0.05 and 0.1 on steel when lubricated), high mechanical strength and resistance to
heavy radial loads. The lubricant used is Silicone grease which protects the guide rings from wear and
insure a smooth sliding. Finally the tubes were covered, using flexible air ducts, for protection from
dust.

Figure 68: Bushing modification

4.1.4 Speed reducer

The speed reducer associates the step motor with the roll shaft of the machine. Its function is to
reduce the motor’s speed therefore increasing the torque until the desired amount. It is located
between the third and fourth horizontal plate of the left column assembly. The speed reducer was
purchased from the manufacturer “Bonfiglioli” (Figure 69).

The speed reducer must rotate a total weight of 180 Kg considering the roll arm, slip arm and wheel
assembly. The worst case is at a maximum roll of 50 degrees. Using CATIA V5, the arm length between
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the gravity center and the roll shaft was estimated at 0.56 m. Therefore the maximum required torque
to move the arm is calculated by the following equation.

Tron = 9.81 X Weight x Arm = 9.81 X 180 X 0.56 = 990 N.m (4-1)

Figure 69: Speed reducer from Bonfiglioli for roll motion

Table 8 shows the characteristics of the chosen speed reducer.

Model W 110 1/56 + VF 49 7
Gear ratio 392

Efficiency 40 %

Output torque 780 N.m
Recommended Input speed | 1400 rpm
Recommended input torque | 5 N.m

Table 8: Speed reducer characteristics for roll motion

The equation below shows the relation between the input and output torque of the speed reducer.
T,
Output/ . = Gear ratio X efficiency (4-2)
input

The above calculations leads to a step motor with an approximate torque of 6.3 Nm (including the
safety factor). The recommended input torque is 5 Nm for the safety of the speed reducer. Since the
machine will be running for very short period of time and the calculated torque is for the worst case
scenario therefore there is no risk on the speed reducer. In addition the speed reducer was already
purchased and had an input diameter (where the step motor shaft enters) of 14 millimeters. Therefore
the purchased step motor was the “SM 2863-5155" from “R.T.A” which can deliver approximately 5.5
Nm at 1400 rpm. At 600 rpm the step motor can deliver 6.5 Nm. Appendix B provides the detailed
specifications of such motor.

The maximum speed input recommended is 1400 rpm, this is not a problem since the rotation speed
of the step motor can be controlled through its proper driver. In addition, the high torque of a step
motor happens at low rpm speed. The default factory set of the drivers makes the step motors rotates
at 800 step/tour which corresponds to 2.22 step/°. Therefore the correction factor to introduce in the
Labview software is equal to the product of the gear ratio with the number of step per degree:

Correction factor = Gear ratio X number of step/degree = 392 X 2.22 = 871.11 (4-3)

54



4.1.5 Piston’s Mounting Plate

It associates the pneumatic piston with the bottom of the third level plate (Figure 58). The piston has
a threaded head which is directly screwed on the center of the mounting plate. The other side is fixed
to the third horizontal plate by four M8 screws (Figure 70). The design was really simple therefore the
two pieces were machined in our laboratory.

Figure 70: Piston's mounting plate

4.1.6 Pneumatic system

The tire’s carcass has circular shape therefore the toroid center (§ 3.1.2) is assumed to be the
theoretical roll center of a given tire. When the toroid center is not aligned with the machine’s roll
axis, it will migrate during roll motion. Figure 71 show the toroid center’s migration for a roll axis
bellow (green) and above (red) it. Such migration affects the measurements since the contact patch,
as well, follow the toroid center’s migration therefore increasing, or decreasing, the contact with the
ground.
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Figure 71: Toroid center migration in function of the roll axis height

Therefore the primary function of the pneumatic system is adjusting the roll axis height depending on
the tire’s toroid radius starting from 18 millimeters, for a bicycle or wheel chair tire [24], until 128
millimeters for Harley Davidson tires.

Each pneumatic piston must lift half the weight of the structure between the two roll shaft (roll arm +
slip arm + wheel assembly) which is approximately 100 Kg in addition to the components above the
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piston (2 horizontal plates + 6 bushings + vertical plate + speed reducer + roll shaft) that is around 70
Kg. Therefore each pneumatic piston must be able to lift 170 Kg. Based on the piston’s catalogue in
Appendix C, the choice was a piston with a diameter of 63 mm that is capable of lifting 181 Kg.

The pneumatic displacement (Appeumatic) IS calculated, in millimeters, by the following formula.
Apneumatic = tr — 20 (4-4)

The formula comes from the fact that the minimum roll axis height, for the full piston’s compression,
is equal to twenty millimeters.

The other desired function from the pneumatic system is to regulate the vertical load on the tire. The
air pressure counteract the weight of the structure until reaching the desired load. Figure 72 illustrates
the detailed pneumatic circuit designed with the cooperation of the supplier “PANAR Automation”
(Appendix D) using the appropriate pneumatic symbols (Table 9).

The maximum vertical load tested, in our laboratory is 200 kilograms which is less than the weight of
the structure applied at the tire. In case of higher vertical loads, the pneumatic system can be modified
by incorporating the additional circuit (dashed circuit in Figure 72) therefore the air pressure assists
the weight of the structure in order to reach higher vertical load.

O Reservoir
Filter

4 2
141 12 :
7S 15 ‘ T\sl N Solenoid valve 5/2
5111
1= 2
Pressure regulator with vent hole adjustment
13
@ Manometer
1 3 .
an® - Quick exaust valve
7] ESm— i

Speed controller

—D Silencer

| 1
—f—_*O-—f— Pilot operated check valve
1

:;:' Pneumatic piston
( Push button

Table 9: Pneumatic symbols
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The pneumatic system was assembled in the laboratory (Figure 73) as well as the appropriate
electrical box (Figure 74) for the system’s operation.

i
Lo

Pressure
regulator

Manometer

Quick exhaust
valve

Speed controller

Muffler

Operated check
valve

Pneumatic
piston

| nips-15
L_power supply |
| 24vac |

B
a

I;Egc-‘.t-r-bvarl've 1

| Pressure release

= L]

n:‘ - 4
Metallic box: Contains
the electro valve &

1 pneumatic actuator for
the pilot check valve.
Electric box: Contains NI

2 PS-15 which is a 24 Volt

power supply from
National instruments.

Figure 74: Electric box to operate the pneumatic system

The electric box is composed of three switches. The red switch turns on the power supply, the
“Pressure release” switch opens the pilot check valves, and the “Electrovalve” switch opens the port
2 of the electrovalve in order to activate the pneumatic pistons. Therefore pressing on the “Pressure
release” button will open the pilot valve and the structure will go down due to its proper weight.
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In order to increase the height, the user must press simultaneously the “Pressure release” and
“Electrovalve” buttons. Figure 75 illustrate a detailed scheme of the electric circuit inside the electric
box while Table 10: Electrical symbols define the electrical symbol used.

4 |2
14 l 12
AL T <[\
5] {113
A B
&
C Pressure release
Electrovalve switch

switch

. — S

Red On/Off
switch
—/- +
24VDC
-:  Power
220VAC AC Output

Figure 75: Electric circuit
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bc
s Power

Ouiput Rectifier inside the Ni ps-15 power supply

AC
Power
Input

@ Alternative power supply

e — Electric switch

Solenoid operated valve
e (to control the shut off valves)

b
g ‘x SPDT Relay
C

4 2
1TI:'D m ;rl <|;:l1\2 5/2 way Solenoid valve

5] [1]3

Table 10: Electrical symbols
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4.2 Roll arm assembly

It has an angular shape and it is fixed from both extremities to the roll shafts (Appendix A) by using
two universal joints (Figure 76). The structure is responsible of performing the roll motion which can
reach £50°. The arm is made of steel sheets that were cut and welded according to the specific design.

Figure 76: Roll arm assembly

At its center (Figure 77), is inserted a splined shaft to hold the slip arm assembly (9 4.3). The shaft’s
rotation is made possible through two bearings mounted on the top and bottom of the central part of
the roll arm. The bearing is held inside a bearing plate (9 4.2.1) that is fixed by eight M8 screws. A

bearing cover (1 4.2.1) is added on the other side of the bearing to protect it from dust and maintain
the grease inside.

Figure 77: Cross section of the roll arm.
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4.2.1 Bearing plate and cover

The bearing plate is mounted on the arm by eight M8 screws. The bearing is inserted inside where it
sits on the shoulder of the plate (Figure 78). The other side of the bearing is supported by the shoulder
made on the splined shaft therefore it always remains in position.

The bearing cover is a three millimeters disk (Figure 78) which covers the bearing from the other side.
It acts as a protection from dust and also keep the bearing’s grease inside. The assembly requires a
total of two for each piece which are made in aluminum and were machined outside the department.

Bearing plate

Figure 78: Cross section of bearing assembly
4.2.2 Universal Joint

The joints (Appendix A) connect the roll arm with the two roll shafts located on the columns (Figure
76). The joints are required to have zero play in order to reach an accurate roll angle. The primary joint
designed presented a complex shape with two unsymmetrical parts (Figure 79 - first design) which
increases dramatically the machining time and cost. In addition, the joint’s core was composed of four
pieces that might result in some play and less rigidity.

The first design solution (Figure 79 - second image) intended to simplify the joint while keeping the
same previous concept. An identical bracket (light blue piece) was designed with respect to the desired
clearance. Each joint requires four brackets which are mounted on two rectangular plates (blue
plates). The core is a simple cross made of one piece in order to reach maximum rigidity and zero play.
The core might present a high machining cost but it remains a very good compromise for the joint in
term of rigidity and total cost. The main objective of the second solution (Figure 79 — third image) was
to reduce the cost by replacing the brackets with standard brackets from SKF. The core is formed by
assembling to cylinders together forming a cross.

The third solution (Figure 79 - fourth image) achieves the best result, which consist of using a standard
cardan joint. One fork is fixed on the roll shaft by mean of two steel pins positioned perpendicularly
while the other is welded on steel plate that is fixed on the roll arm extremity by mean of six M8
screws. This solution is more expensive but it provides the best compromise in term of rigidity and
time.

Figure 79: Joint design solutions

61



4.3 Slip arm assembly

The slip arm assembly (Appendix A) is responsible of the slip motion (£10°). It is held by the splined
shaft which is inserted at the center of the roll arm (Figure 80). The shaft is supported by two bearings
(Figure 77) which allow the rotation around its axis therefore creating the slip motion. In addition, the
slip arm must translate vertically in order to adjust the wheel center height depending on the tire
rolling radius.

Figure 80: Slip arm assembly

4.3.1 Shaft

The splined shaft with its corresponding sleeves (Appendix A), was the only suitable solution for our
specific application since the mechanism must rotate and translate. The shaft had a standard diameter
of 44 millimeters therefore the two extremities were reduced until 40 millimeters to fit in the bearings.
The splined sleeve (green pieces in Figure 81) was inserted, by press method, inside a housing (Figure
83) which is mounted on the slip arm to serve as a bushing. Two sleeves were used for bushings while
the third sleeve was welded on a small rectangular plate (gray plate in Figure 81) and fixed on the
shaft, in order to hold the linear actuator.

Figure 81: Shaft assembly
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4.3.2 Speed reducer

For the same reason mentioned above (4 4.1.4) the step motor is associated to the slip shaft by mean
of a speed reducer in order to reduce the motor’s speed therefore increasing the torque until the
desired amount. The speed reducer is located on the top of the splined shaft, joining it to the step
motor. Since the slip test requires an increment of 0.5 degrees, it was crucial to carefully choose a
speed reducer with the minimum backlash (which represents the play) possible in order to achieve
accurate measurements. The only option was the planetary gear unit which is very expensive. The
right compromise between precision and cost was found within the “LC” category from the
manufacturer “Bonfiglioli” (Figure 82).

Al ! ! o b

Figure 82: Planetary gear unit from “Bonfiglioli” for slip motion.

The planetary gear unit must rotate a total weight of 70 Kg considering the complete slip arm assembly
and wheel assembly. The worst case is at a maximum roll of 50 degrees and a maximum slip of 20
degrees. It is important to mention that we never reach a 20 degree slip during the test but in order
to choose the proper speed reducer we have to take into account the worst case which represents the
machine’s limits which can reach 20 degree of slip. Therefore the maximum force is as follows.

Fsiip = 9.81 x Weight x sin(50°) = 9.81 x 70 x sin(50°) ~ 526 N (4-5)

Using CATIA V5, the arm length between the gravity center and the slip shaft was estimated at 0.28
m. Once again the longest arm will be at a 20 degree of slip angle.

Armg;, = 0.28 X sin(20°) = 0.096 m (4-6)
Therefore the maximum required torque to move the arm is calculated by the following equation.
TSlip = FSlip X ArmSIip X Safety factor = 526 X 0.096 X 2 = 100 Nm (4-7)

Table 11 shows the characteristics of the chosen speed reducer.

Model LC1202 50
Gear ratio 50

Gear Stage (maximum 3 stage) | 2

Maximum Output torque 120 N.m

Table 11: Characteristics of the planetary gear unit for slip motion
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As indicated in Figure 82, the output shaft of the planetary gear is coupled with the splined shaft by
mean of a simple rigid coupling after reducing the diameter of the splined shaft until 32 millimeters
(equal to the output shaft’s diameter of the planetary gear. The support in Figure 82 allows the fixation
of the planetary gear unit on the top of the tire machine. The machined pockets on the support offer
the possibility to reach the rigid coupling with the appropriate tool in order to tight it well. Finally the
step motor’s shaft is inserted in the back of the planetary gear unit. Based on the above calculations,
the purchased step motor was the “SM 2861-5155” from “R.T.A” which delivers a torque greater than
2 Nm until 2100 rpm. Appendix B provides the detailed specifications of such motor.

Applying the same reasoning and calculation of paragraph 4.1.4 we can deduce a correction factor of
111.11 for the slip motion in the Labview software.

4.3.3 Sleeve’s housing

The housing (purple piece in Figure 83) is fixed on the slip arm using eight M8 screws. It is made of
aluminum with an inner diameter slightly smaller than the outer diameter of the sleeves therefore the
two pieces are joined by press method.

Figure 83: Cross section of sleeve assembly
4.3.4 Vertical motion

The vertical motion is necessary to adjust the wheel center depending on the tire size (3.1.1). The
minimum height of the wheel center is 198 mm at a total compression of the pneumatic piston and
linear actuator. The linear actuator displacement (Apciyator) Calculated in millimeters, is expressed,
by the following formula, in function of the pneumatic displacement (Appeumatic) @and the tire rolling
radius (rr).

Aactuator = I'T — (198 + Appeumatic) (4-8)

The pneumatic system cannot apply accurately the desired vertical load due to the compressibility of
air, therefore the vertical motion allows the adjustment with precision.

In the original design, the vertical adjustment was performed manually by a handle bar (Figure 84)
mounted on the top of a recirculating screw. The idea was replaced by a linear actuator (light blue
piece in Figure 81) allowing a precise and full automated vertical motion. The Desired actuator for
such application needs to carry an approximate weight of 1000 Newton at a low linear speed in order
to adjust the height with precision.
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Therefore the purchased actuator was the LMR 01 from “Linearmech”. Such actuator can carry a
maximum weight of 1300 Newton, which is more than necessary, at a low linear speed of 8 mm/s. It
has a stroke of 100 mm and it is equipped with to safety switch on both extremities in order to stop
the actuator when it reaches the limit. The chosen electric motors was a 24 VDC. For budget reason,
the actuator will be directly controlled by a physical switch instead of controlling it by mean of the
computer. The main advantage of such actuator relies in its compact size (190 mm when fully
retracted) which is important for our application due to the lack of space. The details of the actuator
can be found in Appendix B.

o e

Figure 84: Handle bar for height adjustment

4.3.5 Slip motion

The original design suggested the use of a linear actuator in order to perform the slip motion. The
linear actuator was mounted on to brackets joining together the roll and slip arm (Figure 85 — Solution
1). The other low cost solution was to build the linear actuator using a step motor and recirculating
screw (Figure 85 — Solution 2).

The vertical travel of the slip arm can reach 100 millimeters which causes a big inclination angle for
the linear actuator. This problem can be resolved using ball-joints to allow such inclination but it
requires a constant calibration of the linear actuator depending on the inclination angle. For all the
above reasons, the design was replaced by implementing a coaxial speed reducer, with the
appropriate step motor, directly on the splined shaft (Figure 85 — Solution 3).

Solution 1 Solution 2 Solution 3

Figure 85: Slip motion solutions
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4.4 Wheel assembly

The wheel assembly (Appendix A) connects the tire to the slip arm (Figure 86). The primary function
is measuring the forces and moments at the wheel through the load cell (1 4.7.1). The wheel hub must
allow the free rotation of the tire with minimum friction in order to measure realistic rolling resistance.
A braking system can be incorporated, as well, to allow braking test conditions. Finally the wheel
assembly must allow the lateral adjustment of the wheel position on the rotating disk.

Figure 86: Wheel assembly
4.4.1 Lateral adjustment

The tire and its corresponding rim are directly mounted on the wheel assembly of the machine. Since
the width of the rim varies between tires, it will influence the lateral position of the toroid center. A
lateral displacement between the roll axis and the toroid center will induce a migration of the toroid
center (similar to the previous description in 9 4.1.6) creating a tire displacement (Figure 87).
Therefore it is important to keep the toroid center on the roll axis. The required lateral displacement
(AL aterar) is calculated, in millimeters, in function of the rim’s width (7).

1
Apateral = 91.2 — Py X Ty (4-9)

Figure 87: Toroid center migration in function of roll axis lateral position
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Figure 88 illustrates the mechanism used for lateral adjustment. It is composed of two cylinders joined
by a spacer. The front cylinder holds the load cell by mean of six M10 screws and its length (70
millimeters) defines the maximum lateral displacement. A threaded bar is fixed on the rear cylinder
by two snap rings (also called seeger) in order to translate the assembly. The other end of the threaded
bar is equipped with a knob for rotation. The rear cover is fixed on the slip arm and holds, at its center,
a threaded rod coupler in order to convert the rotation into translation. The design of the mechanism
was based on the available materials in our department in order to save some cost.
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Figure 88: Lateral adjustment mechanism (Cross section of wheel assembly).
4.4.2 Wheel hub

The wheel hub is mounted on the load cell and must allow the free rotation of the tire with minimum
rolling resistance. Therefore two tapered roller bearings are mounted inside the hub (Figure 89). The
main advantage of such bearings is the ability to support a variety of directional load such axial force
(Fy) and radial forces (F, and F;). The rim is fixed on a disk (Figure 89 — purple disk) which is then
attached to the hub.

Figure 89: Wheel hub

The wheel hub design was fixed and the components were already machined therefore the remained
work was the assembling. The contact surface between the hub and the fixing plate on the load cell
(Figure 89 — light blue plate) created a high friction which affects the rolling resistance measurements.
The problem was resolved by machining an appropriate washer (2.1 millimeters thick) that was
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inserted between the fixing plate and the bearing. The washer is in contact with the inner race of the
bearing therefore allowing the hub to rotate freely without touching the fixing plate.

The hub can incorporate a brake disk therefore the clearances were checked by preforming some roll
simulations. At 55°, the load cell touches the rotating disk and the braking disk clearance is very small.
This condition gets worse for smaller tires. The decision made was to use the actual hub without the
brake disk for first tests in order to evaluate all possible problems and improve the design in the future.

4.5 Software development

4.5.1 Motion control

Both tire machines are intended for the same application and type of tests therefore the control
section of the software remained intact. It uses the first two axes of the motion controller for
operating the “Mototiremeter” and the last two axes for the new machine.

The front panel layout was preserved to remain familiar for the user. The safety switch for activating
the slip or roll panel are still present as well as the test mode switch (with or without increment). The
motion inputs are same as before where the user enters the maximum angle, the increment angle and
the time delay.

When the user enters the desired slip (or roll) angle in degrees, it needs to be multiplied by the proper
correction factor in order to send the right command to the motion controller. The correction factors
calculations, for slip and roll, are based on the number of steps per one rotation and the gear ratio of
the speed reducer. Such calculations can be found in paragraph 4.1.4 and 4.3.2.

In the future, it is possible to add a push button on the control panel in order to actuate the linear
actuator or even make the actuation automatic by inserting in the code the equation for calculating
the required vertical displacement. Therefore the user enters the rolling radius value of the tested tire
and the code calculates the corresponding vertical displacement.

Such solution requires an analog output module from national instruments, similar to the NI-9265 but
with higher amperage, which is mounted on the NI-cDAQ chassis. Due to our low budget and the
expensive price of this module, the priority was given to finish building the machine and therefore this
solution was left as a future improvement.
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Figure 90: Control section of the new software.

4.5.2 DAQ (data acquisition)

The major portion of the DAQ section remained similar where the “Reset load cell” and “Save data”
switches are still present (Figure 91) as well as the monitoring graphs. The program still asks the user
to input the toroid radius, rolling radius and the M,, load cell height. In case of the new tire testing

machine, the vertical load is no longer an input, it is directly measured by the load cell.

Offset Fy Offset My Offset Mz
(212164 |-051422 -48,2297

Reset &
Save data

Amplitude

Actual Slip & Rell SLIP e medeg] RUN
StOp STEP 5 T
Acquisition _—_Q\ﬂop ACQUISITION

EXIT PROGRAM

Amplitude

Instant visualization /
Figure 91: DAQ section — Similar part.

The “Mototiremeter” machine is equipped with three load cells measuring the lateral force F, self-
aligning torque M, and rolling resistance M,,. However the new tire machine has a load cell capable
of measuring all the tire components (F,, E,, E;, My, M,, and M,) therefore additional graphs were
inserted for full measurements monitoring and some columns were added in the output file to record
extra data. In addition, the new load cell requires some codes, for reset and calibration, which were
implemented in the DAQ front panel (Figure 92).
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Figure 92: DAQ section — Additional part.

4.6 The control system

The control system represents the network associating the input motion, from the user, to the
corresponding movement of the machine. Figure 93 shows a portion of the motion control system for
the new tire machine. The two pieces in red are the drivers which are basically the brain of the step
motors. The two orange cables are shielded cables and they connect the driver to the step motor.

Due to low budget problems, it was not possible to buy a new motion controller therefore the old PCI
motion controller was used for the control of the new machine. The two arrows in Figure 93 represents
the commands sent to the drivers from the NI UMI 7764. Since the PCl motion controller and the NI
UMI 7764 possess four axis where only two of the them were used to control the “Mototiremeter”, it
was therefore possible to use the two remaining free axis and thereby combine the motion control of
both machines (Figure 95).

4.6.1 Workstation

It is simply the desktop computer (Figure 13) used by the user to operate the machine by mean of a
Labview code (9 4.5). The Labview software provides a user friendly interface which allows the user
to insert the desired inputs like the desired slip (or roll) angle in degrees, as well as the type of test
(with or without increment). The slip (or roll) angle are then multiplied with the corresponding
correction factors (9 4.1.4 & 4.3.2) in order to convert the input to the proper equivalence in steps.
Then, the information is sent to the NI-PCI 7334 motion controller.

4.6.2 NI-PCI 7334 (Motion Controller)

NI 7330 series devices are low-cost stepper motion controllers for point-to-point applications. These
low-cost motion controllers provide new solutions for machine builders who need simple, straight
forward motion control without a lot of extra features. Unlike other low-cost motion controllers, NI
7330 controllers still have a variety of powerful features including linear interpolation for coordinating
multiple axes, real-time system integration for directly communicating with data acquisition or image
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acquisition boards and high-performance stepper generation for ensuring smooth motion at high
velocities.

In other words, the PCl 7334 represents the brain of the control system. It is equipped with four axes
therefore allowing four simultaneous motion, one motion per axis. The first and second axis are
already reserved for the slip and roll motion of the “Mototiremeter” machine. Due to budget
restriction it was not possible to replace the PCl motion controller with a PXI motion, therefore the
third and fourth axis were used for the slip and roll motion of the new tire machine.

4.6.3 NI-UMI 7764 (Universal Motion Interface)

It is a standalone connectivity accessory designed to be used with National Instruments NI 7330 series
motion controllers for up to four axes of simultaneous or independent control. Each machine will be
using two of the axes. The UMI-7764 connects third-party stepper and servo drives to National
Instruments motion controllers PCI-7334.

To work correctly with the UMI-7764, drives must have industry standard interfaces. For stepper
systems, the industry standard interface includes step and direction, or clockwise (CW) and counter-
clockwise (CCW), pulse inputs. For servo systems, the industry standard interface includes a +10 V
analog input.

4.6.4 Step motor driver

The driver connects the NI-UMI 7764 to the step motor. Every step motor has its own driver
responsible of converting the motion input from the computer to the proper voltage signal for the
step motors. The purchased drivers for the new machine control are the X-PLUS B4.1 from RTA. The
advantage of such drivers is the simplicity of adapting it to our NI-UMI 7764 since it presents step and
direction inputs. Another advantage is the direct plugging to a standard 230 V alternative current.
More details about the drivers are available in Appendix B. The detailed connections between the
driver and the NI UMI 7764 are illustrated in Figure 94.
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Figure 93: Portion of the motion control system (Drivers).

4.6.5 Step motor

The step motor are the final components of the control system. Every machine is equipped with two
step motors, one for slip and the other for roll motion. Figure 94 illustrates the step motor electrical
connections to the driver. The details about the step motors calculations are available in the previous
sections (9 4.1.4 and 9 4.3.2) and their specifications are listed in Appendix B.
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4.7 DAQ (Data Acquisition) system

The data acquisition on both machine is similar, the difference remains only in the number of
measured data since the new load cell measures, in addition, the vertical load, the longitudinal force
and the overturning moment. The problem was solved by adding an extra NI-9237 on the chassis in
order to increase the number of input channels and the software was adapted to the modifications.

To the
computer

From the
load cell

Figure 96: Portion of the data acquisition system (NI cDAQ-9178 and NI 9237).

Figure 96 illustrates a portion of the data acquisition system where we can clearly identify the two
modules NI 9237 mounted on the NI cDAQ-9178 chassis. Both modules, together, have a total of eight
channels. The “Mototiremeter” requires three channels since we measure three components while
the new machine requires six channels for the six measured components. Therefore by interchanging
some cables, the DAQ system was made global (Figure 98) for both machines. The chassis was
positioned under the rotating disk, so the load cell cable can reach the modules. In the future it is
recommended to use a longer shielded cable in order to keep the chassis in a safer location protected
from dust and other possible damaging factors.

4.7.1 Load Cell

It is the main reason behind developing a new tire machine. It was purchased from “SMART
Mechanical”; a spinoff company born in May 2012 from the University of “Politecnico di Milano”. It is
directly attached to wheel assembly (9 4.4) of the new tire machine. The load cell is capable of
measuring the three force and three moments on the tire (Figure 97). A full detailed user manual of
the load cell is available in Appendix E.
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Figure 97: Load cell axes
4.7.2 NI-9237 module

The NI-9237 simultaneous bridge module for use with NI Compact-DAQ and Compact-RIO contains all
the signal conditioning required to power and measure up to four bridge-based sensors
simultaneously. The four RJ50 jacks provide direct connectivity to most torque or load cells and offer
custom cable solutions with minimal tools. The high sampling rate and bandwidth of the NI 9237 offer
a high-quality, high-speed strain or load measurement system with zero inter-channel phase delay.
With 60 VDC isolation and 1,000 Vrms transient isolation, the NI 9237 has high-common-mode noise
rejection and increased safety for both the operator and test system. The NI 9237 can perform
offset/null as well as shunt calibration and remote sense, making the module the best choice for strain
and bridge measurements.

4.7.3 NI cDAQ-9178

The NI cDAQ-9178 is an 8-slot NI Compact-DAQ USB chassis designed for small, portable, mixed-
measurement test systems. Combine the cDAQ-9178 with up to eight NI C Series I/O modules for a
custom analog input, analog output, digital I/0O, and counter/timer measurement system. The N1 9237
modules are directly inserted on the chassis which itself is connected to the computer by an Ethernet
cable.

4.7.4 Workstation

It is the same desktop computer (Figure 13) as before. The Labview DAQ code (] 4.5) presents a user
friendly interface that allows direct monitoring of the measured forces and moments. The data are
saved in a text file which is, later on, imported in a Matlab code for data processing (] 3.5).
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4.8 Instructions

4.8.1 Hardware

The hardware instructions for the new tire machine are similar to section 2.5.1. The only difference is
in the cable connections between the load cell and the NI-9237 modules. The load cell’s cable has six
terminals, one for each measurement. Those terminals are connected to two NI-9237 modules
following a specific order (Table 12).

Cable number | NI-9237 module | Channel number
Ponte 1 Module 2 CHO
Ponte 2 Module 2 CH1
Ponte 3 Module 2 CH?2
Ponte 4 Module 2 CH3
Ponte 5 Module 1 CH?2
Ponte 6 Module 1 CH3

Table 12: Load cell’s cable connections
4.8.2 Software

- Follow the previous steps (1 2.5.2) for the NI-MAX part

- Launch Labview and open the latest version of the program (Figure 99)

- From the calibration and zero rest panel (§ 4.5) create the zero file which will be the zero
reference of the load cell

- The rest of the panel remained identical therefore follow the previous instructions (4 2.5.2)

@@vl . v Computer » Local Disk (C:) » MOTOTIREMETER » MOTOTIREMETER-2 2015 » SOFTWARE DEVELOPMENT »
Organize « Include in library = Share with - Burn Mew folder
© Favorites ) 6 axis Load Cell
. . .
B Desktop | Zero_Setting subvi Latest version
4 Downloads [ sl MOTORTIRMETER2 - 01 Aprile 2015 |
- wl, MOTORTIRMETERZ - 15 Febbraio 2015 for now
= Recent Places 1= ebbraia
gg MOTORTIRMETERZ - 16 Marzo 2015
) Libraries gg MOTORTIRMETERZ2 - 30 Gennaio 2015

Figure 99: Path of the software for the new machine

4.9 Machine setup

- Measure the rolling and toroid radius of the tire (1 3.1)

- Adjust the roll axis height (equal to toroid radius) with the pneumatic system (9 4.1.6)

- Adjust the wheel center height (equal to rolling radius) with the linear actuator (9 4.3.4)

- Mount the tire on the wheel hub (1 4.4.2)

- Adjust the lateral position of the wheel to be at the center (1 4.4.1)

- Monitor the measured vertical load in Labview (9 4.5.2) and apply the desired value using the
pneumatic system.

- If necessary adjust the vertical load, with precision, using the linear actuator ( 4.3.4)
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4.10 Project management

A project success strongly depends on the management aspect which deals with three main
characteristics; specifications, budget and delay. Project management relies on finding the optimal
compromise (Figure 100) based on the project priorities. For example achieving higher specifications
(higher quality) in a shorter delay (fast result) implies an increase in cost. The opposite scenario is also
valid where decreasing the budget and the delay implies reducing the specifications (less quality).
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Figure 100: Project management diagram

The tire machine project suffered from a tremendous delay, a large number of misconceptions and a
strict budget. In order to achieve a satisfactory result, a considerable part of the design was modified
to improve the specifications. As mentioned previously, increasing the quality requires a compromise
in budget and/or delay. On the other hand the delay is constrained by the doctorate duration which
is divided as follows.

TProject completion = TDesign + TConstruction + TTesting
(4-10)

The construction time was hard to predict due to several factors. An extensive amount of time was
spent to purchase materials due to the university’s bureaucracy. Also the associated technician was
not fully available due to his involvement in other activities which restricted more the time factor. The
problem was partially resolved by reducing the testing time and incorporating the design time, when
it was possible, in parallel to the construction time. The remaining compromise was to increase the
budget in order to improve the machine specifications and not sacrifice the product quality.

Table 13 exposes the cost comparison between one of the proposed design (Figure 79 — third image)
and the applied design (Figure 79 —fourth image) for the machine universal joints (1 4.2.2). As a matter
of fact, the applied solution shows a higher cost (increment of approximately 27%) over the proposed
solution. But on the other hand, such solution did demonstrate a huge amount of time saving and a
more rigid joint.
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Proposed Solution Applied Solution
Equipment SKF SYJ_30 KF | SKF SYJ_55 KF Sl;ﬁ);c:t Spider | Spider | Forks S:T;Zrt
Quantity 4 4 4 2 2 4 2
Price (in euro) 31 64 15 0 75 97.6 10
Total (IVA Included) 124 256 60 0 150 390.4 20
TOTAL 440 560.4
% Price increment 27.36

Table 13: Cost comparison between the design solutions for the machine joints

Table 14 shows another example of cost comparison for the height adjustment mechanism of the slip
arm (9 4.3.4). In this case the applied solution shows a price increment of 24% but the resulting
benefits make it a very good compromise. The height adjustment is fully automatic instead of manual
which increase the safety of the user and save time. The linear actuator have a high price since it
comes with the proper module (from National Instruments) to control it from the PC by mean of
Labview, but of course itis possible to use a simple linear actuator that is directly actuated by a switch
and therefore the price drops to 804 € which is lower than the proposed solution. In addition such
solution offered the possibility of mounting a step motor on the top of the slip arm, therefore avoiding
the use of a linear actuator for slip motion (see 9 4.3.5 for the advantages).

Proposed Solution Applied Solution

Equipment Recirculati Sleeves Steering | Splined Sleeves SIee\{es Linear

ng screw wheel shaft housing actuator
Quantity 1 2 1 1 3 2 1
Price (€) 158.7 258.6 15.0 102.0 20.5 98.0 500.0
Total (IVA Included) 193.6 630.9 18.3 124.4 75.0 239.1 610.0
TOTAL (€) 842.8 1048.6
% Price increment 24.41

Table 14: Cost comparison between design solutions for the vertical adjustment mechanism of the slip arm

Let us define the specification indicator (Nspecification) @nd time indicator (Nrtime) as follows. This
definition implies that the higher the factor is, the better the situation.

__ Specification

T 4-11
r|Spec1f1catlon Cost ( )
__ Cost (4-12)
NTime = Time :

Figure 101 represents a radar chart which illustrates the evolution of the project characteristics from
the initial status to the final status. The chart demonstrates an increase (approximately 28 %) in the
budget from the initial to the final status. The intended budget comparison represents the cost
difference between the primary designs and the applied solutions therefore the rest of the cost is
excluded. The 28 % increase in the budget was the consequence of an increase (six times more) in
specifications (better design, better equipment...) and a decrease in delay (2.6 times less).
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Such compromise was found necessary in order to guaranty a good quality machine as well as
respecting the deadline scheduled for project completion.

Specification

— | nitial status

— Final status

Figure 101: Project management’s radar chart for initial and final status.

Table 15 exposes the values for the specification (Nspecification) @nd time (Ntime) indicators at the
initial and final status of the project. Both indictors have higher values at the final status which justifies

the increase in budget. Such compromise was necessary to insure the completion and success of the
project.

Initial status | Final Status

TNSspecification 0.4 1.8

NTime 0.5 1.7

Table 15: Project management indicators

Table 16 gives a detailed idea of the machine’s cost while Appendix F encloses the necessary
documents of the several purchases. The list shows only the purchased materials and/or the machined

pieces at private firms. The rest of the pieces was machined at our laboratory, with zero cost, therefore
it was excluded from the table.
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Equipments Supplier Price in euro (IVA included)

Roll and Slip arm OMERO 2684.00
Pneumatic pistons and tanks Fratelli BONO 828.00
Pneumatic system and valves PANAR 672.00
Tubes for the columns SPIROL 598.00
Horizontal plates G&Bs.r.l 512.00
Speed reducer Bonfiglioli MATRA 702.00
Vertical plates Dipartimento di Fisica 512.40
Bushings for horizontal plates Dipartimento di Fisica 512.40
Forks for Cardan Joints CARDAN TEC 338.00
Spider for cardan joints CATI 150.00
Splined shaft with sleeves CATI 278.00
Sleeve’s housing Toma s.a.s. di Brilli Massimiliano 239.00
Bearing plate Toma s.a.s. di Brilli Massimiliano 220.00
Planetary gear unit — Bonfiglioli | CATI 916.00
Steering wheel & screws CATI 20.00
Various bearings CATI 335.50
Load cell SMART Mechanical 6000.00
Step motors & drivers R.T.A 1018.46
Linear actuator CATI 284.00
Speed reducer oil (SHEEL 4 Kg) CATI 77.00

TOTAL in euro (IVA included) 16896.76

Table 16: List of prices
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4.11 Conclusion

As mentioned previously, tire testing is a fundamental and necessary step to create a realistic tire
model in order to have a better understanding of vehicle handling and stability. The extremely high
price of a tire testing machine makes it impossible for our laboratory to purchase one. On the other
hand, tire testing in private facilities is also expensive which will limit the amount of required tests and
therefore limits our research.

This major concern pushed our group (Motorcycle Dynamics research Group) to take the initiative of
designing and building a tire testing machine that shares the accuracy of the available machine in the
market but at a reduced cost. The first machine was the Mototiremeter which was built a long time
ago. As described in Chapter 2, such machine was old and out of date therefore a complete update of
the hardware and software was performed and the machine was used to test several tries for different
manufacturer and also write some articles (Chapter 3).

After gaining a good experience on the Mototiremeter, the research group decided to launch a new
prototype (Chapter 4) that offers major advantages over the Mototiremeter. Table 16 summarizes the
total cost of the machine which comes approximately to 17000 euro with taxes included. Such price
is relatively negligible compared to the tire machines in the market therefore the primary objective
was achieved. Such prototype breaks the barrier by offering a cheap and permanent alternative for
tire testing. This helps our group to expand researches in the area of vehicle dynamics (specifically
handling and stability for motorcycles) without major concerns about tire testing cost. This prototype
offers the possibility of measuring the longitudinal forces (acceleration and braking) as well as
performing transient test which will allow us to exploit such area in research and publish some articles.

Acquiring experience on the new tire machine will allow us to improve it more in the future and
hopefully build a more advanced prototype using a continuous running flat belt instead of the rotating
disk (Figure 5). The running flat belt system is much more expensive than the rotating disk but it offers
many advantages such the compact size, the straight running therefore the absence of the turn force
(Figure 41) and the possibility of testing at higher speeds without excessive vibrations.

Another interesting point, for the next prototype, will be to design it with one column for height
control instead of two. Such design idea have the advantage of saving space since the machine will be
half the size, but the real advantage will be in the time saved to setup the machine accurately. Having
two columns requires having them perfectly parallel in order to insure a smooth vertical motion which
is really hard to obtain due the floor inclination and welding distortion... In addition having one column
will avoid the problem of moving both sides together accurately which saves time and increase the
testing precision.

The use of the pneumatic system was justified by using the air’'s compression as a spring-damper
system for the wheel due the surface imperfection and the disk vibrations. It will be better to design
the next prototype with a hydraulic system which offers more thrust force and precision than the air
system. Such precision is needed in order to adjust the height depending on the toroid radius of the
tire. A spring-damper can be incorporated on the slip arm to substitute the air spring damper system.
Having a real spring- damper system will allow the possibility of tuning to have a better control of the
motion damping in function of the disk speed and other factors as well.

83



It would be interesting to design a smarter solution for mounting the wheel on the hub of the machine
in order to save time. Each rim has different dimension so it is important to design a solution that
takes into account the majority of the standard rims. Implementing a dynamic system for tire pressure
control is not necessary but can be advantageous.

The two tire machines are controlled by mean of an old motion controller implemented in the
computer. Such motion control is old and out of date. It will be important in the future to update the
whole motion control system by using a more advanced motion controller like the PXI motion
controller from National Instruments. Such motion controller can be directly plugged on a Compact-
Rio chassis, also from National Instruments, which allow an easier and better motion control. This
system substitutes the need of desktop computer, it can be directly connected to a laptop by mean of
a USB cable.

The data acquisition represents the most important part since it provides us with all the necessary
measurements to analyze and better understand tire’s behavior. In order to make such process more
beneficial, it can be interesting to add pressure sensor to have readings of the dynamic tire pressure
variation, as well as infrared temperature sensor to have data of the tire temperature at the center of
carcass and also on the sidewalls. As mentioned at the beginning, pressure and temperature are two
important factors that influence the behavior of a tire.
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Nomenclature

b

SRR R R

S =
= ﬁNE‘éE%

Q

/1ka
CHO
CH1
CH2
CH3
txt
DAQ
CAD
SKF
RTA
7"W
Trou

Tinput

Perimeter expressed in millimeters

Force applied expressed in Newton

Longitudinal force expressed in Newton

Lateral force expressed in Newton

Vertical force expressed in Newton

Overturning moment expressed in Newton meter

Rolling resistance moment expressed in Newton meter
Rolling resistance moment expressed in Newton meter at zero slip and roll
Self-aligning or twisting moment expressed in Newton meter
Rolling radius expressed in millimeter

Toroid radius expressed in millimeter

Slip angle expressed in degree

Roll (camber) angle expressed in degree

angle expressed in radians ( it can be the slip or roll angle)
Slip ratio (without unit)

Longitudinal speed expressed in meter per second
Rotational speed of the wheel expressed in radians per second
Radial stiffness expressed in Newton per millimeter

Lateral stiffness expressed in Newton per millimeter
Displacement expressed in millimeter

=3.14

Stiffness factor

Shape factor

Peak factor

Curvature factor

Twisting torque (or rolling resistance) coefficient

Twisting torque (or rolling resistance) coefficient
Longitudinal coefficient of friction

Shape factor for C, (=1.5 by default)

Scale factor for E, (=1 by default)
Longitudinal slip stiffness (=50 by default)

Scale factor for slip stiffness (=1 by default)

first channel on the national instrument module
Second channel on the national instrument module
Third channel on the national instrument module
Fourth channel on the national instrument module
extension for text files type

Acronym for Data acquisition

Acronym for computer-aided design

Acronym for Svenska Kullagerfabriken, a bearing manufacturer company
Acronym for a company in the emotion control industry
Rim width expressed in millimeters

Required torque at the roll shaft

Output torque of the speed reducer

Toutput Input torque of the speed reducer
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Appendix A

Column assembly

Flexible air duct

Horizontal plates (Protection from dust)

Roll shaft

Vertical plates

Pneumatic piston

Aluminum tubes
(For second level height)

Roll shaft & Cardan joint

Fork fixed on the Roll shaft.

Fork fixed on the
Roll Arm by mean
of 6 M8 screws

The Roll shaft is

inserted inside the
fork. The fork is fixed on the roll

shat by mean of two pins (12
mm diameter) positioned
perpendicularly.

Roll shaft /
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Roll arm assembly

Bearing assembly

Bearing plate

Bearing

Top view Bottom view

Slip arm assembly

Splined

Splined shaft sleeve

Screws to prevent the
rotation of the sleeve
inside the housing

Back view

Sleeve
housing

—— Slip arm

Front view

Side view
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Wheel assembly

Hub Lateral adjustment mechanism

Load cell Rear cover with
threaded rod coupler

Steering wheel
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[j“ ] ATTUATORE A VITE TRAPEZIA LMR 01
DIMENSIONI DI INGOMBRO
La = Lc + Corsa
Corsa , Lo
. T
25, 31
1 )
_|_ i 'r'-""__
EL aa = agd
b
)
Lunghezza cavo motore 0.2 m -'"‘}
! Ex
2l = ] i
1]
H =
a = | |8
7L~ g
AL 3 g2
Lunghezza | Corsa = 300 mm | Corsa = 300 mm E
Lo g
[mim] 90 + Corsa 140 + Corsa T E
T [mm] 78 + Corsa 128 + Corsa oL =
CODICE CORSA LUNGHEZZA
CORSA [mmi L fmm] Lajmm] —iln
CED 50 140 100 0.85
C100 100 190 290 1.10
G180 180 240 350 1.25
G200 200 290 490 1.40
C250 250 340 RO0 185
300 300 390 620 1.70
PRESTAZIONI E CARATTERISTICHE ACCESSORI

= Carico intiro - spinta finoa 1 200N
= Yelocita ineare fino a 52 mm's

= Corsa standard: 50, 100, 150, 200, 250, 300 mm

{corsa min. imitata da intemuttori FC: 50 mm)

= Carcassa e attacco posteriors in alluminio

= Tubo di spinta in aluminio anodezato - tolleranza 2

= Attacco antenore in allumino
= Motori CC 12, 24 o 36V con

alattromagnetico (caratteristiche motori a pagina 65

fittro anti-dsturbo

= Fattore di utiizzn a canico meax.:
15% suw 10 min a (- 10...+ 400°C

= Poaiziona motore standard come sul disogno
dimensionalke {destro, cod. RH)

= Grado di proteziona: IPES

- test IPEX secondo EM G0529 512 §13.4-13.6
- test IPXE secondo EM 60529 §14.25

{test affettuati con athuatore farmao, non In movimenio)

= Lubrificato a vita, esante da manutanziona

= Tubo di spinta in acciaio inossdabile (cod. 55)
= Due intermutiori di fine corsa, interni all'attuatora,

registrahill food. FC2)

= Dua ntamuttori di fine corsa, intarni all"attuatore,

|{par corsa diverse o maggion contattare Lificio Tecnico)  registrabill con amesto del motons (cod. FC2X)

= Lin intermuttone par posizionse intermedia {cod. FC)

= Encoder incramentale a dua canall su albaro motona:

1 imp/giro [cod. Gl 24)
4 imp/gro (cod. GI 24)

{schemi di collagamento vedi pagina 75)

Mumero impulsi Rapporio

per i00mmdicorsa | ANZ | AND | BL2 | RL1

G2 192 | 383 | 483 | 967

Gl 24 767 1533|1931 (3857
OPZIONI

= Motore montato sul lato opposto

{sinistro, cod. LH)

= Attacchi ruotati di 90° cod. RPT 00)
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Appendix C

CILINDRI DIN 150 15552 - PROFILATI 832-125

IN ST 15552 CYLINDERS - PROFILED 832-1725

TESTATE ALLUHING PRESSCFUSD
COVERS DHE-CAS FED AL LINTMIN

TUBD ALLUMING ANOEZZATO
TiaeE AN Y FED AL LMY

GUARKMIZIONT  POLILRETAND + NER
SEALS P FURE THANE + NBR

BRONZINA BRONZO SINTERIZZATO
BiisH SN TERED BRINIE

ASTA® ACCIAID CROHATO
PISTEON RODF  CHRENNUR? (0 TED STEEL

®TutH | ehindr| sans diapeniolll, 2 FichiEnta, anche can 12 INDX 15 38
Por ordinare, aggiungera “I" d codes standard

"4l cylinders are avalsble slaa with A 304 stanless sted pishen rod
Te arder add *I* ta the atandard cade mmber,

PRESSIONE DI FUNZIQNAMERTC | TEMPERATURA Dl IMPIEGD | FLUIDG
WIRKING PRESSURE TEMPERATURE WORKING FLLAD

HMAX 10 BAR -25°C +80°C COM ARIA SECCA | ARIA COMPRESSA FILTRATA E LUBRIFICATA E KON
=300 w3050 WITH ORY AR AL FERED AND LOBRICA TED OR MOT COMPRESTED AR

HOODDODEENEIER
DOPPO EFFETTO

DOUBLE ACTING
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DOPRIO EFFETTO AMMORTIZZATO
DOUBLE ACTING CUSHIONED

A WH Ls + COASA Swoka WA
- N |
o ™
1@/& ce | :
ol el - -1D" S e 4
g/ — ‘%ﬁ%’ |
2| e
_lm-_

DIMENSIONS

o

FORZE DI TRAZIONE E SPINTA (6 BAR)
TRACTION AND THRUST FORCES (6 BAR)

o
bl
ia

& o FORTA DI SPINTA (M) FORTA DI TRAZIONE (M)
THRUST FORCE (N) TRACTION FORCE (N}

32 458 304
40 M &0

50 1180 9%
63 1775 1596
B0 2863 783
100 4474 4194
125 8991 532

e
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ST BT AT

SM LC
Six axes load cell

User’s manual
Version 1.5, 12-06-2013
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SFIir'I nffﬁ N" REA BG-412189 BG) ITALY
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Foreword and contacis

This mamual has been written to allow an easy use of the SM_LC sensor, a six-axes load cell manufactured
by SMARTMechanical Company a spin-off of the Politecnico di Milano.

For any finther clanification on the SM_1.C sensor, please contact:
mfosi@smartmechamical-company it

W +30 035 4521465 ¥+ infoi@smartmechanical-company.it (# www_smartmechanical-company. it

& +30 035 4521082
2
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1. Technical specificalions ... e mn e et n e . 4
2. Conmection scheme .. e e - G
3. Lo@S BEfIMTION .ot et e dcma e e et e mi e o e £ttt e mi et e e et amie 7
4. Load cell structure. ... . et et een . 8
T =Ty F Y U 10
B LBIITEEIIAIIEE .ottt em et me e e ccemsems £ om s £eAmit£a emi em £ 42 £t et e mi et o e et amie 12
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Cin ot

PO ITECRICT 09 W) EHS

PUVA 03838010161

Cap.5oc. € 10.000,00 Lv.
N" REA BG-412189

SMARTMEechanical_Companys.r.L

1. Technical specifications

Fig.l - SM LC sensor

Maximum loads
Fy S000M
F, 10000 ¥
F, 5000 N
M, 500 Mo
M, 250 MNm
M, 500 Mm

Stiffness
E, 28*10f Him
K, 80*10° N'm
E, 28*10° N'm

Accaracy
F,: +0.60%{maxamnm error +/- 2 o)}
Fy: £0.14%( maimmm error +- 2 o)
. +064% (mammum emor +'- 2 o)
MM, +0.40% (maanmwm error +/- 2 o)
My £0.41% (madmum emor +- 2 )

M, +0.74% (mamrmmm emror +- 2 o)

Crosstalk
= 0.8%

Linearity error (according to IS0 376)
=0.2%

Eesolution
< 0.5 M (0.058m)

W +30 035 4521465
& +30 035 4521082

¥=! info{@smartmechanical-company.it

(# www_smartmechanical-company. it
4
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SMARTMechanical_COmpanys.r.L Hi
P& 03838010161 Via Tonale, 9
G}} Cap.SoC. € 10.000,00 Lv. 24061 Albano 5. Alessandrn
Spir'l fo* N® RE& BG-412189 [BG) ITALY
POEOTECHICD M) ] WD
Calibration matrix May,
11288.68937 438256.8855 -5888.388%03 -2228%0.7623 -833.14165%  -221521.3852
400002.2148  -4568.453644 396556.5147  -6461.005225 A0 756.0604 S%83.5761287
1514.907169 ‘9753886575 1343207048 ITe061.474% -6122.874401  -3B2429.2446
-24889.55682 198.538557 12384778559 -383.3546536 12067.04138 546.6181548
293.8666553 24310.79621 3618764227 23517.2678 2048056923 24650.36148
1435151482 -239.250235%6 -21557.14676 S74.07 72586 22137.54295 -178.2116348
F=Map*AV
W +30 035 4521465

& +30 035 4521082

¥=! info{@smartmechanical-company.it

(# www_smartmechanical-company. it
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=]

Connection scheme

EE EEE

Wil
—— Vi chl
V.l

va

Fig.l - Schematical Connection scheme of the SM_LC sensor

W +30 035 4521465 ¥+ infoi@smartmechanical-company.it (# www_smartmechanical-company. it
& +30 035 4521082
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3. Loads definition

The loads and moments direction, their versor and the moment reference point P are defined in Fiz 3.

Lo eodl npper
ibterfen

A S A i ||

i |
: I
Fig. 3 - SM_LC zensor - Loads defination
W +30 035 4521465 ¥+ infoi@smartmechanical-company.it (# www_smartmechanical-company. it

& +30 035 4521082
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4. Load cell structure

Lower mechanical interface

N. 6 holes for M10 10.9 screws.

M. 6 threaded holes M14 = 1.5 (this 15 a secondary option for fastening the load cell lower mterface).
The recommended tightening torque for both £

ixations is 50 MNm.

Twao reference holes for steel pins define the z axis onentation on the lower interface plane.

N2 holes @5 H6

ail

i e
L] P & 1
B y -
L s 5 . g
L 5
o 41 .45 41 4%
'
7 e .
&, 47
\ 1.."'-._
3 % o
2 B =
'\_-
!
'
No6holes Mldx135 N6 through holes @11
Fig. 4 — Lower mechanical interface
W +30 035 4521465 ¥+ infoi@smartmechanical-company.it (# www_smartmechanical-company. it

& +30 035 4521082
)
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Upper mechanical interface

N. 6 threaded holes for M10x1.25 12.9 screws.

Becommended tightening torque: 85 Nm.

The center hole and a steel pin hole define the z axis orientation on the upper interface plane.

?
f:_. .._' '|
.I |
MUxLES B hoes ¥ [ i i
I_ _I II I!
[ ™ ) 1.
| el
3 ] 1 |
LT
Fig. 5 — Upper mechanical interface
W +30 035 4521465 ¥+ infoi@smartmechanical-company.it (# www_smartmechanical-company. it

& +30 035 4521082
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5. Error analysis
5.1 Measurement errors
P . "y P
£s 1 i
i i
[ (1] [
?H E ] L] W E - o L] L] E- :ﬁ E ] [ N
W] warei M) e ]
™ ] iy ™
i E i
a [:E] a
‘-lu E] [] 1 E] a 1 ‘-lu E] []
wr [He e [
Fig.6 - Error: of load cell output channels - Histograms
exfu] | Fy[n] | Fe[n] | max[um] | may[um] Mz [Nm]
Std. deviation 119 5.8 12 8B 0.8 04 14
absolute
Std. deviation in
% of max. load 0.3002 00733 03213 0.203% 0.2057 0.3721
Table 1 — Errors of load cell output channels - Results
W +30 035 4521465 ¥=! info{@smartmechanical-company.it (# www_smartmechanical-company. it

& +30 035 4521082
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5.2 Lineanty emors
Rrterecs input loud v esre lowt [F | M-t-rp.tbd-m—l-dld:ﬂrl Rsferarce inpast loud v emssored losd [F |
o _ ] 06 400
- | 0 mxparimental || e O scperisenia — L]
——— e - ——— el = — rmposT
M o B0 = 2000
2 i .. 7 E3 i
1= / = i{ T /
. . i
g 10 X t m{ t 1m7,'
s 1008, -
| rd L
) W00 4o mo0 Bo00 ]
rferences ke [H] ewlwaccn o [H] ulerarce ke R
Faterancs ingut o v oo |oid (M, Foafararce il el o bod (W) Falerarcs input kil v moasuned ioed W, |
ﬂ - T o n] A0 T
- [ 0 mcpwicerisl o mczedicenisl - O papadrenda
i 1 ——— -terpd e rémp i |
w0 =5 06
f il g f
i : I
o | o)
£ £ P
e i !
o - e
= 55
] £ rd
] 08 £ ] ] ] 155 E] ] 0 E] an
eubararcs osd [Wm] rfererc | oed [Mm] rvleanc lowd [Hm)
Fig. 7 - Linear interpolation diagrams
Fx [M] | Fy [M] | T | wufum] | my[um] | mz[nm]
Interpolation
uncertainty in 05701 0.35594 0. 7495 0.9525 1.0570 20687
%0 according to
150 376
R 1 1 1 1 1 1
Table 2 - Linear interpolation results
W +30 035 4521465 ¥=! info{@smartmechanical-company.it (# www_smartmechanical-company. it

& +30 035 4521082
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6. Maintenance

Periodic calibration of the sensor is required to maintain traceability to natiomal standards. Bianmual
recalibration is recommended. For harsh applications or durability testing the sensor could require more
frequent recalibration.

7. Disclaimer

The mformation in this document is subject to change without notice. The mamual 15 peniodically revised to
reflect and incorporate changes made to the system.

SmartMechanical Company assumes no responsibility for any emmors or cmissions in the document.
SmartMechanical Company does not recommend the use of the load cell for applications wherein failure
of malfinction threatens life or makes imjury probable. Anyone who uses the load cell within amy
potentially life-threatening system must obtain prior consent based upon assurance that a malfimetion of
the load cell does not pose direct or indirect threat of injury or death, and (even if such consent is given)
shall indemnify Smarthiechanical Company from any claim loss, liability, and related expenses arising
from any myury or death resulting from use of the load cell.

W +30 035 4521465 ¥+ infoi@smartmechanical-company.it (# www_smartmechanical-company. it
& +30 035 4521082
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Y= V)i cutomazioni |

50 anni di esperienza : a vostra disposizione
| noetri settori di specializzazions : Preumatica — Clecdinamica — Yuots — Srumentazione — Lubricazrione — Robofica — Bloccaggl manual e aulmaticl — Tavoie
rotant — Presse preumatiche — Allmentsion linsar = drontar — Links 2 forans — Unis & maschiare — CIindr sietiic inzar — Tubd ana ad olio — Pompe preumatiche — Raccord|
per ara, vuotn, cl=odinamica — Fscoord speciall per impleghi non comenzonall - Vibraiod preumatic , sietiid , drauld — Resllzasions Implant preumatc “chisd ir mand” -

© (1] |«

GUARNLZICN!
SPECIALY
AFPROGETTO

¥

'l B gl i g quantnA ila Hn ill‘l:-.'l.m"lllllllllll . [
"Se man fa frovate e la cosfruiamo no"” - n 5 - ] A o | Cosrcud
sarnp Brav weonad ot [impland olls - ars == & catmboghl rEass v, Sede
- PD: 11/04/2046 5 Ditta -
Offerta/Conferma d'Ordine n® :051/16ND.2 M= FiF NARDIN D. et UNIVERSITA" di PADOVA Dip. Ing. nd.
Some da Vot dchisste, o pregiam sofispad ks nosre segion OFFERTA pat qeenis | FRN- Padova

molio. dportetn, -r—n--mmmn-:zmuuummﬂd-m- Tel:

= o] g i F
umm-ﬂrﬂrﬂ CO

Alla cortese attenzione

1] DESLRIZIONE Frezza uninmo =
" MODIFICA ALLA PRECEDENTE OFFERTA ™

01 | Fomitura componentistica sfusa, non assemblata, per vostro impianto pneumatico comprendente:
- 1 elefirovalvola a passaggio maggiorato 1/4" comprensiva di bobine 24VCC. Pulsante di
azionamento NOMN incluso
- 2 regolatore di pressione con scarico rapido incorporaio & manometro
- 2 scarico rapide con regolatore di flusso unidirezionale
- 4 silenziatore a largo flusso
- 10 mt tubo extraflex B8x4 colore azzurmo
- 1 eleftrovahvola con bobina per azionamento (separato) valvole di blocco. Tensione da definire.
Pulsante di agionamento NOM incluso
raccorderia varia per mlleganenm di quanto sopra esposto ai vostr cilindn
Per q.lanl.a sopra esposto, prezzo a WO FSENVEDD .o e e e e netto €. 185,00
Consegna: tutio il materiale & attualmente disponibile

o)
Frenafileti medio (confezione simgola da 10mil) ... e cad. netio €. T.80
Disponibilita : 4 pezzi pronti / altro - 3-4 giomi

25
Anello di guida tipe VDRW B0V3 (eguivalente) in resina acetalica ... cad. netto €. 275
Consegna: 34 ggd.ro.

25
Wiper tipo WRM 314 348/C (gguivalenta) in MBR ... e cad. netio €. 5,20
Consegna: 34 ggd.ro.

= AGGIUNTA DEL 11/0472016 =

01 | Elemento filtrante ania (iIngresso) 108 e e e s e cad. netto € 25,00

02 |Valvde di blocco (bidirezionale) fil. 1/4" ad azicnamento pneumatico ... cad. netto € 35,00

01 |Schema a bloechi + legenda per impianto (gia fomito) . 60,00

10 | Tubo @4x2.5 poliuretano percollegamenti ... ..o 0,40

A= conigioni i formiuny:
CONCILIAZIONE: Meleventuaits di contestazioni o controversie, ke pard conconand preliminanmsante per un tentativo di conciiatone presso la Camera di Commercio di
Padova . In ogeil possibile aitm caso, ke parti concordana che il FORD COMPETENTE sia escusivamente quelo dil Padova,

CONSEGMA [in giomi lavortivi, salvo imgrevist) da ricevimentio copia della presente controfimeata - vedi corpo offerta
PACAMENTO: solito in uso con nol Vst Partita VA Cod CARC Cod ARK
BANCA ' APPOGEID: SPEMTIONE - vostro ritiro presso nostra sede di Padowa

MBI L [ ol cosin e mon abmest defrlc - RESA: franco sosim sede PO oon spediziane @ Wasio caris 3¢ noe diversamesie ooncordols - ISCHI TRASFORTO: o oo wsirn - WALIDITA® QUOTADOM : 15 0.
levorni el dein odierma - mmmuMMMmmmmrumnammnuﬂnnmmem“hmnum m'lﬂumun
. o, SevcDrde: Juenin

(1 F - (3 =R e[| W R | 1| {1 -

Sede Legale D Via Lorenzo Peroel , 2 — 35132 —Padova  Tel: 049614155 (10 nee ra,) - Fac 049614155 - CRPLO097E3028T - RLE.A 155380
Int=medl WWW pENI.CHm  E-mal: dregonePpanar.com
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(SiPROL

SIDERURGICA PRODOTTI OLEODINAMICI

SIPROL s.r.l.

Via De Nicola, 7 - 36075 Montecchio Maggiore (V1)
Tel / Fax 0444.695703

www.siprol.it - info@sipral.it

P.IVA/C.F. 03242200248

Spett.: UNIVERSITA' DI PADOVA

¢. Att.:Ing. Enrico Giolo

Oggetto: Offerta

Facciamo seguito alla richiesta dell’Ing. Giolo e formuliamo la seguente offerta

Tube St 52/E355 senza saldatura, cromato esternamente 25 +/- 5 micron, tol. {7, cert. 3.1
d. 80 £7 x 10 (interno 60) 2 barre lungh. 6 — 7 metri (fatturate per intero)

le 2 barre saranno tagliate in 6 pz x 1300 0/+ 3 mm + consegna degli spezzoni rimanenti
eur/m 70 +iva

Consegna: settimana 31 - 32

Imballo: su nr, 1 bancale al costo eur 8 + iva

Resa: con nostro vettore con addebito in fattura eur 80 + iva

Pagamento: ri.ba 30 gg fm data fattura

In attesa di vostro riscontro inviamo

Distinti saluti @
Ing. E. Rodeghiero 09 / Dﬂ(/ (

Siprol sr
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CARPENTEAIA - FEAL GTATIONE - PADGETTATIONE Spett.le

TRELID A GETTO I &COLA - PLASKE - DICY
FIEGA LAMERN 12X 7TMT - 20X S WT

Universita degli Studi di Padova

Muotorcyele Dynamics Research Group

Office +39.049.827.6715

Alla cortesa attenziona di : Ing. Enrico Giolo

Oggetto : QFFERTA

In riferimento a vs. gentile richiesta, comunichiamo ns. quotazione per eventuale formitura di :

Q.TA

DESCRIZIONE

COSTO UNIT.

10 PZ

PARTICOLARI DIS. 01.004.13.01_BRACCIO TRASLATE_HORIZONTAL
PLATE_01 REVO1_CUT_PROFILE
MATERIALE S 275 JR SP. 20 MM GREZZO
NOTE :
- PER FORI DI DIMENSIONE INFERIORE A DIAMETRO 20 MM : 51
ESEGUIRANNO PICCOLI SEGNI DI CENTRAGGIO O PICCOLI FORI
-  PREVEDERE SOVRAMETALLO PER SUCCESSIVE LAVORAZIONI
ESCLUSIONI :
- LAVORAZIONI MECCANICHE E TRATTAMENTI SUPERFICIALI

€/CAD 42,00 +
VA

Consegna : 4/ 5 gg lavorativi circa

Reso : f.co GAB srl — Este (PD)

Trasporto : da concordare all'ordine

Pagamento : al ritiro

Rimaniamo a disposizione per qualsiasi evenienza e cogliamo |'occasione per porgere

distinti saluti.

Este, 09/07/14

G.&B.BRL

G. & B. ERL - Via G. Begaro, & - 35042 ESTE (PD) tel. 0429/603463 fax D429/602266
P.I./C.FISC. 02114630289 - C.C.L.A.A. PD 208777 - Cap. sodale : € 100.000,00 i.v.
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LHNIVERSTTA DEGLT ATUILT LA ALY A

Dipavtimenea di Inpzgneria Indostriale D11

VIA GRADEMIGD, %04 23130 FAOY A 1D

Undica Fissgla ROHMbanis & Farlira Do 0072703307583

Ordine N. 0 DILOMWSH0 ISITTUEHALR

Famer TG4 e, b
U0 e LREEN ATRA SR

Leatu Erni

Fraver v

LB UL 100330005 Wi ey ki Blomlaerana w2704

: FTFIFTIRRA FAlEY ANV A PIE ITALLA
Uvzime Feen 4144
Uiz Fracalz oKIE 185000 - Barima [0 I 585T s

Modzliva ol pagarann: CH HBoniGeo baocarn < Vaemind Pagamesio U0 g cesircsnio Lo
Prperdenza CANSA D RISPARMID 1] PALOW A B RCW TGO - PALOYA - WA YALERI L
Cine ™ ARL G2 CAKD LATRT oot DEAYES DIG1IS THRA DTS00 VAL HI S92 I018T

Vi prezlhiamo di feroired le meccicservicd sotioiodivati;

¥ ':I-l'-'l DESCRTZIONE. ‘-":J.'I.II Kl LRIHALO UNCT, | SCCRYTC in TOTALE T
rF. T e INVALLTA VALLTA VALLTA
LORTEONCT PO BT AT T0ELD RAPE 1-357 PARL 71153 ELR 24,00 FFE I (L] TR
U S 2500

Tawle Crdine in Valua 373
Tatale Seona IEK
Turizle lmaibis in Cong kR |
Tawtele v im guro (zu surs 375,00 ) 1Z6.3
Tulale Oirline in Hoarg 0150

Modalict d° coraccna TORTO FRANOOD N5, SEIE
Tl e o] i lakisrizria i Mevcanica Aspploala - ol Makeia 1, Pabivea - il ol Bebens Lewing, Breica Gioks ) 095-R20077 2

Drara [revista:

- -
i:‘ql'.lti:!.' Lol Mo
1k e i immmissians A e ea sleemee iz v sl desli S e Fadavn caoremoaz 1 ednws 2 s

- Lagrindicatario arsume gli obblighi di tracz’ahilitd dei flusei Snanziar di coi alla legee 13 sgesto 3000, n. (30 ¢ sand. 2 pend 8
nudligd, wzzolutn del contramo,
- Llwsermiooe i lrenzazioni swvonule ey avedlerst di booiled Paneeri o pestali oveere degli el saumendd Sdonei o corzenlics In
piema trpcelabili dells operaziond ai senst della legae 03 azostn 2000000 136 @ sund detennina la visoluzions di dicitee del oot
Ieeza salvo il aiciio al cisercimento 40 syvenl el daand o uleciozl onen sostenuli dal. Lrte,

I.‘.Eg__Pli.ln.“l.:'ll Wi - [T whers et cocencasinme alls SEenme ."'.J'h|'-:||l5|r|l|_' ad wlly Predetiaza-LN o Tarrilaria ezl
ooz delle Prosancis i come b de laow gk dell'ivaduengzie cnn Jela propela vonleoparie Ds bappalizleresobeen iraemn ) aedi
ethlighi di fracziahilitt fingrsiaia.

Il Respomsalile deifond: AT Responzalyile 42103 Soutire
St

COPLA PLE DL DOGRMITORLE
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Cardan -Tec s.a.s. di Scarpelli 5. & C.

Speitle

‘Wa Leonando Dia Vincd, 43 Ui i‘degiﬁtudilip jova

41030 Bastiglla MO Via & i BIA

Tel 053 30ar07 Fax 053304707 35131 PADOVA

Part. Iva D2EXRI0I6E

Codics Recale 02625830068 Diesi .

REA T2

Reg. Soc. Trib. ldem

Izcritto nelle Impresa di MO al Hum.RegImp 026268303

Offerta n® 2454 del 260212016

Oggetio Cortese attenzione:

Gloria Maragno
Dipartimento di Ingegneria Industnale
| oger NS G DESCRITIONE 5] OTH PREZTO | SOOWT) MPORTD)
FORCELLA 413112 PER TUBO MR 4,00 50,000 320,00
IMBALLTH L] 1,00 3,000/ ETe ]

Totale 323,00
Scontl
Spase varle 15,00
Totale ofarta 335,00

Pagamanto BONIFICO BAMCARDY ANTICIPATD

Banca d appoggio

Spadiziong MEFFO CORRIERE

‘Valldita' offerts ZoMNE

Apgents d riferimente

IL CLIENTE PER ACCETTAZIONE
Oig i v 19503 |Codics in Matera & Prolezions del el P emonel).

La na Socketh trafta | vostrl Sall di cul @ in podsakss @ a0d0 ne Sello & volgimentc Sel tappord oon 'vol Infemcorsentl

Mol afvamenis a detl medesdmi potreis eseccilane | S previsd dall’art 7 Sel D Llga.vo

dal ciladc: Secrein

i Mewizom wil 19 378

1. IR nal BmiE od ale conditon] previsie Sagll afticolo B, ¥ ¢ 10
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Via G ovanni Battista Ricei, & /inl. 8 - 35131 PADOY A (PD} Haly
Tal. (+3%| 049-651855 - Tel. (+33) M43-GE6014 - Fax {+33} 043-8756084
P.E.C.: catl-ltalla f erubapec. t - Mall: info# cati-italla.com - weanu. cat

Cadice Fiscale o Farca VA 207 eogdl

el L= ldamitto s (S A A e ]

Pl 21 TR I R S R B

METYTRITTA " DEGT.T ST 132 171

LLY. Ll LMNCECHERISA THMTITATRTAT.S BT
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e Ea S O T [ELRN & T B I R P} SRS LS2AT N sy . 1
Polla erd . EgaoL WA R e s T e IR L R DUCTE R EE R N
| [ e 1 1 1 [ 1
(RN Y P e Pdom. | Gx F.xme [iri: Taria | (B | HIETTTEPS TS B B SmmEsaTa I
I Wo ot oo ! 1 I 1 1 i
1 I I 1 1 1 . 1
1 131 LN S H E WITO 1T AT Iaf, nnnn SETT LRLHE R H [SE L S I Y
[ERT B B ) A L S e e v
o B T R [N EA A R el Y R B T L [ERREY. o ke R A, =ded Al on s FoROSTTT M
R ofm 1L 00T BRSO ThAlD RYW oD
1 (R FMEE0TA 0 FATLATA 00N DL LINE i a0 A R Frra e LA I S LR I
DI SLoTo A1 e nER
—UESH 70T, RSN LTRSS
“ fa ol =LA AR TR TS TROEE TOHE 1L, B L
T ARTLE ERET B
BEoaam s
[ =TT TE ERE R T VWIETTORE @ LNOAm T T AR ST T T e o
Ty e BT D E LT ST ] o T
Thmoica AL A Aa 0y LEas S
R Sk i
Trmb>am 1 Lo o H
Tiemenssrnva o 2 I
Firmogramisandde: poer coasors stacd dnteorpel bEas , il bncanmenbe: weloll oo, i R A, T L
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Toma s.a.s. di Brilli Massimiliano
Via A Dofa 32 - 35010 Gazmo (PD)- Halla

Tel. (455095044 Fax D49/5905093
nma e-mall: InfElomatomerielt Intemet www tomatomenie. it
C.F.P.Iva 03560950282 Req. Imprese 035609502832

Preventvo nr.| 12206 PD | del | OTHA2HE

Destinatario Destinazions
UNNERSITADEGL STUDI DI PADOVA DL UNIWVERSITA'DEGLI STUDM DI PADOVA DL
Via Venezia, 1 Via Venezia, 1
35131 Padova (PD) 35131 Padova (PD)
LF, 90006420281 P vg 007424200083
Codics Descrizions Guantits Prezzo  Sconto Imports va
STAFFA DISCO AMT 1pz € 1:20,0000 €120,00 22
PIASTRA STERZD SUPERIORE 1pz € 3:20,0000 €3X,00 22
PIASTRA STERZD INFERIORE 1pz € 350,0000 €350,00 22
PIASTRA FRENO POST 1pz € 130,0000 €130,00 22
BOCCOLA PIASTRA INF 1pz £ 25,0000 €2500 22
BOCCOLA SUPERIORE 1pz £ 25,0000 €2500 22
PORTA CUSCINETTO 2pz £ 20,000 €4000 22
SUPPORTO CUSCINETTI FORCELLONE 2pz € 10,0000 €000 22
CENTRAGGIO PERNO FORCELLOMNE 2pz £ 12,0000 €2400 22
INSERTO DX CERCHIO 1pz £ 15,0000 €1500 22
BEARING PLATE 2pz £ 00,0000 €180,00 22
BOCCOLA TELAID 2pz € 10,0000 €000 22
ASSE STERZO 1pz £ 80,0000 €8000 22
INSERTI FROMNTALI 2pz £ 45,0000 €0000 22
CANOTTCHNS PORTA GHIERA 2pz € 30,0000 €68000 22
CENTRAGGIO RUOTA 2pz £ 10,0000 €2000 22
BUSHING PLATE 2pz £ 98,0000 €186,00 22
Pagamento: Da concordare I;-L hl;pmmlle €;;;$£
Consegna: Da concordare
Spedizione:  Franco ns officina
Tot. documento € 2.092,30
B el 1L g MSEOEE i iformrires che | Vi il maranr o i et i o mc
Pag. 1 Coritutn COMA s e e - W i eorokarn | Vo del i, b P Pl ol e Fraae. hem "] e
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Copitals Sodinle & HG DDA i
AFA: P47
Hep. Imprese Pacowa QU207m6ies
Rac Frsrsrt 1 Commarnda: FO-- 535

Hingraziszdo per ewswere slati interpse’ ati,

Ledize AlELD L
Wit Gocka IT CoEny50es ¥ia Giovanni Dattista Riceci, G/ int. 0 - 35121 PADOVA {PD) Italy
Partita 1WA CoanTFEIEE] Tal. (435} 049651865 « Tel. [+39) 048-666114 - Far (+3%) 049-87T56084
Crdize Faculs COR0TREIEE P.E.C.; cati-italia @arubapec.it - Mail: info@ catiitalia.com - www.cati-talia.com
SgelL LE Cills
ONIVERSITH'CECLI STURI LI EC
ZIP.ZI IMEECHLERIA IWDUSTRIARZE DII
VIR GRARLCIXNICE, 6/R
Fadowat Z1.00 2018 35131 FEaLCVA EL
Tal: U42-B2W, tH00 Tar: M49-BET.T5E3
T ERT A
Hum. s 41% D>l .07, 2018
V&, Rlrerdzentod VERBALE QoL 1y EIG, TRARZE CCHAR Codeclientar 00, CH0GE Paq. 1 .
Ella 2.4, Eqr.¥a, THOEF L VITTCRE CCSEALTIR
IRR| Arzizols Tescrlzione IFem. | gral F.ziz Unicarze | ESzontol Zengsgra | 1w
I [
ATNOTTORE ERTOISIGIIALE an 1,00 2, LLi MEFIG 30 . RO 220
LG D30, ELE0 LGN, BRI, (G, K
2 OATKASRNIANE] COLETTATLEE BOX B5 35xi] % 1,00 31,6630 HETT EROHTA E N 2z0
CEETIONE EPREAY PLEALIIA i 1,00 13, 0033 HEZTTO 220
RRH KT ECRARTONS
VRLIDITR'OFFZATN:
TOTRLE a0 ,450
Rema: FRARCE HS, MEL o
Spadizicna: &7 VH. VETTIGRE: Destinazions EArce!
Pagamanto:  H0H_EAHCAKLD 30 GG_DF. ZIF.ZI IHGIGHEAIRA IND.LE CIT
Eancoa! = 16225 -85 20-07400713033K WTR WENFRETA,
J6I25 CRhE: #31z0 35131 PRIONA I
Ixballa: R EE P
ETatso da:

dlst cramente Faletiams.
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Gingilmis Sociske & SE00000 1w
A.F.&: PRAN447A
Aea. Irprees Podove SR EG2H1
S, Espmanll il Gommere o FOL1832
REL R Rl AH HYHE
o Code IT OGO EC2I
Pasab 1WA OEDTIEC2Y]
Andea Fiecan QEOTTEROR

Padova:

Hu

Va.

Alla 2.4,

£2.05. 2024

[TIH 285

Ellzg

CEZZHRIZ: 3ITLC

ZZ2.053.2014

E-MRTL DEL 1:725/20149

{

HAL

Via Giovanni Dattizta Ricci, &/ imt. & - 35131 FADOVA (FD) lealy
Tal. (4397 049-58185885 - Tal. (£33} 0496686014 - Fax (+39) 0492756084
P.E.C.: eali-italia@arubnpec it - Mail: info# cati-talia. com - wwer_czti-Halin.cam

Spoth. LI iths
HATYERSITA FhG5
LETE.ET THOGEGHERTL
Yla GHAREMIGE, 0Sn
IS AI1 Falaiva IME

P It - I e B

IHTSTRTAT S0 OTT

I'exl: O49-REZ7.7500 Fas: Dda-=220 ahhan
Zod, wliepte: CCLJBCEE Fac. 1

HA| AL

tizzla Descrizicne

F.z2z Jritario | EBoozzal Conge)ns | Iuval

21 Lanz

] IE0056

£ S5lE

ot

VITE R, B,E, B S0=5-F00 0T

TEICCTTOLE R DLS. FIT S0-5-1

4r-32000% - 12002%
ZUSCINETTO HTX

) 61913

1< SENLAED

CTHENMTTE

CEECTHETTS RTY

CUZTINETTIC SKT

CEZCTHETTE ETR

[ 1,00 158, Fan RETTR 58 i, OLR.LC. zd
B E] 455, 500 RETTZ G574 &, zd

HE'TEC FROMTR 5.7, e

HETTS  BROHTR 5.0 2

23,0300 HETTS  PROCHTR 5., z2

m
(]

1a,Lk00 HETTZ: FRCHTR 5.7,

k1
(X}

1,00

(= e (] i, FENG HETTS FECHMTR 3.%7, =a

"
i VALIM TAVOFFERTA 1L 05,
TOInLE .ogd, 050
Egsa: FRAMCD M A8

Epadiz
Fagana
Bancoa:

Inball
Emasso

Zomaz o 177
Coo: R anhchslD 3C
IT-33-2-36Z25-A3_20-05402713

J6IEE ChE:

-H SRATZE

da:  ABICH

Eimyrariando pac

T

5. 0F .

A31ZC

saere stall iatersellsti, distictanerts

Destinazione merce:
ILZM

zalutiame o T I . T O
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LPIVERESTTA TG STHN T BPAL A

|']i| wrlinzrili di -:rlg-:L_ll_u-.:l'ia-. Tuel st eiale: T3

WA GHADEMEGY, B2 33131 PALCY A P

Codice Fiscaie 30000180281 - Pentita Tva SOTAZ120242

Ordioe N, DIIMDOSES BEUTLANIATT

Craty Emissiore: Za06:2014
Proven Cvw B 295 bl 220050200,

Spett. 1=

AL Tl

CILIE O T OO E000S VA GE.RICCT&THTERRO &
CIG: PRICFTITRER 33131 PADOVA PD ITALIA

Uadive Ferna: 155
Chadice Fisvale M2LTTECERT - Parten TV, 03770231
FORNITORE FAX M. 0498755084

Wodzlizd di pagamentn: OB Hanifica benearia - Toomind Pagemento: 30 g2, ricevinents fatura
|:‘i_7!-r'1|‘li'|E"IVﬂ BACRR T DIET PASCI I SIEMA - PALCR A - VTA VLI
Cin:C ABLOIO30 AR 121590 Mo Corae: 00002204590 1BAN: TTETCO L300 21900000022045 20

Wi ||r|.~g|u:|||||| ai fermired e merceservie solleindian:

[vo [ wra o DESCRIZIONG VALL | ' | IMFORITLSIT. | SC0mitin]  TOTALE N
R TA Wa IS wall FALLTA WALITA

1 [IEX (S W RS E T T PR [ TR =M L2500 o 15874
> S (1 Pl T N N T T 1 P (3] a0 PR (] TS 217901
3 SO0 CUSUINETTO M CART. Lol X ELR I e BT H [ A3 HE
4 ANEER L LRI TTC BTN ALY D 3210050 FLR 2,1 el i Lo 125,34
5 DTS VO = TN CLISCIS TP NTH SR S 200E) ELE 2 R B HH L AL
f SR LIS LU E NG B JARLL G CLTR 22 15,05000 G 10 E
? FAREITAXL CHRCINETIO ST JAR T 320141 LT I FOURRIRE N 121,70

Tutale Chidive in Valua L.og4,00

Tinale Seonin [.nn

Totule Imponibils in Eurs 102,

Totala Teain ewro (20 curs [L0E1,000 258,50

Tutale Ordine in Eurw 1.522.54

Shmla iy e venggra PORTOPRARCI RS 5000
Tadivizze di comaogna: 10 W00 VRRTANET AR - vimene |- Padee= T Pl eberta s g ke sz Gt « el 126552V

Leata Pravista:

M ik e
L'uzkElaze di asmisxos € Euiure o srmoni all Unmeersiva dezli Stods i Dadesa daeed dal 31 Rares 008

- nradic ataria asseme ;,'i_ ohlz '31i di i
vl i ssselu chel cunlra i

- Livessariens i tmrsaainy avvenuls somea avvalers ] di Beaitici Lancad o pestali oo degli alu? strwenn Woned a consentivs In
prienz traceia il 14 delle opesaziond ai sensi delle legge 15 agosma 2000, v 138 ¢ sml daterming la risoluzions di divits del conlsaio,
Fasta saivn i diviton al <isaicinento di evertuali denmi o wlerior: cner? sasteurd dzll'Encz.

- Lagriudieatario =i impegna a ders immedialn comueiseaone alle Steciens Appalicle o ol Prefishors-U i Verilieisle del
Govemn della Provineia &8 camperzoza delle molicis dellinsdzmopimente della propria contreparte Sobappalicocesobsentese e agl
aizizlight di tacciabii: finargaria.

b s.004 .-.u-.mi.:}-»” AR

philit cei Musst Graceas diood 2lla legge 175 agosn 200, oo a e s, a pora 8

£

D INGEGNERM TP
I Biraticre

129



¥ndi 0 Ed 08 12007

M O

OFFERTA

RTA SIL
Via E. Mattel — Frazione Divisa

O zvoz0 MaRCIEHAGD (PY)
Tel. 0382 929,855 (r.a.) - Fax 03&2.929.150

mﬂl‘ﬂ.lﬁ.l‘t — e-mail: IMH

FILIALE NORD-EST FILIALE CENTRO-SUD
[F] V2D Augnien, 4230034 MIRA (VE) | ] Via D. Adghien, 41 50025 LORETO (AN)

Tel. 041.56.00.332 - Fax 041.55.00.165

e-mal: fane@na e-mal: tacs@ra

Tel 071.75.00.433 - Fax 07 1.97.77.54

Cliente:

Universita degli studi di Padova -
Dipartimento Ingegneria Industriale

Riferimento:

Ing. Tarek JOMAA

Telefono:
339/8481634

NE-200/2016

Offerta N°: Redatto da:

Claudio Balducci

| Oggetto: Come da Vs. Richiesta Vi inviamo la ns. offerta riferita al seguente materiale.

Pos. Q.ta Codice

Descrizione

Prezzo cad.
IVA esclusa

1 01 pz 5M 2863 5155

Motore passo-passo SANYOD serie SM.
Coppia di tenuta bipolare 920 Nem.

£ 150,88

2 01 pz 5M 2861 5055

Motore passo-passo SANYD serie SM.
Coppia di tenuta bipolare 360 Ncm.

€100,71

3 02 pz X-PLUS B4

¥-PLUS B & il nome di una sere di azionamenti
chopper di tipo bipolare ministep adatta al pilotaggio di
motor passo passo a due fasi con quatiro, sei o otto fil
uscantl.

Gli azionamenti X-PLUS B sono alloggiati allintermnao di
un contenitore metallico atto al fissaggio a parete, di
dimensioni 152 x 128 x 48 mm. Possono essere
alimentati direttaments da rete (110 o 230 V) rendendao
inutile, nella maggioranza dei casi, il rasformatore di
alimentazione. L'ampio range della tensione facilita

l'uso degli azionamenti della serie X-PLUS B in una
grande varieta di applicazioni & nella maggior parte dei
paesi del mondo.

£ 261,60

Condizioni fornitura

Legame valutario Pos. 1. 2: Prezzo fisso

Consegna T+ 10 gg lavorativi data ordine

Pagamento Bonifico Bancario Anticipato

Trasporto A mezzo vs. comere porto assegnaio o nostro (GLS o BRT) con porto franco e spese in fattura.

Validita offerta 3 mesi

Imballo Gratuito

Hote:

A Vs disposizione per eventuali chiarimenti, cogliamo Foccasione per presentare distinti salufi.

RT.A

SrlL

Uifficio Commerciale
Claudio Balducci

(_ch.f 14

@)QQLUL{[L

130



GHE |OF FEMTEG| K X X X X K ¥ W | Toewmm - siEmsms
rmris amg| v e ey witas gy —_ H_H _..l
100 2002 T THETE e 1
wiaden g amgy ] S IF SR 10 T |
. - Py “_ ..).J_ - .v._.: i
= JEE a0 Ty
= e 3 e B i)
TIe® ] Taa wrata T
ML RS P T
— a1 prn oy =i i i
_ . _ Dot |2 DU D ABE ..m.._n.-_\
HES S LN BT R THAIE) s 335835
ey
Fioiets L
A G
£ 3
2°0
|
¥ |-
» |
5 |2
—
|~ - o -
.1.-...
o
B
il LIl GBTEDS
LN bl Weop ADEA LUETRTOG

. —aF
| sy ummxwm

_ JOZEL Tl g

' .._z_.. ..\.H..\
" ___,_,.hx.k.wa A
AT
el )
A P |

131



£T 700 "

ann- BOE

2 R el i S gl I8TEDE
LA SR " 8-9 MBTA UCTLD
LU T ERERRTE 23 e 9
Rusioindealy _.,|_. .\M. .
DT D) BNzrems MR ELARERAL T sieg .- b o~ \\\ + e ]
A g i L TR I B R maasa N; m\.\ o o
. s _
i _, 000 ¥ L J._. . ]
.....ﬂl-._.u T WT i 0% | =
8 T “uy
o ' FTST, B BRI N
T TE S 21 P e Mi .Inw.m\._\ﬂ..;\\__w\ o
¥ [T TRELEELY ST g & IV WO - i
THTLVANTE BT e i SRl TETasRR \ Ity el = -
s m | = &
E
T _ LU 1T e FUINL L ADEoT TEL] |
(EELE R T LR Bty el | Gl
i S W e
r H.d,w\ o1 \ Je =
.hx%
£l rRTEDS
0 WATA SJETTT MY o
™ oIl lBeTEIg
W weTa daj OB G
G—e—0 o @ ¥ EEEE i ._r.m ﬂu» i s
+ CIELRE | - |
¥ ,
E
& i i
[a o le
i |
Im e o m.r a
Lat Lol |
‘.
@ |
T o o e e M =
Y =
& 1
i
(=}
4
k.
th
P2 -
. I
= W
L b Bt S xx..m“vﬂ_.w GBIl ie[Eug

MEEA JUDAY

132



Caplink: Sooleby & B35.0030,00 |

REA:

F-iod470

Aeg. Impreee Pk QO20FTS02ET

COMMERCID ARTICOLI TEGHICI INDUSTRIALI

Fiegg. Esermand | Sommermdoc FO-1 538
Cioebon ATEGD <8 600
Vak Code IT NORITTE0ERT ¥ig @lovanni Battista Aicel, 6 Finl. 8 - 36131 PADOVA (PD) Italy
Parita IVA L[ = Tal. {+38) 049-651B55 - Tel. (+38) 048-666014 - Fax (+38) 049-BTER 084
Codor Fumie LI FA rpy el P.E.C.: cali-Halla@arubapec.it - Mail: infod cati-italiacom - weaw.catl-italia. oem
Spets . LE Ditts
DNIVEESITA'DECLL STUDL DI ED
DIF.DI INGEGHERLA INLCUSTRIALE DLI
VIL FRADEWIGD, 6/R
Fadowa: 21.21.2016 33131 FaDOVA PO
Tel: 0489-B27.7500 Faxi 045=327.7583
OFFERTA
Mam., ¢ 729 Dael 21.11.201c
v8, Riferimento: E-MAIL CEL 25/10/126 31G.THREE JOMAR Cad.zlrecka: M.0elhh Pag. 1 ¥
Alla c.a. Ege.Ws. crk. jomanfqrail  com
|¥R| Retleala Lesczizione [P, | Gha' | Puozzo Mniterio | Scontol Sonsegna Tsa|
[ | [l TR | | |
1 ZEEZ ATTURTTIRE LINEREE SLETTROMECC 2 1,00 £33, 4500 METTG  F SETT.NE DG, E2D
LHEN] RL1 0100 BT DOZAV FOIW
COK VITE TRRFEZOILRLE LEERCL
FTKECORSE ELETTEICI INTEGRATL
z ALIONATI A CRMNE,TT FRIILE
3 TARATURR, CAELETT DTRETTAMENTE
4 SUL MOTORE PER L'AEREATEO DOTO-
i MATICO DELL'KTTTATORE SEHEA
3 FEELZ"ESTERKI - MOPOHE 1N
1 CORREKNTE SOMTING 24V
] CARATIERIRCHE DIMEESIHALI E
g FRESTREICHI COME DR CRTALOGO
10 ALLEGATO (¥R &5 FARINE|
11 18150350 FUATD DI OLI0 5HRLL DA Kz.4 Pz 1,00 &, 3500 HETTO  PRONTA 220
OMALA 54 WEIED BX TIVELR 8320
12 ZFEEE GESTICME BUBHLICA EMM.NE I 1,00 10, 2000 HETTD 220
TOTARLE 03,8640
Fena: FRAHCG K3 MM, N
Spadizione: & L/2 Vi, VETIONE: Cestinazicne meroe:
Pagamento: SOM.AAKCARZD Il GR.DF. DIP.DI [EGEGHERIA IHD.LE DLI
Bancsa: IP-03-0-08235-43120-07A007 13683% VIh VENEZIA, L
ABT: 16225 SR8 ailz20 35131 PADCVA ED
Imballe: GRATLS MB=342T6733
Egmeac da: HONICA

Ringrazlande per eseere sbabl intzepellati, d

tarintsmente salukiems,

133



Table of Contents

DEDICATION ...ttt tutteesuteesteeesuteesrteesuseesseeessseessseeensseessseeessseesnsessnssesansassssseessesesssessnseeesssessnsesenssessnseeensses 2
ACKNOWLEDGEMENTS ... .utteeuteeesureeeseeesssesaseeassseeaseeassssssnsesassssesssesassssssnsesessssesssesansssssssessssssesssessnsssssssenn 3
AABSTRACT .t uvteesuteeeteeesuteessteeesuseessseeesseeeasseesasseesasesessessnseeensseesssessssessssesesssessssessnssessnsesssseessseesnssesssenn 4
SOMMARIO. ...eeeutteesuteeetteesteesteeesateessteeesaeeesssaeessseesasesenseesansaeesseesssessnseeesnseesnsesenssessnseeessseessessnsseesnsesanns 5
INTRODUCTION ...ciiiiiiiiiiiniieeiieeetneiaisteiseesiossiossiasssassssssssssosssssesssesssessssssssssssasssnsssnsssnssanssanssasssnnes 6
CHAPTER 1 — STATE OF THE ART ...civuuiiiiiiiiiininnnnnessiiniiiinnessssssssssninmsessssssssssssasssssssssssssssssssssssssssssss 8
1.1 THE FLATTRAC [l CLASSIC FROM IMITS L.ciiiiiiiitiiiee sttt esiie e sieessitessteessaaeesateesanessaveeesssessasassnnnessnseesnns 10
1.2 CALSPAN TIRE TEST MACHINE ...eeeuvveesuteeeteeessseesseeasssesssesessssesssesasssesssesssssssssessnsssesssessssesesssessnsesennses 11
1.3 DELFT-TIRE TEST FROM TASS INTERNATIONAL «..eteuveeerteerreesreeenureessseeesseeesssessnseessssessssseesssessnssessssessnns 12
1.4 OUR TIRE TESTING MACHINES ...veeuveeeteeesureeeseeesseeeassaessssesssesssseessnsesssssessnsesssssessssesssssessssesssssessssessnns 12
CHAPTER 2 - MOTOTIREMETER......ccccuuuiiiiiiiinirmnneiniiiiiirsnnsessssissiinnsnssssssssssmmmsssssssssssssnesssssssssssss 13
2.1 HARDWARE PROBLEMS ...eeuvveeeuteeesureessesesseesssessssesesssessnsesssssessnsessssesssnsessssssssssessnsesssssessnsessnssessssessnns 15
2.2 HARDWARE UPDATE ....uvvteuteeeteeesuseesseseseessssessssesesssesassesssssessnsessssesssnsessnsessssessssessssessnsesssssessssessnns 16
2.3 SOFTWARE PROBLEMS ...veeuuveeeteeesureesseeesseessesassseesssesssssesssesssessnsssssnsesasssssssessssssesssessnsesessssssssesanns 18
2.4 SOFTWARE UPDATE ..eeuvtteiuteeeteeesseeesuesanseessssessssesesssesansesssssessssessssesssnsessssessssessssessssessnsessnssessssessnns 19
AT FIrSt SEAQE e 19
DB o 12 o I e [+ [ USSR 20

2.5 INSTRUCTIONS «.vteeueteeeureeesureessreseseeesseseseessssesssesesssesansesssssessnsessssesssnsessssssesssessnssessnsessnsessnssessssessnns 21
B A (o [do 17 o SRS 21
2.5.2 SOFEWAIE. ..ottt ettt ettt e e ettt e e e st e e s ettt e e e st te e e e st e e e et ta e e e st te e e e arteaeenarees 22
CHAPTER 3 - TIRE TESTS & DATA ELABORATION......cccciiieuiiinniiiiencienniieaerensssinsissnesssenssssnsessnssssnnes 23
3.1 TEST DESCRIPTION 1.veteuutterureeereeenureesueessueeesseessseeessseesaseeessseesasessssssessesssssessseesasesesssessssesssseessseeanns 24
I A 0o [T o I g Lo L1V USSR 24
SR B Ko Y40 (o I 1o Lo |11 KPP IPRUPPR 24
I G 1o 1o [ o] I 1 =X S TRSRR 25
R B o (=T do | B 1 =2 RSSO SR 26
BRI (o L3 |« S 27
2 N X 6r [ 1 o= OO PP UPUUPPPPUOPPRPPO 27
3.1.7 COMDBINGA TESL ..ottt ettt ettt et e bttt e s e et e st sesuseesateaeasteasssaenaseanas 28

3.2 TEST RESULTS uutteesureeeueeesueeesnsesesseeessesasesesssesssesessseesnsesssssessnsesansesssnsessssssssnsesssseessnsessnsesssssesssseennns 29
I N 0o 1o [ o] I 1] =X OSSR 29
3.2.2 LALEIAI SEIffN1ESS..ueeeetiiee ettt ettt e e e et e e e et e e e e e et a e et e e e st e e e naes 30
I I [+ L3 |« J 31
I I s [ ] 2= SRS SR 32

BB TIRE_FITTING _V L.ttt ettt ettt ettt site e st s e e sate e sbte e sabeesateesabeesabaeesabaesabaesnssaesasaesne 32
BLBLL PUIPOSE .o 32
BB 2 UNPULS oo 32

B B B OULPULS oo 33
3.3.4 FIttiNG fOIMUIGS. ........vvveeeeeeeeeeeeeee ettt e et e e e ettt a e e et e e e e st aeestaaaeesasseaeeassaaaeaasees 35
3.3.5 FUNAAMENLAI @IEMENTS ...ttt sttt ste e s sate e s sbaeessee e 36

134



I I oW Yo (o T} o o =X U UUSE 37

BLUATIRE_FITTING_V3 .ttt ettt ettt ettt sete e st e e s ate e sate s sbeeessbeesateesateesabaessabeesnseesnssessseesnes 37
BUALL PUIPOSE .o 37
BeB.2 INPULS .o 37
BUA. B OULPULS oo 37
RN Lav [T I (o) 1V ] o SRR SR 37
3.4.5 AdAitioNGl @IEMENTS ...ttt ettt e st e e et e e e st e e et a e nees 39
R Y Yo Vo T4 1 o (o [ OSSR 39
347 INSEIUCTIONS ...ttt ettt ettt e e e e ettt e e e e e s asssaneeeeeeeeannnes 39

S5 TIRE_FITTING _VB .ttt ettt s e e e e et et s e s s e e e e e eaa e e e s e e e s eaebaaaeseeeaeeaassaaneeaaes 40
B 5 T PUIPOSE .o 40
B 5.2 UNPULS e 40
R Vo Vo T 1 [ [ USSR 40
354 INSEIUCTIONS ...ttt et e e e e ettt e e e e e e et neeeaeeeeananns 40

3.6 ISSUED PAPERS AND ARTICLES ....vveeeuveeeteeesreessesassseesseesssseesssesssesanssssssssesssesssesssssssssessnsesesssssssseeens 42
3.6.1 The effect of the inflation pressure of tires on motorcycle weave stability.......................... 42
3.6.2 Identification of the mechanical properties of tires for wheelchair simulation.................... 43

CHAPTER 4 - NEW TIRE TESTING MACHINE.......ccciitiiimiiniriiriiiiiniiniresiiesinesisesrassrasssessssssassranes 47

4.1 COLUMN ASSEMBLY ..vveeuuteeeuteeesureeaseeessseesasesassseesssssasasasssessssssesssssssssesssessssssansssessesesssessssesassesesssenn 49
B N [T o T 1o | ) o [ =SSR 49
o V=T ¥ [ole |l o Lo | (-2 SRR 52
I TV o [ 1o IR 53
I o Td=e [ =T [V Lol =] (USRS 53
4.1.5 PiSton’s MOUNEING PIGLE.........cc.veeeeeeiieeeeee ettt ee e et e e e e etea e e st a e e st a e e srteaaesnees 55
4.1.6 PNEUMQLIC SYSTOIM ...cevvveeeeiiiiieeeeeeeeeiiittte e e e esseattt e e e e e e sssssstaasesessssststassessssssssstsenasssssnnssss 55
B A ) [=Tot 1 4 Lol 3 VA 1 =1 IO USSR 58

4.2 ROLL ARM ASSEMBLY .uuiiiettttiutiesesseeettttuiaesseesestsstusesseesesssunsassssesssesssnnsseesessesssmnnesssessersssnssessasnnnes 60
4.2.1 Bearing Plate QN COVEI ........couuueeeeeiieeeeiie et eette e tea ettt e e e staa e e ssste e e e sisteaeesisteaaessees 61
B U 11V Yo | N Lo T SRS 61

4.3 SLIP ARM ASSEMBLY 11uuueiiieitttuutueseeeeeetsttuuaeseeesestsnuessessessessssnassseesssesmsnssesseesesssmnnesseeseessssmnsseseaennnes 62
G B o[ | § SOOI UPSUUPTPPPUOPPUPPO 62
VR AN o T=T=0 [ g -1 [V ol =] (RS 63
R Y (-T2 Lt o T 1Y K [ 1o (SRR 64
VR V=T a i ole | W Lo 11 (o) S 64
E RN |4 g (T 1 [o s USSR 65

A4 MWHEEL ASSEMBLY ...uttteiteeeteeenuteesteeesuteesseesssseessseessseeesssessssesnssessssesessseessessssseessseesssseesssessnseeesssees 66
4.4.1 Lateral QQJUSEME@NL ...ttt ettt e e e e ettt a e e e e e sttt e e e e e e e s sssssssesaaaaesansanes 66
NV o T-T=] 1 17 o PP PRSPPI 67

4.5 SOFTWARE DEVELOPMENT c..uttteureesutteeureesteeesseessseesseeesssessnssssnsseesssesssseessssesssseessesssssessssessnssessssees 68
VRN LY, [oTx (o] g Mole T 11 e ) OO P PP SPR 68
4.5.2 DAQ (AQTA QCQUISTEION).......oeeeeeeeeeeeeeee et ettee ettt e e e st e e e ettt e e e e stta e e e esttaaeesrsaaaeesees 69

4.6 THE CONTROL SYSTEM . tuuveteurteesureesseeenureesseeessseessseessseeesssesssssssnssessssesssssessssessnseesssesssssessssesssssessssees 70
I A V0T Y (o [ o PP PRSP 70
4.6.2 NI-PCI 7334 (MOtiON CONEIOIIBE) .......eeeeeeeeeeeeeeeeeeee et stea e taa e e 70

135



4.6.3 NI-UMI 7764 (Universal Motion INTErface).............cuvueeeeeeeeeeeeeeeeeiieeeeecieeeeeiieeeescveaa e 71

R Y =1 g (T (o) gl [ V= OSSR 71
4.6.5 STOP MOTON oo, 72
4.7 DAQ (DATA ACQUISITION) SYSTEM ..vveevveesreeesureessseeasseeessessssssessssssssesessseesssssessssssssesssssessssesasssessssenn 75
A Mo Lo Lo 6= | PSPPSR 75
4.7.2 NI-9237 MOAUIE ...ttt ettt s st e sate e stee s sste s s sasesateestaesastsasaseasssseeans 76
Ryl Y ol 0 Y0 R 4 S 76
.78 WOIKSEQLION .ottt ettt s ettt s et e s tte et e s taesssteessasssstessaseasasteasseassssesans 76
A B INSTRUCTIONS ..eveeeutreeeeeesureessureesuseeenueeesseessseeessseesssesesssessnsesenssessnsessssseesssessnssessnsessnsseesssesssseeesssees 78
I (o [do 17 o PP SSR 78
B.8.2 SOFTWAIC ..o e e e ettt e e ettt e e ettt e e e st e e e e et e e e e s staeeeasaaaaessssaeessssnaaesstnaaenanees 78
4.9 IMACHINE SETUP «reeutteeiuteeeteeessteesteeasseeansesaasseesssesassasasssesasseasssssnsesesssesansesansssssnsessssseesnsesansensssseen 78
4,10 PROJECT MANAGEMENT ....uttteiuveeetreetteesseeassseesssesasssesssesassssesssesssssesssesssesasssssssesessssssssesansesesssees 79
A, 11 CONCLUSION ..ttt etteesiteeeteeesuteessseeesseesasseeessseessseesnseaessseessesesssessnseesssseesnsesenssessnsessssseessesssseesssseen 83
BIBLIOGRAPHY ...eeiuvteetteeeteeesuteeeteeessseeasaeessseeassesasseesnsasessseesnsesassessnsasassssesssasanssaessesesssessnsesanssessnseeaes 85
INOMENCLATURE .1ttt tteesteeestteesseeessseeasesessseessssasseesnsasasssessssssassessnsasassssssssesassssssasesesssessnsesasssessnsesanes 87
LIST OF FIGURES . uvteeuteessesesuseesnseeesseesaseessssesssesesssessnsesssssesssesssssessnsesssssessssessnssessnsesssssessnsesssssessssessnns 88
LIST OF TABLES .veeeuvteesureesteeesuseesseeessseesseeesssesssesasssessnsasesssesssesssssessasesessssssssesassssssnsesessssssnsessnssessnsesanes 90
APPENDIX A ..ot eetee ettt e ettt e ettt e e sttt e stee e ttee s baeessaeesasaeansseeansaeesaeeassaeansaeeanseeaseeeanteeabaeeanteeansaeenteearreennres 91
F N0 2 RS 94
APPENDIX € ..etteeetee ettt e ettt e et eeestteeetee e tteessbaeesaseesasaeansseaansaeesseeassaeansasassseeaseseaasaeansseesnseeansaeentaesseeennees 99
APPENDIX D ..ttt ettt tee ettt e e et e e et e e e tt e e st e e et ae e e be e e baeeaatee e baeeaateeetaeeanreeebaeeanteeataeearaeeareeane 101
APPENDIX E .veieeiee ettt sttt s e e s e e st e et e e e bt e e b e e e s a e e e e bt e e eat e e e teeeanteeebeeenateeenteeeneeeereeenn 104
AAPPENDIX F .veteeieestee ettt e st e ettt e et e et e e s te e eette e e st e e eabaeesateeassae e ssaaensaeasaseeanseeeansaeesaeesnseeensaeeseeeansaeanns 117

136



