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Summary

Nowadays human safety and comfort are the most important parameters in designing and
producing a vehicle, that is why every organization ensures the quality of components
used in the vehicle. Leaf spring is also a component of vehicles which plays an important
role in human comfort during driving. It acts as a structural component of the suspension
system and influences mostly the human safety. Accidents caused by heavy trucks have been
increasing recently. This is mainly due to the fact that overloaded vehicle have steering
difficulty and long braking distance. Therefore, this work aims to develop an automatic
payload measurement for heavy vehicles, so that drivers, police officers and suppliers can
monitor vehicle loads while on board the vehicle and remotely. For the ease of installation,
high accuracy, and low cost, this work proposes to paste strain gauges onto each leaf
spring in vehicle suspensions, instead of load cells. Based on measured output current in
each suspension, the vehicle payload is calculated. Moreover, for promoting the accuracy
of calculated payload, this work develops an electronic device able to analyze data and
transfer them from the sensor to a well-equipped IoT platforms to build a proof-to-concept

prototype for the future usage.
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Chapter 1

Introduction

1.1 Motivation

With the rapid development of economy, the improvements of transportation industry con-
tinues to increase. The problem of overload or overrun in the heavy vehicle payload became
a problem. Therefore, how quickly and simply to know the vehicle load and how to effec-
tively limit overload inexpensively has become a key issue. The suspension system in a
vehicle affects the behavior of the whole vehicle, i.e., vibration characteristics including
the drive comfort or driving stability. Leaf springs are commonly used in the vehicle sus-
pension system and are commonly designed to withstand the maximum anticipated loads.
Furthermore, the high stiffness of the spring can lead to undesirable oscillations exerted on
the vehicle potentially causing damage. In order to identify the payload, integrated weight-
ing sensors are necessary. Installing a sensor directly on the leaf spring allows to see the
effective load on trucks axles. Adding a complementary electronic device able to transfer
useful data, could be the solution for suppliers to see real time data remotely and deliver
any needed help to customers. Plus, since the acquisition of the load value changes with
the ageing of the material, we can prevent accidents due to failure, thanks to an exhaustive

analysis of real time data acquisition stored in-cloud.

1.2 State of art

During the last few years, different solutions have been developed in order to prevent the
frequent traffic accidents and bridge collapses. The problem became even more serious in
the last three years; this is why a law has been implemented to let everyone check the
transportation freight regularly. The European Council Directive 2015 /719, amending
(EC) 96/53 states that, by May 2021, all Heavy-Duty Vehicles (HDVs) including Heavy
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1 — Introduction

Goods Vehicles (HGVs), buses and coaches using European roads must have taken mea-
sures to identify vehicles and vehicle combinations suspected of exceeding their maximum
permissible weights in traffic, according to Article 10d [10]. This Directive establishes max-
imum common measures to ensure that road safety is not jeopardized and that degradation
to roads, bridges and tunnels is minimal.

The evolution of weighting systems has highlighted two dominant technologies for mea-
suring vehicles’ payloads: weigh-in-motion (WIM) and on-board weighing (OBW). WIM
measuring systems are external to the vehicle measured, and can be differentiated from
OBW systems, which are installed into the vehicle itself [11]. On-Board Weighing (OBW)
systems enable the weight data to be communicated at any time from a moving vehicle.

One example of WIM technology is the one certificated by the Australian National mea-
surement institute, that uses the Central Weighing model named Supaweigh 4000 road vehi-
cle weighing-in-motion instrument. The Supaweigh 4000 system uses a SUPA120 Weighing
Platform and an indicator which receives signals from the weighing platform which it pro-
cesses to determine the axle loads,and sums the axle loads to determine the total vehicle

mass [14].

Figure 1.1: WIM SUPA120 Weighing Platform and indicator

In the other hand the sensors of OBW systems can be installed to measure individual
wheel loads, axle loads or axle group loads. These measurements would allow the inspection
authorities to filter the vehicles so that only overloaded vehicles are stopped for inspection.
There are two general types of OBW systems: static On-Board weighing and dynamic
On-Board weighing.
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Static OBW weigh the vehicle when it is stationary, and it’s the most reliable system
with an accuracy of 2% within 95% of readings, or an error of 2500 kg. In a dynamic OBW
system, the weight values are monitored continuously with an inaccuracy of £1-3%. Many
different sensors can be used as load cells, strain gauges, and air or hydraulic pressure
transducers, but also other sensors, such as accelerometers and displacement sensors may
be used. A successful example of the use of OBW systems to manage heavy vehicle access
and compliance to the road network, is the implementation into Australia’s Intelligent
Access Program (IAP) [3].
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Figure 1.2: Example of dynamic OBW system

The most famous method to measure the weight is based on load cells that employ
either strain gauges, where a measurable change in resistance occurs at every deformation
of the material, or piezo materials that produce electrical charge when stressed. The strain
sensor measures the strain of the axle body and thus enables the load to be calculated. The
sum of the axle loads gives the vehicle weight including the load. A strain gauge converts
the mechanical deformation into readable electrical value. Contrarly to a single strain
gage, load cells comprise an array of strain gauges that convert the mechanical load into
readable values. This makes load cells more precise and sensitive than strain gauges, but
more expensive [9]. To attach on leaf springs, monoaxial strain gauges are usually preferred
since the strain experienced by the suspension is mostly longitudinal, so we can neglect
the one that is transversal. The sensor is bonded to the axle in which the strain is to be
measured. The installation of the sensor can be done with an epoxy glue. Single strain gages

are typically installed on steering front axles having leaf spring suspension or on leaf spring
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1 — Introduction

suspended trailer axles. Strain gauges are the cheapest load sensors in the market and the
simplest ones. A strain gauge depends on the electrical conductance principle. Whenever
the sensor material is enlarged within the limits of its elasticity, it gets narrower and
longer. When the strain gage sensor is compressed, it gets shorter and broader,changing
its resistance. Strain gauges have been used to measure induced deflections on vehicle
suspensions. For example, U.S. Patent No. 4,042,049 describes a vehicle weighing system
in which respective strain measuring transducers are mounted on a pair of equalizing
beams positioned on opposite sides of the vehicle [12]. The center of the leaf spring is
usually attached to the vehicle, and their tandem axles are secured to their ends. The
strain transducer gives the load induced deflection of the beams, providing an indication
of vehicle weight. The objective is accomplished by measuring the load induced strain
occurring in the springs’ edges. In the case of a standard parabolic leaf spring with only
one leaf a uniform tension is assumed, so the position of the strain gauge is unimportant.
This can be proved numerically or via an FEM (finite element method). Anyway, the main
concept is that in a cantilevered beam the bending moment varies from its maximum at
fixed end to its minimum at free end. If we have beam of uniform cross section. Then the
bending stress (strength) will be maximal at fixed end and minimum at free end. But if the
cross section changes of size from fixed to free end (decreasing section modulus from max
to free) then the stress can remain constant as the bending moment decreases; their ratio
remains constant, measuring an uniform strength throughout the leaf spring. Here, in the
figure 1.3, we have two types of leaf springs; the longitudinal ones in blue and transversal
ones in green. For the experiments we will install the strain gauges in the two longitudinal

suspensions located in the rear axles, since we want to measure a tension.
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Part number Description llustration
10205 (M) SG sensor intended for measuring
compression
10204 (L) SG sensor intended for measuring tension
10203 (L) SG sensor intended for measuring

compression

10204 (L) SG sensor intended for measuring tension

Figure 1.3: SG sensor on a leaf spring

Strain gauges are convenient because they can be used; their relatively low cost and
the fact that they are reusable are an advantage. Electrical resistance of strain gauges

compensates most of the disadvantages of mechanical gauges. Installing resistive sensors
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like strain gauges on the heavy vehicles before selling them could be very convenient for
both trucks suppliers and customers. Therefore, it is worth to rely on this type of sensor
to develop a complete system that can give the right instruments to prevent most of the

risks.

1.3 Objectives of the thesis

This experimental thesis is part of the research program of MOLLEBALESTRA company,
a market leader in the production of leaf springs for road and rail freight vehicles. Being
able to predict with sufficient accuracy the risk of failure of a leaf spring is the final
objective that underlies a series of preparatory tasks for a digital architecture to support
the collection of data from the vehicle, transmission in the cloud and their analysis with
statistical and simulation tools in order to define a reliable digital twin with predictive
models based on historical series and on the actual working condition and stress of the
leaf spring. In particular, the thesis work exploits a MOLLEBALESTRA vehicle equipped
with a strain gauge sensor applied to a leaf spring and connected to a data logger in the
cabin. In order to overcome the limitations of using a data logger, MOLLEBALESTRA has
designed a device based on Arduino to replace the data logger, offering also the possibility
of on-board processing and wireless connection for data reading. The thesis work aims to:

1) Calibrate and validate the response of the sensor applied on the vehicle’s leaf spring,
first in the workshop on a dynamic measuring machine and then on the vehicle.

2) Validate the data collected by the electronics in terms of consistency with the attitude
of the empty and fully loaded vehicle

3) Analyze the ability to interconnect with CLOUD systems for real-time collection of
data from the stationary and moving vehicle

4) To analyze the reliability of using a strain gauge to weigh the load, compared to the

use of load cells.

The result of the thesis work will then be used to identify digital services which, by
exploiting the data collected and analyzed, will be able to:

1) Provide indications on the weight and optimal arrangement of the load

2) Provide information on the useful life of the leaf-spring based on its actual stresses

3) Identify the geographical point and the stress that caused the leaf-spring to break.



Chapter 2

Leaf springs

2.1 Functionality

The main function of leaf springs is to supply comfort to the passengers by minimizing
the vertical vibration caused by the non uniformity of road irregularities. Generally, leaf
springs have high strength and low modulus of elasticity within the longitudinal direction.
High fatigue resistance is one of the foremost important properties for leaf springs since
they carry the complete load of the vehicle and knowledge dynamic load during driving
conditions. Leaf springs are guided by the SAE J1123 standard titled Leaf Springs for car
Suspension, and might be full, semi, or quarter-elliptic with one or more leaves. There is
a large variety leaf springs in the market and their characteristics differs looking on the
ultimate usage of the vehicle. Leaf springs are subdivided into longitudinal and transverse
leaf springs. Longitudinal leaf springs are used only on rigid axles, more precisely on heavy
vehicles and trailers. Figure 2.1 contains a weight comparison between the previously ex-
clusively used multi-layer leaf springs and modern parabolic springs. Springs with only one
layer, named single-leaf springs, are usually used for light commercial vehicles. Transverse
leaf springs, in contrast, can provide the springing on either side of the axle; they were

previously utilized in independent wheel suspensions of passenger cars.
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a. Conventionally multi-layered leaf spring with
smoothly cut layer-ends. 14 layers; height of bundle:
140 mm; weight: 122 kg

b. Improved multi-layered leaf spring with pressed layer-
ends and plastic layers in between. 9 layers; haight of
bundle: 127 mm; weight: 94 kg

c. Parabolic spring with pressed layer-ends (length approx. 1200 mm) and
plastic layers in betwean. 3 layers; height of bundle: 64 mm; weight: 61 kg

Figure 2.1: Types of leaf-springs

2.2 Fabrication process and thermal treatments

The leaves are usually characterized by an initial curvature or cambered so they’re going
to tend to rectify themselves under the load. The leaves remain by means of a band that
surround them at the middle or by a bolt passing through the middle. Since, the band exerts
an expansion effect, the effective length of the spring for bending is the overall length of the
spring minus width of the band. Just in case of a middle bolt, two-third distance between
centers of U-bolt should be subtracted from the length of the spring to search out the
effective length. The spring is clamped to the axle housing by means of U-bolts. The top
of the longest leaf called master looks like an eye fixed employed by the bolts to secure the
spring to its supports. the extra leaves of the spring are called graduated leaves. so as to
forestall friction between leaves, the ends of the graduated leaves are cropped in various
forms. The clips are located at intermediate positions within the length of the spring, in
order that the graduated leaves also share the constraints within the full-length leaves when
the spring is stressed. The material used for leaf springs is sometimes a noticeable steel
having 0.90 to 1.0% carbon. The leaves are submitted to a thermal process after the forming
process. the warmth treatment of spring steel products higher robustness and thus greater

carrying capacity, increased range of deflection and optimization in fatigue properties. The
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2 — Leaf springs

heat treatment process is the most affecting procedure on the spring performances [1]:

1. Heating for Hardening: Any metal, or alloy with high ductility, is additionally used for
springs, or any alloy which can be heat treated to high strength and good ductility before,
or after forming could even be used. Leaves are heated to very high temperatures in an
Oil-fired hardening furnace. Usually temperature is maintained between 850°C and 950°C.
2. Cambering: the longest leaf is called the master leaf. The quantity of bend on the spring
is known as camber. The camber is provided so even at the utmost load the deflected spring
shouldn’t touch the machine member to which it’s attached. The central fastener is required
to carry the leaves of the spring. The machine used for this operation is that the press.
Leaves are twisted to required radius employing a press. All the leaves are tested using
cambering gauges. 3. Quenching: Hot leaves are kept in tray and quenched in oil bath to
urge martensite structure. Martensite is that the hardest sort of steel crystalline structure.
Martensite is made in carbon steels by rapid cooling. Machine used is carrying quench
oil bath. After cooling down the structure of spring becomes rigid and this property isn’t
required. But this process is required to line the leaves to correct radius after cambering.
To eliminate hardness tempering is completed. 4. Tempering: Tempering can be a process
of heat treating, which is used to increase the pliability. Leaves are reheated to decrease the
rigidity to required level. Electric heated temperature oven is used for this process. Hardness
of the leaves is computed by Brinell hardness testing. This process is additionally done to
alleviate stresses. The process is done at temperatures between 540 and 680°C. Tempering
process involves heating of leaves below their re-crystallization temperature so cooling them

using water or air.

2.3 Parabolic leaf-springs

A more recent implementation is the parabolic leaf spring. This design is characterized
by fewer leaves whose thickness changes following a parabolic curve. During this design,
friction between the leaves is unwanted, and for this reason the contact is kept only between
the springs at the ends and at the center. Spacers are also used between the two leaf
springs to avoid friction at different points. Additionally to the carrying capability, the
main advantage of parabolic springs is their greater elasticity, that ensures higher driving
quality and comfort. Also, the comfort characteristic of parabolic springs is better and
not as "stiff" as conventional multi-leaf springs. The leaf spring used for our research is a
parabolic leaf spring to which the strain gauge will be attached in order to measure the
load on the truck.
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Figure 2.2: Model of the parabolic leaf-spring with Solidworks

In particular, the leaf-spring considered during this study, is the 10.730.00 with section
70x18mm , as seen in the following figure taken from the Mollebalestra industrial document.
This leaf spring is consisting of the main leaf (10.730.91) and second leaf (10.730.02). The
first two digits usually refer to the main customer (10); the next three digits identify the
leaf spring under consideration (730); the last two digits refer to the type of single leaf/leaf
(00 a full leaf spring; 30 a leaf spring; 50 a main leaf spring; 91 a leaf spring with a silent
block; 92 a main leaf with bushings; 01 a main leaf without silent block/bushings; 02 a
second leaf; 03 a third leaf and so on; 71 to 79 a reinforcements; 80 to 99 a modified full
leaf spring; 56 a shims); The spring under consideration belongs to the family of parabolic
(two-leaf) leaf springs (the rolling profile follows a parabola in order to have a uniform
state of tension along the span of the leaf spring without resorting to the trapezoidal plan

profile characteristic of traditional, i.e. non-rolled, leaf springs).
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Figure 2.3: Technical data of the leaf-spring

Another important fact is that on the application of stress on an elastic body, the strain
experienced by the body is directly proportional to the stress applied. A force applied pro-
vokes a strain or a deformation. If force does not exceed the elastic limit, according to
Hook’s law, the strain will increase with stress. But if the stress applied overpass the max-
imum strength allowed, permanent deformation will occur. In engineering and materials
science, a stress-strain curve for a material gives the relationship between stress and strain
also written as:

o= Fe

It is obtained by gradually applying load to a test coupon and measuring the deformation,

from which the stress and strain can be determined as the following figure shows.
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1: True elastic limit
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Figure 2.4: Stress-strain curve
The yield strength point is the point in the stress-strain curve at which the curve levels
off and plastic deformation begins to occur. When a yield point isn’t easily computed
depending on the shape of the stress-strain curve an offset yield point is applied. This value
is commonly set at 0.1 or 0.2% of the strain. The offset value is given as Rp0.2=310MPa.

High strength steel and aluminum alloys don’t present a yield point, therefore the offset
yield point is employed on these materials.
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Chapter 3

Theoretical model

3.1 Static analysis

A light truck was selected as the research object. Its rear suspensions are equipped with
the parabolic springs. Most precisely we used a small lorry , the BOXER CABINATO
TELAIO of 1975kg made by Peugeot. This vehicle is able to carry 1525kg as weight as we

can see in the registration document of the vehicle.

3 R
»
3
o

Figure 3.1: Boxer Cabinato telaio Peugeot truck
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Figure 3.2: Registration document

It’s important also to know how leaf springs are installed on the truck, to understand
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its movement whenever we charge the lorry with a load. As we can see in the following
figure, the front end of the leaf spring is connected to the mounting bracket attached to
the frame. The axle is located to the leaf spring center bolt and secured by U-bolts. The
rear eye of the leaf spring is connected to the frame through a shackle that can swing back
and forth, allowing for spring expansion. In our case, contrarily to the figure, we have only

two leaves.

MOUNTING BRACKET
FRAME (HANGER)

o o) ™ K

SHACKLE

U-BOLT
AXLE

FRONT EYE

BUSHING
MAIN LEAF

CENTER BOLT

SPACERS
REBOUND CLIPS

LEAVES :
©TestingAutos.com
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Leaf Spring Simulation Tool M. Zogheib
TTC-AU

Installed Condition

(a)

Iy

Bench Condition
(b)

Figure 3.3: Leaf spring installation

Here we try to carry out a static analysis of the leaf spring behavior according to the
charge of the lorry, because in dynamics things change slightly. For example, on dynamics,
the leaf spring supports the double of the load supported during static analysis. Whenever
we charge the lorry with a load, the chassis is subject to an inclination, that is more
pronounced when we go closer to the front axle. This happens because the chassis is mostly
supported by the front axle of the vehicle. This also means that if we measure the weight
to which the leaf spring is subject, it will be more and more lower whenever we step away
from the rear suspension. To better study the effect of the load distribution on the truck,
a mathematical model of the truck was designed. For the static analysis, only one spring
(k1) will represent the two rear leaf springs and another one for the two front suspensions
(k2). The truck will be represented by a beam supported by two springs, and, then, the
model will be studied with the load on it. The tracked vehicle weapon analysis is integrated
over a half vehicle platform that is represented by the beam [2]. In the figure 3.4, the beam
supported by 2 springs with different stiffness is shown. Friction can be neglected. The

position and attitude of the system is defined by coordinates x1 and x2 and sin(f) = 6.
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1
J %

il R

Figure 3.4: Real truck and model of the truck with leaf spring

Where R = Myeqsured * § = —k1 * 1 and F' = —kg % x9 are the forces on each spring
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and P = mx g is the weight of the load on the vehicle. The equations of motion are derived
from the sum of forces on body and sum of moments with respect to where the sensor is
located. We will suppose that the rear and front suspensions are represented by springs
with stiffness k1 and k2, respectively. The aim of our study is to compute the mass

P

Mreal = —

on the vehicle. Once we find the theoretical relationship between the mass and the displace-
ment, it will be compared with the experimental one. At the static equilibrium applied on

the vehicle carrying the load P we will have :
> Fi=R+F—-Pg—P=0

My=—fP—aPg+ (r+ f)R=0

From those equations we can get the force mpeqsureq function of the distance from the
front axle f and the weight P = my..q * ¢g. Half ot the mass measured is sensed by the
right rear leaf-spring and the other half by the left rear leaf-spring. The two strain gauges
measurements are finally summed up and displayed to the driver. So, we obtain,

R: fP+an _ f*m’r‘eal+a*mtruck

g gL L

Mmeasured =

Where
L=r+f=a+b

Since during calibration the sensor doesn’t take into account the load of the vehicle, the

sensor detects only the mass measured function of the real load, equal to:

Mmeasured = E = 97[/ = Myeqal * i3
Where P = my.eq * g is the real load weight that we charge in the vehicle. So, if R is
proportional to the distance from the front axle f, we can observe that when f is at its
maximum L=f so, R=P and the sensor on the rear axle can compute the real value of the
load mass. Whenever, a decreases the weight experienced by the rear axle decreases too. If
the real mass of a load that we want to put in the truck is my... = 160kg we can plot the

curve of the mass experienced by the rear axle function of f.
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Figure 3.5: Mass function of the distance from the rear axle

In the figure 3.5 we can see the mass experienced by the rear axle function of f/L.
Higher is the value of the distance f, lower is the change on the load m experienced by the
sensor in the rear axle. Once we step away from the rear suspension the load decreases.
The following graphic shows the error between the real load and the load measured by the

SENSOr.
Error of the sensor
180
160
140
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100

Load(kg)

80
60
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20

Figure 3.6: Error of the sensor measuring the load
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The inclination of the road is important for the set up of the electronics. The road incli-
nation will have an effect on the mass charged by the vehicle. In particular, the component
related to the height of the load center of gravity will affect the measurements.

Using the same equilibrium equations of before and the following model in figure 3.7,

we can conclude that,
ZF:R—kF—Pg*cosa—P*cosazo

My = —aPg % cosae — hPg x sinae — fP % cosae — zP x sina+ (f +7)R =0

So the sensor will detect,
m .
Mmeasured = f * (fCOSOZ + zsmoz)

where z = 950mm for a load of 160kg
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Figure 3.7: Road inclination model and angles information
In the following graph, it can be seen the curve representing the measured mass function
of f/L. and assuming the angle of inclination o = 20°. Compared to the curve without any
inclination, we can observe that the load carried by the rear axle is lower if the inclination

increases.

0 005 01 015 02 025 03 035 04 045 05 055 06 065 0,7 0,75 0,8 0,85 09 09 1
f/L

=== easured load on straight road e leasured load during inclination

Figure 3.8: Measured load with respect to the distance from the front axle at av = 20°
It’s also important to consider the height of the load center of gravity "z" that affects

the load measurements. In fact, in the following figure, it is shown that the load sensed by
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the leaf springs increases with the height.

This means that the load measured will be equal to:
(P£9)kg

The error equal to 9 kg will be calculated by computing an average between all errors

measurements showed by the previous curve.
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Figure 3.9: Measured load with respect to the load height

Usually for the road, in the extreme circumstance we have an inclination of 45° (a
mountain road) as we can see in figure 3.7. In this case, the load sensed by the rear axle
is only about the 60% (100kg) of the real load (160kg). However the maximum road for
general roads is 30% that corresponds to an angle of 16.70°. In this case, the rear axle carry
most of the real load (about 95%). In the following figure a graphic is shown where f/L
is equal to 0.2 and the only variable is the angle of inclination of the road. It can be seen

that for small angles, most of the load is carried by the rear axle.
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Figure 3.10: Measured load with respect to different roads inclinations

3.2 FEM analysis

The finite element method (FEM) is a technique used to perform finite element analysis
(FEA) of any given natural phenomenon. To perform the computations, the model of a
beam clamped on the left and free to slide on the right was taken into account. This
type of analysis uses the correlation between load and bending stress, valid for laminated

leaf-springs:
drEM = P

npwt?

Where P is the load applied in the middle of the leaf-spring as shown in figure 3.11,
x (x=485mm) is the distance between the center of the silent block and where the sensor
is placed, t (t=14mm) is the thickness of the leaf spring where the sensor is located, w
(w=66mm) is the width of the leaf spring and n; the number of leaves (in this case ny = 2
because two leaves are present). Of course, since the sensor has been calibrated, it will be
able to detect the right load P, even if it is applied on the middle of the suspension and
not where the sensor is located.
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Figure 3.11: Bending stress deformation parameters

In this case the FEM analysis is necessary to justify the strain gauge position on the
leaf spring. Generally, the sensor should be attached in a position with the highest strain
value in order to have a strain gauge able to predict a right value of weight. The only
problem is that the position with maximum strain or stress is also the most sensitive to
rupture. Also, to install the strain gauge we need to grind the leaf spring, so we remove
part of the material as we can see in figure. 3.12. This means that the material becomes
more sensitive because the stress augments. This is why, attaching the sensor where the
strain is maximum is not the best option. For all those reasons, we decide to attach the

sensor where the strain is high but not maximum.
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Figure 3.12: Grinding of the leaf spring material

To analyze a phenomenon, the FEM subdivides a wide area into smaller portions that
are called finite elements. This is achieved by creating the « mesh » of the object: a
mesh is a representation of a larger geometric space by small-scale cells. A mesh divides
space into elements (or cells or zones) over which the equations can be solved, which then
approximates the solution over the larger domain. Usually, the mesh becomes more dense
for sensitive points like holes and notches, but in this case those elements were removed
because the only aim is to understand which is the most stressed point of the beam to
locate the sensor. The most stressed part, shown in the following figures in red cannot be
chosen, since grinding the material is essential to install the sensor, otherwise it will become
too much sensitive and more likely to break. For this reason the sensor was located on a
part of the leaf-spring that is still highly stressed but more rigid, shown in the figure in
orange. When stress is applied to a solid, a deformation occurs, which gives rise to internal
inter-molecular forces in the solid that oppose the forces being applied. If the applied forces
are reduced, then the stress can be carried by internal molecular forces, and the object will
present a new equilibrium state. Once the force is removed, the object comes back to its
previous equilibrium state. If the force is too high, a permanent deformation can occur or
even a complete structural failure. That’s why we need to study the response of the leaf
spring material in sense of deformations, before analysing the stress at which the material

is submitted, as shown in the following figures.

0,1303
- Deformazioni (m)

1 0,0213

‘JL‘* 0,0032
Ot}pui Set‘;-éase 1 Time 1.
Deformed(0,1307): Total Translation
Elemental Contour: T2 Translation

-0,0150

Figure 3.13: Leaf spring deformations
Two different load conditions, corresponding to the test conditions, were considered for
the FEM: static load (750kg) and dynamic load (1500kg). Usually, the rule of thumb, to
test leaf springs maximum loading is to submit them to a dynamic load that is double of
the static one. But, generally, leaf springs are realized by manufacturers to carry 1.5 times
the dynamic load during the leaf spring life-time, in order to keep a safety margin. For
the material properties the nominal values were used (51 CrV4, E=210 GPa, G=79GPa,
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v=0.29). The most stressed points were identified by considering the values of the ideal
stresses defined according to the von mises criterion. For both loading conditions, the most
stressed areas were identified at the supported end and at the outer edge of the two blades
(figure 3.14 and 3.15).
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Figure 3.15: FEM analysis (static load)
To determine where to attach the sensor and, most importantly, which one to choose,

it’s important to see the behavior of the elongation with the FEM analysis. The goal is
to find where the leaf spring presents the maximum elongation in order to past there the
strain gage. The value of elongation is the distance measured from the center of the leaf
spring to the center of the leaf spring silent bloc. So, as before, the model considered is

clamped on the left and free to slide on the right. The simulation was made using the finite
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element analysis on the model seen before, taking into account the elongation parallel to

the leaf spring, defined as:
AL

‘L

Using the values performed by the FEM simulation, a curve on excel has been realized,
on figure 3.16. The elongation expressed on pﬁm has been plotted. As shown in the following
picture the elongation is higher on the edges, where two peaks can bee noticed. So, where
the elongation is higher the sensor will be attached. Only one sensor will be installed,
on the right side of the beam, considering that the two elongations are symmetrical. The
straight line represents the rigid plane on the middle of the leaf spring used for installation
on the vehicles.

2500

2000

1000

500

5758313
5658151
5543432
5385127
5095814
-0,496521
-0,481988
4688908
4513968
3780754
3604097
3337625
3130853
2953379
2775665
2642242
2434394
2360145
0,219991
2439749
2739317
2993733
3307746
3546654
0,371074
3920203
4113744
4351843
4559777
4767416
4989504
5285215
5477012
5668576
5962743
6138603
0,629948
0,6490442
0,727369
0,7460315

-0,1899179
-0,1720452
571394
-0,1362464
115345
-0,09442888
-0,0734997
-0,04956528
0,02859315
0,1989866
0,6738021
0,7042854

0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,

X coordinates

—e—Static load
Figure 3.16: Elongation (pne) of the leaf spring for the static and dynamic load

It can be seen, thanks to the previous graphic that the maximum elongation obtained
is about 1800yue. This value will be useful to determine the suitable sensor. Thanks to this

last FEM analysis, the gain can be determined as follows:
F
Krpym = - = 0.4kg/ne
Now that the elongation is known the next step is to choose the suitable sensor consid-

ering the sensor life duration. This relationship between the sensor life and the elongation

is represented by the Wohler curve, explained in the following picture.
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Figure 3.17: Wohler curve explanation

The main issue is that to have good sensibility of the weight on the truck the strain
elongation should be as high as possible, but on the other hand, to have life long sensors
the strain should be kept low. The goal is to find the right trad off between life duration
and load sensibility
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Chapter 4

Technologies

4.1 Selection of sensor technologies

The strain gauge converts the mechanical elongation and compression into its impedance
value. The metallic strain gauge consists of a really fine wire in a grid. The grid allows to
apply the strain in the parallel direction to the foil. The grid is attached to the carrier,
that is connected to the test specimen. The strain experienced by the test specimen is
proportional to the strain applied to the strain gauge, that will react with a variation of

impedance.

The following picture and table present the strain gauge characteristics.

Ttem Linear strain gauge for stress measurements

Active length 3mm
Temperature compensation 6 /°K

Grid material Konstantan alloy

Base material Phenolphthalein-oxygen

Nominal resistance (350£3)ohms
Series connection WA type
Resistive load (250£1%)ohms
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SG sensor o> =

Figure 4.1: Kimax sensor characteristics
The selection of the technologies was be based on:
¢ Availability in the market
e Size
o Cost
« Efficiency

Another important factor was the maximum elongation found on the paragraph before.

The strain gage needed should support an elongation of at least
ne = 1800pm/m

. A reliable and cheap method, that can be installed on leaf-springs by manufacturers,
calibrated in advance and used to monitor leaf-springs’ life and performances, is needed.

Based on the following characteristics the strain gauge will be chosen.

1. Geometry: Number and position of grids (pattern)
2. Strain gauge series: Construction of strain gauge
3. Connections: Type and position

4. Temperature response adaptation: Material to which strain gauge lemperature response is matched

5. Active grid length: In mm

6. Electrical resistance: in Ohm

Figure 4.2: Strain gage criteria of selection
1. The first criteria is the geometry. On the following picture, it can be seen some of the
geometries on the market. The choice of each geometry depends on which strain or stress

the sensor should measure.
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Linear (LY)

Shear (XY 2/4)

n

Double linear (DY)

11
T rosette (XY) Full bridge (VY) |

Figure 4.3: Strain gauge different geometries

For the strain gauge geometry the mono-axial needs to be selected since the the elon-
gation experienced by the leaf spring is mostly along the beam material. This elongation
will be directly proportional to the weight applied on the truck. The strain gauge selected
is the following one.

Carrier Test specimen

Metallic grid pattern Leads

Figure 4.4: The bonded metallic strain gauge
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The strain is actually the amount of deformation experienced due to an applied force.

Strain can be positive, due to elongation, or negative, due to contraction.

Force Force

: L re— AL

E

Figure 4.5: Model of the strain gauge

AL
L

In our case, only axial strain is considered, that measures how a material stretches or

€

compresses as a result of a linear force in the horizontal direction. Strain gauges measure
the variation in impedance across a fine conductive foil. The gauge factor is the sensitivity
of the strain gauge (usually 2). The change in resistance is converted into a variation of
length.

?:K*E

Where K is the gauge factor, the strain (deformation), R the resistance variation due to
strain and R the gauge resistance. In our case, since we use Quarter-Bridge strain gauge

configuration, K or sensitivity is about 0.5 mV /V.

Figure 4.6: Quarter-Bridge strain gauge that measures axial strain

Strain gauge series are defined by the combination of strain gauge carrier and the mea-
suring grid foil. The main factor determining the operating information is the alloy used

for the grid. The strain gauge is supplied as a complete system that combines a particular
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alloy with a carrier and includes other features, such as integral cables, encapsulation or
solder pads. The following list is an example of different series materials:

A: Constantan in self-temperature-compensated form.

P: Annealed constantan.

D: Isoelastic.

K: Nickel-chromium self-temperature-compensated form.

The following is an example of table series selection for strain gauges.
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Figure 4.7: Standard strain gage series selection chart
In this case, the strain gauge selected has a constantan alloy for the grid and phenolphthalein-

Oxygen material for the rest of the sensor.

2. The case under study uses a Constantan grid alloy for the strain gauge; more exactly
the WA strain gauge. This type of strain gauge was selected based on a specific test "profile".
The choice was made looking at the following table.
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Figure 4.8: Criteria selection based on the test profile

The experiments carried during this study do not require special temperature require-
ments. Plus, the tests that will be held are static analysis only. This is why the WA strain
gauge was selected. Constantan has the best combination of properties needed for strain
gauge applications. This alloy has good strain sensitivity, which is insensitive to strain
level and temperature. The interesting thing is that this alloy can carry strains higher than
1800pe for a life time higher than 10°number of cycles. In fact, the two last columns of
the table give information about the leaf spring life in sense of number of cycles; those
two variables allow to construct the Wohler curve, as shown in the following figure. Those
information mean that the strain gauge is robust enough for the weighting application
under study.
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Figure 4.9: Wohler curve of the WA strain gauge

This curve shows that the strain gauge life increases when the elongation € decreases. This
goes against the installation requirement, i.e. higher is the elongation, higher will be the
sensibility to the load measurement. The goal is to find a good trade-off.

Another important property shared by constantan strain gage alloy is their self-temperature-
compensation. Self-temperature-compensated strain gages are designed to produce mini-
mum thermal output (temperature induced apparent strain) over the temperature range
from about —50° to +400°F. This is another advantage of the sensor that has been selected.

3. Then, the connection should be completed to obtain a reliable measurement. Usually,
to measure small changes in resistance, strain gauge configurations are based on the concept
of a Wheatstone bridge. If the strain gauge is inserted inside the bridge, the deformation of
the strain gauge can be detected through the variation of voltage. The general Wheatstone
bridge, illustrated in figure 4.10, is a network of four resistive arms with an excitation
voltage, V., that is applied across the bridge. Usually the bridge gives an output voltage
but in this study, there will be an output current, since the resistance Rm is present in the
circuit, as shown in the following figure.
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Figure 4.10: Wheatstone bridge configuration

If the strain gauge, that substitute the R4 resistance, changes its value, it will unbalance
the bridge and produce a nonzero output voltage that is a function of strain. With the
deviation method the bridge unbalance voltage is measured. If the instrument used to

measure Vgx has an infinite impedance, the unbalance voltage is given by:

R Ry
Ri+Ry R3+ Ry
36
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If we suppose R=R1=R2=R3=R4 and the resistance of the strain gauge changes to
R+ AR , so the voltage is given by :

AR

Uo = Vel 1 2AR

)

that becomes Uy = ij Ke only when R « R

When the bridge is balanced V0 is equal to zero because R1*R3=R2*R4. So strain
gauges on adjacent sides of the bridge are subtracted, strain gauges on opposite sides of
the bridge are added together. But since R4 is not constant but varies in time, the bridge
will be unbalanced. Knowing the relationship between the mass and displacement we can

obtain the gain of the measurement system :

I 4 kl * L2

Uo %KG Vex  laxg
m loxgxL

where the maximum elongation is given by:

AL F
L Krem

€ = 1800pm/m

Krey = 0.4kg/ne

This gain is obtained numerically thanks to the FEM (finite element method) analysis.

To conclude, comparing the single strain gauge and the bridge, for a Wheatstone bridge
the sensitivity is much higher (about 10 mV/V). However, Wheatstone bridge type requires
three more strain gauges than quarter-bridge type, so more expensive. It also requires access
to both sides of the gauged structure. When choosing the type of configuration, we need to
consider also the installation of the sensor, because the main aim is to realize a sensing leaf
spring for a massive production so the procedure must be quick. The number of wires, and
mounting location all can affect the level of effort required for the installation. Quarter-
bridge type is the simplest one because it requires only one gauge and two or three wires.

4. The fourth point considers the temperature compensation of strain gauge. The tem-
perature influence needs to be compensated in order to reduce most of the errors. The
induced strain can be viewed as an error due to the temperature changes in strain mea-
surements. The temperature compensation in the strain gauge is necessary to reduce the
thermal effect on the measurements [5].

Temperature influences strain measurements in many ways:
e There will be a non-zero coefficient of thermal expansion. Unless compensated for changes
in temperature, it will cause the sensor to expand or contract, which translated as a change

in strain.
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o The materials of the strain gauge itself have a non-zero coefficient of thermal expansion.
Variation of temperature will cause expansion or contraction, independent of any strain in
the part to which it is attached.

o The wiring and the strain gauge itself will have a non-zero temperature coefficient

impedance. The resistance will change depending on the temperature.

To compensate those errors different methods can be used.

The strain material can be changed to compensate for the thermal variation of the
item. The thermal sensitivity is reduced but not totally removed. The Coefficient of Linear
Thermal Expansion (CLTE often referred as «) is a material property which characterizes
the ability of a material to adjust the strain caused by temperature [6].

Another method is the one that uses a bridge circuit. By using a three-wire connection
the bridge remains balanced as long as lead wire resistances RL track with temperature,
as shown in the following figure.

R,

|
A LRI
R, / \Zz R +AR
A~ wﬁ*li
+ i ] ,/"’
=/ Ve % e Ha g, A v‘ll;c?\v

bE-Ii :LTr L3

Figure 4.11: Three wire connection bridge
In the actual thesis a simplified structure is used by selecting a self-compensated strain
gauge made available by KIMAX company, in order to carry out a first experiment. The
kimax strain gauge is protected by a stainless steel cover and it transforms the strain of
a beam into a measurable current signal. In the following figure we can see the electrical

connection of the sensor and its temperature information.

38



4 — Technologies

SG sensor o>

Code Material a(-10%/°K)

1 Ferritic steel 10.8

Figure 4.12: KIMAX SG specifications

The kimax sensor is made with steel and the coefficient reported in figure 4.5 is the
elongation of linear expansion of the strain gauge material. It means that the temperature
adjustment for the ferritic steel material is about 10 or 6 /°K [8]. However, we take into
account the fact that this leads to errors. For example, if we consider a gauge compensated
for aluminum that has a temperature coefficient of 23 ppm/C. With a nominal resistance of
1000 2, gauge factor of 2, the equivalent strain error is still 11.5 pe/C'. Therefore, additional
temperature compensation is important. But for this first attempt we will consider only

one strain gauge without any bridge.

5. The strain gauge measuring grid length depends on the aim of measurements, as
the result of the measurement using strain gauges will be the mean strain underneath the
measuring grid. In general, measuring grid lengths of 3 or 6 mm (0.118 or 0.236 inches)

represent a good solution. A length of 5mm was chosen as suitable.

6. The step to choose the right resistance is very important. In some cases the only
difference between two configurations available in the same series is the electrical resistance,
typically 120 and 350 ohms. If the choice is possible, the higher resistance is preferable
as it reduces heat generation by a factor of 3. Higher electrical resistance minimises the
effect of cables such as the sensitivity reduction induced by the resistance of the cables
and undesirable variations caused by the variation of cable resistance to the temperature
fluctuation. Since there are no temperature requirements in this specific case, a standard

resistance of 120 ohms was chosen.
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4.2 Kimax 1 and 2

For our project the kimax 1 is used to give an interface of the load to the driver and,
instead, the kimax 2 is used to calibrate the sensor. Those instruments are given directly
by the same company of the strain gauge manufacturer. The Kimax 1 and 2 are axle
weighting gauges that the output current of the strain gauge to indicate the load, and to
keep informed at all times about the present load value. Usually, Kimax 1 and 2, are used
for air suspensions because it exploits the linearity between air pressure and load of the
single axles and calculate the current axle load with an accuracy of 2% of the maximum
load for each axle.

Kimax 2 is useful whenever we need to connect the strain gauges to more than two

axles because it allows to see the weight on each axle (right figure 4.13).

M SENSE-TECH

= KIMAX

Air input 1

==
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= KIMAX
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Figure 4.13: Kimax 1 and 2 installation

Since, for our experiments we only monitor the rear axle of the truck we can use the kimax
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1 alone, but it’s important to use multiple options given by the kimax 2 to settle the right
gain of the curve between the weight and the current during calibration. To summarize,
Kimax interfaces are optimal to give a real time monitoring to the driver, but also, it’s

essential to calibrate the sensor installed on the leaf spring before putting it on the truck.

4.3 Data logger

For sake of simplicity we connected the sensor to a data logger in order to read the exact
current delivered by the strain gauge, and assure that the conversion given by the kimax 2
is correct. Here in figure 13, we can see the data-logger acquisition compared to the one of
the kimax 2. Both of them give a value on mA, but in this case the value of the kimax 2
is wrong because the right gain wasn’t settled. The data-logger help us to find the correct
gain, in order to display the right load value.
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Figure 4.14: Data-logger acquisition on the left and data-logger components on the right

The data-logger is also considered in this thesis to be an interface between the sensor
and our future electronic board, in order to send data in Cloud. For a first moment, we used
a data-logger without any ethernet output, so not connectable to a board. The data-logger
in the figure 4.14 is a PCE-CR 10, a three channel current data-logger, where, two of them
are connected to the two rear axle sensors. It is used to record up to 20 mA signals. The
current data logger stores the measured current on an memory card in Excel format. In
addition to storing them it shows on a display the current value. The maximum resolution
here is about 0.01 mA. The device is powered by 6A 1.5V batteries or a power supply. To
visualize the live-measured values, the data logger can be connected to a PC or the SD
card can be recovered for offline analysis (our case). This technology is a quick and cheap
method to acquire current values of the two rear axles thanks to the two channels available
as input of the data-logger. We use the data-logger also to draw the curve of the current

function the load during calibration.

4.4 Arduino board

A custom Arduino board, fabricated by an Arduino home settled in Italy, has been used.
It works similarly to Arduino UNO microcontroller. The only difference is that this custom
board that we are using for our project has everything embedded into it, so the WIFI
module and the gyroscope is already in the main board. Arduino is the interface needed
between our sensors and the IoT platform. So, we need to program Arduino in order to
read all information of the sensors and send them in Cloud. Once we have data stored in

our platform we can analyze them and also apply data cleaning. For this experiment, we
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will need the following hardware:

1.Arduino board with the WiFi Module
2.Computer running Arduino IDE
3.Arduino USB cable

Arduino is to filter, adapt and transfer data after filtering them. The other calculations,
such as translating current into weight and reorganize data, are computed offline by a script
python. This script will also filter the duplicates and send data to the IoT platform.

The Arduino board wasn’t ready in time this is why this thesis was based on offline

analysis. So only the data logger memory card is used to analyze data.
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Chapter 5

Migration of data inCloud

5.1 Transmission chain

Obviously, we need to go further on the study of weight monitoring and, most importantly
we need to keep analyzing those data along the all leaf-spring life. For this goal, we need a
safe way to store data and a good IoT platform to study them. We settled a transmission
chain in order to propagate the information of the sensors till the IoT platform. As we can
see in the figure 5.1, the chain starts from the sensors that, in this case are the strain gauges
and the position sensors, then they are connected by cables to the Arduino board that is
our gateway, to finally send the sensor data in Cloud to the IoT system in our computer
by WIFI. The aim of the IoT platform is to store data and predict the future values of
stress and load, in order to prevent the risks due to the leaf spring braking. Also the IoT
platform needs to reorganize data in order to send useful data to the phone application

used by the drivers.

Devices Gateway Systems

i —C

+—>

.

'-s.‘
Sensors "4'

Figure 5.1: Transmission chain
In the next paragraphs we will discuss more deeply the Arduino block and the IoT

connection.
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data

sensor

Figure 5.2: Arduino transmission chain
Also, our Arduino board contains the GPS and the gyroscope. The gyroscope is impor-
tant in order to detect the beam truck inclination and give through a program the right
value of the charged load. The GPS is useful for the manufacturer in order to know the

road’s condition in case of accidents or leaf spring wear.

5.2 10T platform

An IoT platform is the software that makes an Internet of Thing solution work by providing
data access, monitoring and storage. An IoT platform is designed to reduce development
time by providing reusable a technologies to analyze and order data information. Many
storage services sellers are available on the web, and there are different companies owners
of separate storage facilities that can be chosen. Thanks to the in cloud storage the user can
access data using internet service, at the remote location. Those services are convenient
because data can be stored for a long life-time. Custom IoT platforms can be created
from scratch bu it’s a little bit hard. It can be a multi-year effort that involves a large
development with different kind of skills. This is why it’s better to use an affordable IoT
platform already developed on the market. In this case we can choose MindSphere, the
Siemens IoT platform [7]. Thanks to the MindConnect IoT extension on the launchpad we
can can log in and see all the devices connected to the MindSphere broker. The devices are
normally called clients. Actually, it has been decided to develop an indipendent application
with node-red since the platform is a little bit expensive. It’s better to pay for a service

when the analysis to do on each bunch of data is clear.
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Figure 5.3: MindSphere launchpad
The clients appear in the platform when they connect to the broker with right infor-
mation of IP address, host and port.
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Figure 5.4: MindSphere Clients examples

Other free platforms are also available on the web, such as the Eclipse IoT. To simplify

our experiment and also for economic reasons we started with a free platform that works
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as a server only, so it doesn’t give any interface to see our data and manipulate them. In

the following figure we see the only interface of this free mqtt server.

€ > C @& mgtteclipseprojects.io

App G Gmail @B YouTube B¥ Maps o2 ubxtool examples A cgps(1) — Arch ma... @ Ubuntu Manpa:

mgqtt.eclipseprojects.io

This is a public test MQTT broker service. It currently listens on the following ports:

* 1883 : MQTT over unencrypted TCP

+ 8883 : MQTT over encrypted TCP

e 80 : MQTT over unencrypted WebSockets (note: URL must be /mqtt )
¢ 443 : MQTT over encrypted WebSockets (note: URL must be /mqtt )

Figure 5.5: Eclipse IoT server

5.3 Arduino-lIoT connection

So how do we do to transfer our data from the electronic board to the cloud? We will
configure a setup composed from an Arduino and a WiFi module as an IoT Thing and
make it ready to communicate with our cloud platform. First, the WiFi module will be used
to connect Arduino to the internet, then we will send sensor data to our Cloud platform
channel by using the MQTT protocol [13].

MQTT stands for Message Queuing Telemetry Transport. MQTT is a quite easy lan-
guage protocol, designed for devices with low bandwidth. So, it’s a suitable tool to exchange
data between various IoT machines. It is based on publisher/subscriber principle and it
uses a central broker that in our case is our IoT platform. In MQTT there are a few basic
concepts that are important to understand. First, in a publish and subscribe principle, a
device can publish a message on a topic, or it can be subscribed to a particular topic to
receive messages :

- For example, Device 1 publishes on a topic.
- Device 2 subscribes to the same topic .

- So, device 2 receives the message.

As we can see in figure 5.6, the three subscribers receive the publisher messages because

they are subscribed to the same topic.
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Figure 5.6: MQTT principle

Second, another important concept is the topic. Topics are a way to subscribe to a device

in order to read incoming messages or a way to specify where to publish the message. A
topic can be simply a word.

Finally, another important concept is the broker. The MQTT broker receives all mes-
sages, filtering the messages, deciding which device can see them, and then writing the
message to all subscribers. In home automation projects, the Mosquitto Broker is used,
but it can be installed also on the PC. In our case a public broker is used, for a first

attempt, then the mindsphere broker will do the job.
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Chapter 6

Experiments and results

6.1 Experiment’s set up

First, the vehicle characteristics need to be specified. As written before, for the experiments,
a small lorry will be used, the BOXER CABINATO TELAIO VF3YC2MAU12D62138
made by Peugeot. This light truck presents only two leaf springs in the rear axles and
two springs’ suspensions in the front axles. So, for the rear axles we can surely use the
strain gauges but for the front ones, it’s really difficult to attach a sensor because of the
springs and the sensor availability in the market. This means that if the load on the truck
is not located exactly between the two rear leaf springs the load acquired by the sensor is
not correct because far from the rear suspensions, the weight is partly supported by the
front suspensions. For an accurate measurement of the load we should add two additional
sensors on the front suspensions, but since it’s complicated we realize the acquisition only
with the rear sensors. The correct acquisition can be achieved by computing, with the help
of the Arduino board, the angle of inclination of the chassis, that is proportional to the
front suspensions’ stiffness. In this way, it will be easier to compute the load carried by
the front suspensions and, finally have the total load displayed by the phone application.
Subsequently, we connected the rear strain gauge sensors to the two data-logger channel
and to the kimax 1 radio, that both are positioned close to the driver. The kimax 1 will
display the addition between the right and left leaf spring current value. For what concerns
the data-logger, the first value represents the rear right leaf spring, while the second one
represents the rear left leaf spring. In a first moment we do the acquisition without an
electronic board to simplify the installation and read the current values and the weight

from the displays available.
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6.2 Calibration off-truck

The calibration of the sensor attached to the leaf spring is realized off-truck, positioning
the leaf spring into the testing machine in the Mollebalestra workshop. Leaf Spring Testing
Machines are used to test the leaf spring flexibility, meant for the production line. Usually
this machine is used to know the life duration of a leaf spring, submitting it to a compression
for multiple months till its break. The spring is loaded till the maximum deflection and back
to zero. The force is applied on the middle of the spring. The testing machine measures
the beam deflection by computing the bending force. For leaf spring tests, contrarily to the
structure on the truck, the suspension rests on the machine rollers on two flat supports
fixed to the support beam. The testing machine measures the leaf spring deflection that is
the result to the applied compressive force. Thanks to the kimax 2, depending on the gain,
we obtain different curves of the current function of the load. Then, we need to choose the

suitable curve that can represent our leaf spring during all its life.

Power On

Figure 6.1: Kimax 2 gains options
As we can see in figure 6.1 with the kimax 2, we select different gains (AN1, AN2,AN3
ecc..), so for the same load we obtain different values of current. We do the same thing
with different weights, in order to draw the curves with the respective gains and select the

best one for our parabolic leaf spring.
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Figure 6.2: Testing machine for leaf springs
The calibration procedure requires to apply different forces to the leaf spring and, thanks
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to the current acquired by the kimax 2, assign the value of weight to the respective value
of current. This procedure, also, allows to justify the fact that the position of the strain
gauge on the leaf spring gives the right value of weight. To know which value of weight we
applied to the leaf spring we can use a kind of platform as we can see in figure 6.2. Once

we repeated the procedure for different gains we can draw the curves of figure 6.3.

Calibration
&
y= waﬁx 43,5046
] .r/
a
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= —&— AP2
O 3
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—a— AN2
2 —e— APS
----- Lineare {AM2)
1
0
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Weight (kg)

Figure 6.3: Calibration curves with different factor gains

In our case, the AN2 (on green) gain was selected to trace the curve that is represented
by the equation y = 0,0034x + 3,5046 , where y is the current and x the load. This curve
is necessary to display the right value of the load on the kimax 2 sensor.
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6.3 Sensor acquisition of the load

Once the calibration completed it is needed to settle out an experiment to prove the
theoretical relationship between the position of the load on the truck and the weight. To
do this a metallic box was used of a load of 160 Kg (figure 6.4) and moving it along the

truck platform, a relationship can be computed between the load and the position on the
truck of the load.
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Figure 6.4: Load of 160 kg on the truck platform

Thanks to the data logger on the truck cabin, connected to the two rear sensors, the

value of the current can be translated into weight using the AN2 calibration curve on figure
6.3. The data logger is equipped with a memory card in which the current values in the
excel file can be found. Those values will be studied off-line to compute the experimental
curve showing the relationship between load and distance from the front axle. Once the
Arduino board will be ready the values can be filtered and sent in cloud directly. At the
moment of the experiment the Arduino board wasn’t available so the values was taken by

hand from the data logger in the following figure.
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Figure 6.5: Data logger installation on the truck

To simplify the experiment, the platform truck was divided in 12 square areas as in
figure 6.6; so, the length of 3840 mm is divided in four equal parts and the width of 1940
mm in three equal parts. As seen in the previous figure, the origin corresponds to the center
of the rear axle. The experiment has been held by moving the load along the three axles of
the truck’s platform and storing the values of right and left currents corresponding to each
position of the load on the platform, given by the data logger. Then, the values of current
of each sensor have been summed up together and finally, have been translated into mass
values thanks to the function computed during the calibration of the sensor; y = 0,0034x
+ 3,5046 , where y is the current and x the load.
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Figure 6.6: Truck platform divided in 12 areas
The aim is to plot the values of mass measured experimentally, function of the distance
from the front axle of suspensions, "f'. It is expected to have an high value of weight on
the right axis of the platform, because the offset of the right sensor is higher than the left
one, as seen in the following figure.
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Figure 6.7: Behavior of the load along the three axis of the truck’s platform

Generally, if the load is always kept in the centered axle of the truck the errors are

minimized with respect to the theoretical curve, as shown in the following figure.
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Behavior of sensor measurement for 160kg
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Figure 6.8: Behavior of the load carried on the centered axle of the truck’s platform,
experimentally and theoretically

The curve in the figure 6.8 shows the behavior of the weight experimentally and the-
oretically. The error of the load given experimentally is about 2kg and theoretically it’s
about 1,3 kg. Generally, the curves obtained after the experiment are consistent with the
theoretical one. It can be seen that the value of the weight decreases with the displacement
from the front axle. The errors are caused by many factors, like the inclination of the road
or the fact that part of the load is carried by the front suspensions. If the same experiment
is held, adding more boxes of 160kg, the error propagation can be shown. First, the load
of 160kg has been doubled and, then, tripled as shown in figure 6.9.
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Figure 6.9: The load of 16kg doubled and tripled

The error for a load of 160kg with respect to the theoretical curve is en average of 5 kg,

that is acceptable. For the double and the triple of the load, the error becomes higher as
shown in the following figure.
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Figure 6.10: Behavior of the error on the acquisition depending on the weight and distance
from the front axle

For double and triple the weight the curves of load carried by each rear sensor and the
sum of those two are reported in following figures.

61



6 — Experiments and results

Load(kg)

350

300

250

200

150

100

50

Behavior of sensor measurement for 320kg

0 00501 015 0,2 0,25 0,3 0,35 0,4 0,45 0,5 0,55 0,6 0,65 0,7 0,75 0,8 0,85 0,9 0,95 1

f/L

Theoretical load Experimental load Left sensor load ~—Right sensor load

62



6 — Experiments and results

Behavior of sensor measurement for 480kg
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Figure 6.11: Behavior of the sensor measurement for a load of 320kg and 480kg

Generally, it can be said that the experimental curves of the load are similar to the
theoretical ones. The load on the right and left axis are a little bit distant form the theo-
retical curve because of the offset (4.08mA for the right suspension and 3.77mA for the left
one) present on the strain gauges measurements. This offset can be caused by a tension
appeared when installing the strain gauge. However, it’s clear that the the theoretical and
experimental curves are consistent with each other.

However, the error between the experimental curves and the real load value makes an
important difference with respect to the theoretical curve and real one. In the following
curves, it can be seen the error between the experimental curves of different values of weight

and the real one.
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Behavior of the error for different values of load
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Figure 6.12: Errors of the experimental curves with respect to the value of weight on the
lorry

It can be noticed that the error increases with the value of weight. For the theory of error
propagation, whenever a load is added, the respective error is added too. Also, depending
on the height of the center of gravity, another factor such as load measurement on inclined
road can be effected, as shown in the following figure.
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Figure 6.13: Measured load with respect to the load height
The center of gravity starts from 950mm for a weight of 160kg. Then, with two boxes

of 160kg the center of gravity was equal to 1640 mm and, with three of them it became
2045 mm.
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Another interesting experiment is the one that includes a distributed load on the truck.
The same experiment as before has been held, but this time the load on the truck has
been distributed uniformly. As shown in the following figure, even if the load is doubled

the errors have been a little bit reduced.
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Behavior of the sensor with different ways of charging 320kg
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Figure 6.14: Behavior of the sensor measurement for a distributed load of 320kg

In the figure 6.14 the same experiment as before has been held but with a distributed
load of 320kg; so we charged the lorry with two boxes without stacking them on top of
each other. This experiments is promising since usually the load charged in a truck is
distributed and also, trucks are generally fully filled up. The error due to the distributed
load is a little bit lower than the error caused by the stacked boxes load, but the two curves
are still similar. In fact, it can be noticed in the following graphic that the error due to the
distributed load is lower with respect to the stacked one. The following first picture shows
the errors with respect to the theoretical one and the second one, with respect to the real
load value.
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Error due to the 320kg load
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Figure 6.15: Behavior of the error for different ways of charging the 320kg load

However, to correct the errors, more elements are needed in order to program correctly
the electronic board. The aim is to program the future board (Arduino for example) cal-
ibrating the electronic component in order to add the error to the load acquired by the
sensor in order to display the total value of the weight. This can be done with the informa-
tion related to the angle of inclination of the road but also of the platform’s truck given by
the accelerometer angle added on the Arduino board. The error as expected increases with
the value of weight; this is why it’s worthy to realize another solution, including sensors
for suspension springs, on the front axle.

6.4 Uncertainty

On this paragraph, the goal is to find with which uncertainty, the value of weight will
be measured. In our case, the position of the weight on the truck needs to be known by
the electronics in order to give the right value of payload. So, the goal is to print the
errors based on the position of the load and then, see which errors will influence the load
measurement. The errors will be used by the Arduino board to evaluate the right value of
weight. There are, as seen before, different factors that influence the measurements and so,
this weighting system. The experimental and theoretical error will be computed.

First of all, the theoretical uncertainty will be determined. It can be seen in the first
paragraph of the section "Theoretical model" that the first source of error is the strain
gage. A sensor of an uncertainty equal to AU, = 24mV has been used. To compute the

error on the load measurement, it will be considered that the position of the weight on the
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truck will be measured manually. So, an error about Af = AL = +10mm will be taken
into account.

The output of the strain gauge is given by the following scheme:

SG sensor  ——o——

’

Figure 6.16: Resistive load connection to the strain gauge

Taking into account the fact that, Kpgy = 3.92N/ne, R, = (120 + 3%)Q = (120 +
3.6)ohms, R = (350 4+ 3)Q

Ting_ JetAU, Vi AR

Yo e 2 (T40,0016)mA
RL+AR;, Rp 4% (R+AR) L )
where,
¢ — Mmeasurement * g
Krem
So,
TO + A[o _ Ei 172 - Vdc % (mmeasurement + Ammeasurement) *g
Ry +3,6 Rr £ ARy 4% Krppm

This relationship defines the mass measured by the sensor function of the output current
of the sensor.

AR x 4K
(m + Ammeasurement) = M
(R+AR) g

The following value of error will be obtained:

(Mmeasurement £ 0,8)kg

The last step will be to translate the measure load into the real load value, that will
depend on the position of payload on the truck, as seen before.

Mmeasured = Mreal * 7

L
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So,

— AR+4K T
AR*4KFEM *éi E*gFE]V[ * L

Rxg 7 7 T TR

(mreal + Aaneal) -

Where,
(3840 + 10)mm

=
7 = (1920 + 10)mm

The results will give the mean value of the real possible load on the truck with its

respective error. So, in this case it will be:

(mreal £ Amreal) = (mreal + 13)k9

This means that the relative error will be of about 0.8% on the load measurement.
If the box of 160 kg is taken into account, since the equation of the error is known with
respect to the position on the truck, the electronic board will calculate the right load using

the following curve characteristic.

Offset curve

160

140 e,
131 . y=-159,97x + 157,58
100 e,

80

Load(kg)
[ ]

60 e,
40 g

20 e,

0 0,2 0,4 0,6 0,8 1 1,2
-20
f/L
@ Offset curve

Figure 6.17: Error based on the position of the load

This means that the offset added to the load measure will be equal to:

of fset = —159,97 x x + 157,58
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Where x=f/L is the position and the offset is the error on kg. The load will be displayed

by the electronic board with an error of the 0.8%.
Then, another error that needs to be taken into account is the inclination of the road.
In fact, repeating the same experiment for different inclination of the road, the value of

the same weight in the same position changed.

Mmeasured + Ammeasured % fi AL)

Wi A real — 7= -
e et (f £Af)cosa+ (Z £ Az)sina

where,
Io = (0,2 +0,016)mA
Z = (950 £ 10)mm
L = (3840 £ 10)mm
f = (1920 &+ 10)mm

The angle of inclination will be considered measured manually. In the future the Arduino
will be able to measure it automatically. For now, it can be considered an angle measured
with an assumption of uncertainty equal to 2° and the nominal value is equal to 10°.

First, the variable (7 £ Ar) = fcos(@) + Zsin(a) + [% + % + Aaxcos(a) + Aax sin(a)]
will be calculated.

(T £ Ar) = (1923 + 10)mm

AR+4KFrpm %L
+ R*gi * (g g g

T F+L+R

*7
F

Trg )

(mreal + ATnf’r‘eal) -

The error given by the inclination is too high. In fact, the value of the measured weight
will be equal to
Myeal + A"nreal - (mreal + Q)kg
ie.

A
Myeal _ 13%

Mreal

The error will grow with the angle. If the angle is kept low such as in this case the error
can be assumed the same as before. But whenever a great inclination is experienced by the

heavy vehicle the load measurement can be mistaken.

Plus, whenever boxes are added and the load increases, the error increases too, because
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the height increases as seen before.
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Figure 6.18: Measured load with respect to the load height

The error given by the height will be added since the inclination is known and the height
of the center of gravity too.

It is clear that the inclination and the height of the center of gravity will influence the
measurement heavily. This is why it’s important to realize, in the future, a new electronic
solution with a inclinometer able to take into account the inclination of the road.

It can be concluded that the the total error on the weight acquisition will be about
+1,3kg; it can be written that the value measured by the sensor, in normal conditions,
such as on a flat road, will be equal to (P £+ 1,3)kg.

Now, for what concerns the experimental error, since it can be considered that the
sensor measures the same value of mass (in this case, m;.q, = 160kg) in different positions,
the mean value of all the measurement can be computed to determine the error. More
precisely, the relationships that allows to compute the experimental error are the following

ones.

m =
n—1

n )2
N \/Zi_l(mmeasuredi - m)
Where m is the mean observed value of mass, and m the mass experimental error. In other

words each value of Myeqsured Will be subtracted to the mean value that is defined as

follows:

Mmeasured, + Mmeasureds + Mmeasureds + o + Mmeasured,
n
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Since the relationship between position and load is known, the offset given by the
position is added to each measurement depending on the location of the load on the truck.

It means that for a load of 160kg the mass Measured; Will be translated into:
M; = Muneasured; + 0 fset
Taking into account that,
of fset = —159,97 x x + 157,58

In the case where the mass charged into the truck is 160 kg the mean value is equal to

7 — 160kg
pOSitiOD(f/L) Mpmeasured | M (mz — m)Q
1 160 160 | (160-160)>
0.95 155 159 | (159-160)>
0 9 158 | (158-160)>

The experimental error will be simply the summation of the last column of the table
divided by the number of measurements that in this case is equal to (21-1), since the load
is installed in 21 different positions in order to carry out the experiment. Finally, it can be

concluded that the experimental error is equal to:

o [Em =

n—1

=0,9kg
The weight measured experimentally will be equal to:
(P+0,9)kg

It means that the relative error is about 0,5 %

6.5 10T analysis results

Since the MQTT principle was explained, the analysis of data can be explained. First, the
code the arduino uses to connect via MQTT to the IoT system that in this case is the eclipse
IoT broker, explained in the following paragraph. The goal is to create an application useful
for the driver and the manufacturers to see the load carried by the vehicle and prevent
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whenever the maximum limits of load are over-passed.

7 2
* Node-RED C
NmQrT SmMarT

oS

Figure 6.19: Transmission chain starting from the output of the sensor
First, we need to specify that the output of the sensor will be connected to a datalogger,

that is connected to the arduino board. So, the arduino board will receive a csv file with
all values of current of the right and left wheel, that are respectively in the third and fifth

column of the following file example.

A B ¢ D E F G H | ) K L M N o P Q

23770 27/04/2021 07:43:38 4,1 mA 3,94 mA 0 mA

23771 27/04/2021 07:43:39 4,06 mA 4,14 mA o mA

23772 27f04/2021 07:43:40 4,24 mA 4,03 mA o mA

23773 27/04/2021 07:43:41 4,26 mA 4,04 mA o mhA

23774 27/04/2021 07:43:42 4,1 mA 3,94 mA 0 mA

23775 27/04/2021 07:43:43 4,02 mA 4,05 mA 0 mA

23776 27/04/2021 07:43:44 4,08 mA 4,02 mA o mA

23777 27/04/2021 07:43:45 418 mA 4,08 mA o mA

23778 27/04/2021 07:43:46 418 mA 4,13 mA 0 mA

23779 27/04/2021 07:43:47 4,26 mA 4,24 mA o mA

23780 27/04/2021 07:43:48 4,26 mA 4,24 mA o mA

23781 27/04/2021 07:43:49 43 mA 4,15 mA 0 mA

23782 27/04/2021 07:43:50 4,25 mA 4,15 mA 0 mA

23783 27/04/2021 07:43:51 432 mA 417 mA 0 mA

23784 27/04/2021 07:43:52 4,29 mA 4,21 mA 0 mA

23785 27/04/2021 07:43:53 4,05 mA 4,39 mA L] mA

23786 27/04/2021 07:43:54 4,02 mA 4,46 mA 0 mA

23787 27/04/2021 07:43:55 4,15 mA 45 mA o mA

23788 27/04/2021 07:43:56 4,34 mA 43 mA o mA

23789 27/04/2021 07:43:57 4,54 mA 41 mA 0 mA

23790 27/04/2021 07:43:58 4,56 mA 4,13 mA 0 mA .
23791 27/04/2021 07:43:59 4,39 mA 4,26 mA o mhA

23792 27/04/2021 07:44:00 4,42 mA 421 mA o mA

23793 27/04/2021 07:44:01 4,24 mA 4,04 mA 0 mA

23794 27/04/2021 07:44:02 4,28 mA 413 mA [ mA

23795 27/04/2021 07:44:03 439 mA 4,22 mA 0 mA

23796 27/04/2021 07:44:04 4,27 mA 4.2 mA o mA

""" Mooz | @ T T ) o . ) i . N
nan dspanibie B @ B - * + 1%

Figure 6.20: Output csv file given by the data logger
Those values need to be analysed through the python code that will be translated into
Arduino IDE code, in order to remove all duplicates due to the device interference. So, the
goal of the python script is to filter data and transfer them in Cloud. Each value of the
csv file can be sent one by one and stored in the IoT dashboard, where we can manipulate
data. In the python code the cleaning and the transfer by MQTT is implemented. Pycharm
application was used to write the codes. We create a publisher by, first specifying the broker

address, "mqtt.eclipseprojects.io’, and giving a name to the client, "dati-corrente".
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Then, the csv file is opened by the python code and with a loop the duplicates are
removed. In the loop we read the lines one by one and while we do this we also send
them to the broker using the topic "CORRENTE'". In outFile we can also find all values
without the duplicates. Then, every client willing to see data needs to subscribe to the
topic “CORRENTE”. We can ether see data from an IoT interface or connect with an
external client.

In the following pseudo code in figure 6.21, the python code is better explained.
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Algorithm 1 An algorithm with caption

i File + CSV file from data logger memory card
Require: File &£ Empty
0: LeftArray + | |
0 RightArray + | |
0: LineArray + | |
for every line in File do
line + split the line using character |
Right + split the third column using character
Left ¢ split the third column using character ;
if Right is not inside Right Array then
Add Right in Right Array
Add le fl in LeftArray
Add line in Linc Array
=g
if i = lim then
for i from 0 to lim-1 do
Convert the values of third and fifth column of LineArray into float
|IMAX, Date, T'ime| + Give the local maxima and minima, the time and date
client. publish + CORRENTE, str{MAX)
client.publish «+ CORRENTE, str{Date)
client publish « CORRENTE, str(Time)
Diff + RightArray|j| - LeftArray|f]
if Dif [ is inferior to 0 then
Coined Rigth « Cound Right + 1
Total « Total + 1 {This is a comment }
else
Countle ft « CountlLeft 4+ 1 {This is a comment )
Total + Total + 1 {This is a comment }
end if
elient.publish «+ CORRENTE, str( Rightpere)
client. publish +— CORRENTE, str( Lo ftpere)
end for
end if

else if Lefit is not inside Le fiArray then

same code
end if

end for

Figure 6.21: Pseudo code representing the python code

Once the script completed, data sent have been printed in the pyCharm terminal in

order to see consistency between transmitter (python) and receiver (IoT application).
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=

python mqtt | & subscriber.py

mA;0;

1;10/06/2021;17:30:16;4,04; mA;0;

mA;©;

mA;©;

mA;0;

mA;8;

1 CRLF UTF-8

Figure 6.22: Received data on the pyCharm terminal

Another way to see data without MindSphere is to create an application that connects
to the Eclipse free server and organize data in a dashboard. This last was our first option
before knowing about the Mindsphere platform. Since, creating an application is difficult
for someone unexperienced and time consuming we decided to use a software called node-
red in order to create a dashboard.

Node-RED can be used as a programming tool for connecting together hardware devices,
APIs and online services. It makes it easy to code new applications using the nodes (that
can be seen as programmable functions) in the palette that can be deployed in a single-
click. With node-red a custom dashboard can be created to which it is possible to connect
via the web. Node-RED works using JavaScript functions. The programmed nodes can
be saved and exported for re-use. The runtime is built on Node.js. The flows created in
Node-RED are programmed using the JSON language.

The function "client.publish" used in the pseudo code reported previously, allows to
send data to the Node-red application. When creating the application the JSON functions
nodes have been used. As shown in the following figure three main groups of nodes have
been created.
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Figure 6.23: Node-red analysis of data sent by MQTT broker
In the first group in figure 6.23, data sent by MAX are converted into load values in

order to plot the following curve in the dashboard node-red application and the total axle

load, taking into account the data and time at which the acquisition have been held. Also,

the total bending stress is calculated as explained in the following paragraphs.
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MOLLEBALESTRA Dashboard MOLLEBALESTRAN 21/3/2022, 10:23:43

Axle load (kg):1320.588

Max and Min

roar axle

1270
2021-10-06, 172900 20211006, 17:2900 20211006, 17.29.00 2021-10.06, 17:2900 2021-10-06, 17:3000 20211006, 17:3000

Figure 6.24: Maxima and minima plot

This can be useful to know the maximum value of load carried by the truck during a
certain amount of time. In the figure 6.24 we can see plotted the local maxima and minima
on 6th October 2021. The same study can be done for other dates. This can be meaningful,
for example, to know the wear and tear of the leaf-spring.

Then, in the second group of nodes in figure 6.23, the current values have been translated
into bending stress values in order to warn the customer and the manufacturer whenever
the maximum load has been reached. This was done by creating a gauge in the dashboard.
In this way we can compare the total bending stress reported in the gauge with the left

and right values (figure 6.25).

Axle load (kg):1244.118

Bending stress on the right (MPa):
Bending stress on the left (MPa):

Total Bending stress (MPa):

Figure 6.25: Values of Bending stress

It’s important to notify the client whenever an axle is carrying too much load or a
leaf spring is stressed more than usual. This is why the analysis on Node-red presents a
warning system whenever the leaf spring is carrying more than 1450kg, a value near to the

maximum dynamic load (1500kg). This warning is also important to prevent the breaking
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of the suspension and, if each warning is connected to a time and GPS coordinates, it
will be easier to know the reason why leaf springs break up. In the following gauges the
warning is shown from the point of vue of the bending stress computed thanks to the

following relationship;
6Px

5FEM = W
Where the bending stress is dpgys and the load detected by the sensor is P. The other
parameters are constant, as stated in paragraph 3.3:
ny =2
x=48bmm
t=14mm
w=66mm
This means that the warning is sent to the driver and manufacturer whenever the value
of 162.7N/mm? (equivalent to 1450kg) is over-passed.

MOLLEBALESTRA Dashboard MOLLEBALESTHRAY 3/6/2022, 19:20:37

Warning gauge

139.64

N/mmA2

MOLLEBALESTRA Dashboard MHL L EEgL ES Tﬁ'ﬁ 3/6/2022, 19:20:14

Warning gauge

Figure 6.26: Warning gauges with respect to bending stress value

79



6 — Experiments and results

In the third part, shown in the second figure of figure 6.23, the pie chart was created by
computing which between the right and left spring was the most stressed every acquisition
time. The difference of load carried in time by the right leaf-spring with respect to the left
spring was calculated, in order to consider when a leaf spring is more stressed with respect

to the other one.

MOLLEBALESTRA Dashboard MOL L EBALESTRAY 26/3/2022, 13:32:56

Axle load (kg):1244.118

Figure 6.27: Pie chart showing difference of load between left and right leaf spring

In the figure 6.28, for example the right wheel (204.5 kg) is carrying more with respect
to the left wheel(69.2 kg). Those plots appeared when turning left with the small lorry. We
can say that the peaks appear in a turn and that the right leaf-spring will be teared before
the left one, because during all experiments the right suspension carry most of the whole
load. This means that the right leaf spring is more sensible, so more flexible in general.
Even when the offset is not present, the right part of the vehicle presents more stress and

carry most of the load as shown in the following chart.

©<2_ Node-RED 0 - = MOLLEBALESTRA Dashboard

Flow 1 + -

Right/Left Wheel plot

right wheel
MQTT subscriber split csv columns:

[ \
\\ 2021-10-06, 17:29.00 2021-10-06, 17:29:00

leftwheel ="

Weight RX (Kg): 204.529  Weight LX (Kg):  69.235
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Figure 6.28: Right and left offset on the strain gauges current measurements

On the left in Figure 6.28, we can see the dashboard with the plot and the values of
weights (Weight rx and Weight 1x) supported by the right and left leaf spring changing in
time with the curve. It can be observed that there’s an offset with respect to the zero axis;
that’s why the curves don’t start from the load equal to zero. This is due to the fact that
during installation when attaching the strain gauge to the leaf spring parasitic tensions
appears. At P=0kg, the initial current condition is 3.77mA for the left leaf spring and
4.08mA for the right one, as shown in the following figure. The previous figure shows the
load carried by the left and right suspensions, so the whole weight is not equally distributed
because of the offset on the load.

Once the offset is known, the plots without offset can be realised to have consistency
with the theory and show that the whole load is equally distributed between the right and
left suspension. In the following figure the left and right current are plotted without offset
and the two leaf springs carry approximately the same load as shown by the pie chart in
figure 6.27.

W, AT

MOLLEBALESTRA Dashboard MUL/_EEHAESTHAQ 1/6/2022, 23:26:43

Axle load (kg):1244.118

Figure 6.29: Right and left strain gauges current measurements without offset
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Chapter 7

Conclusion

The aim of this thesis was to realize a weighting system able to give to the user the weight
charged by the vehicle. Most importantly the goal was to, first, calibrate and validate the
response of the sensor and check for the consistency in its behavior whenever the sensor
is installed on the vehicle. The calibration was consistent with the behavior of the sensor
as shown during experiments. However, the experiments carried during this work thesis
showed that the system is incomplete because, since the sensor is installed only in the
rear axle of the lorry, only a part of the load carried by the vehicle is detected. To fully
achieve our objectives, the future work will be to find a method to install sensor in springs
in order to measure the real load on the vehicle. However, this is not a problem for heavy
vehicles with more axles because in that case a strain gage can be used in each axle of
the vehicle and no monitoring is needed in the front axle. Also, another aim was to collect
data and send them in cloud to an IoT platform in order to prevent any risk of break of
the leaf-spring and this was successfully achieved in the last part of this document thesis,
explaining the migration in cloud via the MQTT protocol. Obviously the analysis of data
can be done easily with a platform like MindSphere, where no coding is needed, but it’s
more expensive. This is why NodeRed, a free platform using Java script language, was
used. With NodeRed, the current values detected by the two strain gages were used to
calculate the maximum value of weight reached by the left and right leaf-springs in order
to predict the life time of each leaf-spring. This was done thanks to the support of a python
script. The life time calculation was not treated in this thesis, but it will be subject of a
future work with the same company. In a second moment we also analyzed the difference
of forces carried by the right leaf-spring with respect to the left one. This can be useful to
know that leaf-springs installed on the right wheel are more subject to fatigue. To conclude,
this system can be used as weighting system, but it must be taken into account that the
uncertainty of measurement will be about +£90kg. For this kind of company this error can

be neglecting since most of the heavy vehicles can carry between 6000kg and 8200 kg. In
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the study carried during this thesis, a small lorry was used, able to transport only 1525kg
as weight, so this kind of uncertainty could be not desired. However, most of customers
use heavy vehicles that are larger and equipped with more axles where leaf-springs can be
installed and also sensors. To have a precise measurement as stated in the chapter 4, at
least four strain gages ares needed. Finally it can be anticipate that this solution can be

used in other customers’ vehicles with lower uncertainty since more sensors can be installed.

All the study done can be deeply developed in order to have more information about the
life of a leaf-spring taking into account the behavior of the driver. The fact that information
are stored in Cloud is very valuable to continue this study in the future and predict the
geographical point of break in a leaf spring according to past results. The information that
will be stored in the next years will give more hints to the manufacturers about what are
the factors for which the leaf-springs break and when they need to warn the driver to

change its suspensions.
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Appendix A

An appendix

The following python code is the one used to filter the data logger data

import paho.mqtt.client as mqtt
import time

import keyboard

mgttBroker ="mqtt.eclipseprojects.io" #free mqtt broker cloud on

the web https://mqtt.eclipseprojects.io/

client = mqtt.Client("datiii") #name of the client

client.connect (mqttBroker) #connection of the client to the cloud

inFile = open(’C:\\Users\\Orchi13\\Desktop\\Mollebalestray
Tesi\\TESI SIHAM\\DATI\\MAA02002.csv’,’r’) #open the csv file

#outFile = open(’C:\\Users\\Orchi3\\Desktop\\Mollebalestra
Tesi \\TESI SIHAM\\DATI\\my_file.csv’,’a+’)

new=[] #data without duplicates

sum=[] # sum of right and left current

subtracted=[]

current = []

new_test=[] #data of the left wheel without duplicates
new_test2=[] #data of the right wheel without duplicates

lim =10 #number of data sent each time

count=0 #number of data sent in total
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time_sum=[]

date_sum=[]

maximas_sum = [] #local mazima and minima of the current

perc_right=0

perc_left=0

count_total =0
count_left =0

count_right =0

i =
j=0
a=0
def

for

0

wait () :
while True:

if keyboard.is_pressed("space"):

bre

line in inF

ak

ile:

#split of right and left wvalues by
= line.split(’;’) [5]
= line.split(’;’) [3]

value_test
value_test?2

value = 1lin

#loop to remove the duplicates by checking left wvalues

e.split(’;?)

if not value_test in new_test:

new_test.append(value_test)

# outFile.write(line)

new.app

end (value)

new_test2.append(value_test2)

#remove
if a ==

new

count =

the headers of the csv file

0:
.pop (0)
1

count + lim
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#send package of lim each time

if i == lim:

#convert wvalues in float before summing them

for j in range(lim - 1):
new[j][3] = float(new[j]l[3].replace(",", "."))#
right
new[j][6] = float(new[j][5].replace(",", "."))#
left

current .append ([new[j][3] ,new[j]1[5]])
client.publish ("CORRENT11", str(mew[j5][3]))
client.publish ("CORRENT22", str(current))
# print (current)
item = (new[jl1[3]) - (new[jlI[51)

if item >= O:

count_right = count_right+1

count_total = count_total+1l
else:

count_left = count_left + 1

count_total = count_total + 1
perc_right = count_right/count_total
perc_left = count_left / count_total

client.publish ("CORRENT1", str(perc_right))
client.publish ("CORRENT2", str(perc_left))

subtracted.append(item)
sum.append (new[j]l[5] + new[j][3])
# print (new)

#find local mazxzima and minima

for j in range(lim - 3):

# print (sum[5])
print (sum[j+1])
# print (sum[5+2])

H*
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if sum[j + 1] <= sum[j + 2] and sum[j + 1] <=
sum[j]:
maximas_sum.append(sum[j + 1])
date_sum.append(new[j + 1]1[1])
time_sum.append(new[j + 11[2])

elif sum([j + 1] >= sum[j + 2] and sum[j + 1] >=
sum[j]:
maximas_sum.append(sum[j + 1])
date_sum.append(new[j + 1]1[1])
time_sum.append(new[j + 11[2])

# print (mazimas_sum)

# wait ()

#send wvalues by MQITT one by one

for k in range(len(date_sum)):
client.publish ("CORRENTE4", str(date_suml[k]))
client.publish ("CORRENTE3", str(time_suml[k]))
client.publish ("CORRENTE1", str(maximas_suml([k]))
#print (mazimas_sum/[k])

time.sleep (2)

new.clear ()
maximas_sum.clear ()
date_sum.clear ()

time_sum.clear ()

# time.sleep (2)

#1f consecutive left wvalues are the same check right wvalues
elif not value_test2 in new_test2:

#outFile.write(line)

new.append (value)

new_test2.append(value_test2)

if a == 0:
new.pop (0)
a=1

count=count+1lim

i+= 1
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1]
o

i

for

for

lim:

j in range(lim-1):

new[j][3]
"))

new[j] [5] float (new[j][5].replace(",",
L)) # left

current .append ([new[j][3], new[j]l[51]1)

# client.publish ("CORRENT11",
str(newl[357[3]1))

client.publish ("CORRENT22", str(current))

item = (new[jl1[3]) - (new[jlI[51)

if item > O:

float(new[j][3].replace(",",

H*

right

count_right = count_right + 1

count_total = count_total + 1
else:

count_left = count_left + 1

count_total = count_total + 1
perc_right = count_right / count_total

perc_left = count_left / count_total
client.publish ("CORRENT1", str(perc_right))
client.publish ("CORRENT2", str(perc_left))

subtracted.append(item)
sum.append (new[j] [6]+new[j][3])
#print (new)

j in range(lim-3):
#print (sum[j5])
#print (sum[j+1])
#print (sum[j+2])

if sum[j+1] <= sum[j+2] and sum[j+1] <=

sum[j]:
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inFile.close ()

maximas_sum.append (sum[j+1])
date_sum.append(new[j+1]1[1])
time_sum.append(new[j+1][2])

elif sum[j+1] >= sum[j+2] and sum[j+1] >=
sum[j]:
maximas_sum.append(sum[j + 1])
date_sum.append(new[j + 1]1[1])
time_sum.append(new[j + 11[2])

#print (mazimas_sum)

#wait ()

for k in range(len(date_sum)):
client.publish ("CORRENTE4", str(date_suml[k]))
client.publish ("CORRENTE3", str(time_suml[k]))
client.publish ("CORRENTE1",
str (maximas_sum([k]))
#print (mazimas_sum/[k])

time.sleep (2)

new.clear ()
maximas_sum.clear ()
date_sum.clear ()

time_sum.clear ()
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