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Sammanfattning 

Speed-Track är en prototyp av en spårfarkost utvecklad för materialtransport på gårdar och i 
gallerior. Den konstruerades 2011 och under de senaste två åren har den främst använts för tunga 
transporter på berg.  

De huvudsakliga innovationerna av vilka farkosten använder sig av är kopplade till 
suspensionssystemet och den hydrostatiska transmissionen; kombinationen av dessa möjliggör 
en bekväm resa i hastigheter upp till 20 km/h. 

Målet med detta examensarbete är framför allt att utvärdera prestandan hos farkosten med 
hänsyn till suspensionssystemet och transmissionen. Designen av farkosten har utformats baserat 
på utvecklarens erfarenheter och inga preliminära simuleringar eller beräkningar har utförts. 
Baserat på resultaten från, och utvärdering av det första steget har vissa förbättringar till den 
rådande uppbyggnaden framtagits och utvärderats. Utvärderingen har lämnats till användare av 
prototypen genom ett frågeformulär.  

Förbättringarna skall vara lätta att tillämpa på den existerande farkosten. 
Resultaten från de föregående stegen tillsammans med en dialog med anställda och entreprenörer 
samt teknisk kunskap med avseende på konstruktion och jordfraktande maskiner driva det sista 
steget av det presenterade arbetet. 

Medarbetare och entreprenörer härstammar framför allt från arbete inom jordbrukssektorn och 
har blivit kontaktade genom web-forum.  

Dessutom har medverkan under mässan Bauma 2013 givit en mer komplett bild av den rådande 
tekniken. 

Nya lösningar skapade från början utvecklas i arbetets sista del. 

 

Nyckelord: spår, upphängningssystem, transmission, konstruktion metod, undersökning, 
förbättringar. 



 

 

  



 

 

 

 

 

 Master of Science Thesis MMK 2013:26 MKN092 

 

The Speed-Track 

   

  Dietrich Kevin Dongue Dongue 

Lorenzo Grosso 

Approved 

2013-06-07 

Examiner 

Ulf Sellgren 

Supervisor 

Ulf Sellgren 

 Commissioner 

Hydro-mec s.r.l. 
Contact person 

Giovanni Grosso 

Abstract 

The Speed-Track is a prototype of tracked vehicle made for material transportation on yards and 
galleries. It was realized in 2011 and during the past two years has been employed mainly for 
load transportation on mountains. The main innovations adopted by the vehicle are about the 
suspension system and the hydrostatic transmission; the combination of both allows a 
comfortable driving up to a maximum speed of 20 km/h.  

First of all, the present thesis aims to quantitatively evaluate the performances of the vehicle 
from the point of view of the suspension system and the transmission. The design of the vehicle, 
in fact, has been driven by the designer’s experience and no preliminary simulations and sizing 
computations have been performed.  

According to the outcomes of the first step as well as the feedback, some improvements to the 
current configuration are designed and evaluated. The feedback has been submitted to the 
prototype’s users through a questionnaire. Improvements are supposed to be easily implemented 
on the existing vehicle. 

The outcomes of the previous steps as well as the communication with employees and 
entrepreneurs and the knowledge of the state of the art in terms of construction and earthmoving 
machines drive the last step of the present work.  

The employees and entrepreneurs consulted mainly work in the agricultural sector and they have 
been contacted through web-based forums. In addition, the participation to the fair Bauma 2013 
allowed us to get a more complete picture of the state of the art. 

New solutions, starting from scratch, are designed in the last part.  
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NOMENCLATURE 

Here are the Notations and Abbreviations and, in brackets, the respective dimension, that are 
used in this Master thesis. 

 

 

Notations 

Symbol Description 

A Contact area of the track with the soil (m2) 

Afront Frontal cross section of the Speed-Track (m2) 

As Transversal area of the track steel strands (m2) 

b Track width (m) 

c Apparent cohesion of the soil (Pa) 

csd D/d in spring design 

cd Damping factor (Ns/m)   

C.S. Safety coefficient 

d Coil diameter (m) in spring design 

D spring diameter (m) 

CD Aerodynamic drag coefficient 

E Young´s modulus (Pa) 

F Force (N) 

Ft Tractive effort (N)  

Fd Drawbar pull (N) 

Ftrack Pre-tensional force along track (N) 

g Acceleration of gravity (m/s2) 

G Shear modulus (Pa) 

i Slip 

Iz Moment of inertia against z axis (kgm2) 

j Shear displacement (m) 

k Stiffness (N/m) 

K Shear modulus of the terrain (Pa) 

kc Pressure-sinkage parameter (N/mn+1) 

kϕ Pressure-sinkage parameter (N/mn+2) 

l Length of the track in contact with the ground (m) 

m Sprung mass (kg) 



 

 

Mf Bending moment (Nm) 

mfull load Maximum mass of the vehicle (kg) 

mpw Mass resting on a single wheel (kg) 

n Pressure sinkage parameter 

nroad wheels Number of road wheels 

N Normal force (N) 

Nq, Nγ, Nϕ Terzaghi’s bearing capacity factors  

Pd Drawbar power 

r Radius (m) 

Raero Aerodynamic resistance (N) 

Rc Compaction resistance (N) 

Rgrade Grade resistance (N) 

Rin Internal resistance (N)  

Rm Ultimate tensile strength (Pa) 

Rp0,2 Yield strength (Pa) 

S Shear force (N) 

t Time (s) 

tstep Time of computation in simulations (s) 

T Torque (Nm) 

v vertical displacement (m) 

V Displacement (m3) 

W Speed-Track weight (kg) 

Wt Polar moment of inertia (m3) 

x Displacement (m) 

 Velocity (m/s) 

 Acceleration (m/s2) 

γs Soil density (kg/m3) 

ρ Density (kg/m3) 

ρair Air density (kg/m3) 

ϕ Angle of internal shearing resistance 

ηd Tractive efficiency 

ηm Motion efficiency 

ηmhM Hydro mechanical efficiency of the hydraulic motor 

ηmhP Hydro mechanical efficiency of the pump 

ηs Slip efficiency 

ηt Transmission efficiency 

ηvM Volumetric efficiency of the hydraulic motor 



 

 

ηvP Volumetric efficiency of the pump 

θ Angle (rad) 

 Angular velocity (rad/s) 

 Angular acceleration (rad/s2) 

ν Poisson’s ratio 

ω Rotational speed (rpm) 

ω pulsation (rad/s) 

ωn I mode eigenfrequency (rad/s) 

Abbreviations 

CAD Computer Aided Design 

FEM Finite Elements Methods 

NMHC Non-Methane HydroCarbons 

PM Particulate Matter 

 

+ 



 

 

TABLE OF CONTENTS 

 

 

SAMMANFATTNING 

ABSTRACT 

FOREWORD 

NOMENCLATURE 

TABLE OF CONTENTS 

1  INTRODUCTION 1 

1.1 BACKGROUND 1 
1.2 PURPOSE 2 
1.3 DELIMITATIONS 3 
1.4 METHODS 3 

2 FRAME OF REFERENCE 5 

2.1 STATE OF THE ART IN CONSTRUCTION SECTOR. 5 
2.2 STATE OF THE ART IN AGRICULTURAL SECTOR. 8 
2.3 STATE OF THE ART IN ROBOTICS. 12 
2.4 STATE OF THE ART IN MILITARY SECTOR. 13 
2.5 THE CURRENT PROTOTYPE SPEED-TRACK. 15 
2.6 THEORETICAL BACKGROUND ABOUT TRACKED VEHICLES. [19] 17 

2.6.1 Distribution of stresses in the terrain under vehicular loads 17 
2.6.2 Maximum load of a tracked vehicle which causes failure of the soil 20 
2.6.3 Tractive effort and motion resistance of a tracked vehicle 24 
2.6.4 Drawbar pull-drawbar power and tractive efficiency 25 

2.7 ITALIAN LEGISLATION AND ISO NORMATIVE. 26 

3 CUSTOMER EXPECTATIONS, NEEDS AND FEELINGS. 28 

3.1 QUESTIONNAIRE OUTCOMES. 29 
3.2 CUSTOMER NEEDS. 30 

4 IMPLEMENTATIONS 31 

4.1 ANALYSIS OF THE TRANSMISSION 31 
4.1.1 Detailed description 32 
4.1.2 Transmission performance 37 
4.1.3 Cost 54 
4.1.4 Reliability 57 

4.2 ANALYSIS OF THE SUSPENSION SYSTEM 58 
4.2.1 The 2D model of the Speed-Track 58 
4.2.2 Modelling the track 59 
4.2.3 Modelling the elastomeric components. The eigenfrequencies computation 62 
4.2.4 Modelling the elastomeric components. The Bode’s diagram 64 
4.2.5 The impact condition 67 
4.2.6 The life time of the elastomeric material 70 

5 IMPROVEMENTS 71 

5.1. IMPROVEMENTS OF THE TRANSMISSION 71 
5.1.1. Change of some design parameters. 71 



 

 

5.1.2. Use of an accumulator as braking device 73 
5.2 IMPROVEMENTS OF THE SUSPENSION SYSTEM 77 

5.2.1 The brainstorming steps 77 
5.2.2 Reverse 1st arm 78 
5.2.3 The bogie configurations 79 
5.2.4 Elastomeric bogie 79 
5.2.5 The short steel bogie 87 
5.2.6 The Panther configuration 103 
5.2.7 The long steel bogie. 104 
5.2.8 The co-axial steel bogie 105 
5.2.9 All independent wheels 108 

6 NEW CONFIGURATIONS 110 

6.1 THE BRAINSTORMING 111 
6.2 THE SPEED-BOOK 113 
6.3 DESIGN OF THE SUSPENSION SYSTEM 114 
6.4 EQUIVALENT SCHEMA 115 
6.5 DIMENSIONING OF THE SPRING 116 
6.6 THE EFFECT OF LOAD TRANSFERS 123 
6.7 THE ACTIVE SUSPENSION 124 
6.8 THE STRUCTURAL ROBUSTNESS 126 

7 CONCLUSIONS 134 

8 RECOMMENDATIONS AND FUTURE WORK 136 

8.1 RECOMMENDATIONS 136 
8.2 FUTURE WORK 136 

9 REFERENCES 138 

APPENDIX A: RISK ANALYSIS 140 

APPENDIX B: ITALIAN LEGISLATION AND ISO NORM 141 

APPENDIX C: CUSTOMER QUESTIONNAIRE SAMPLE 144 

APPENDIX D: HYDROSTATIC TRANSMISSION. COMPLETE SCHEMA. 149 

APPENDIX E: TRACTIVE EFFORT SPEED-TRACK 150 

APPENDIX F: EFFICIENCY OF THE TRANSMISSION 151 

APPENDIX G: DUPONT™ HYTREL® G3548L [31] 153 

APPENDIX H: MECHANICAL PROPERTIES AISI 4340 157 

  



 

1 

 

1  INTRODUCTION 

This chapter describes the background, the purpose, the limitations and the methods used in the 
presented project. 

1.1 BACKGROUND 
The presented project starts from a prototype of tracked dumper realized by the Italian company 
Hydro-mec s.r.l. The vehicle has been shown in 2011 in Bologna (Italy) at SAIE exhibition.  

The prototype is about 3500 [mm] on the length and 2000 [mm] on the width, the prime mover 
is a Kubota Diesel engine (max power 55 [kW]) and the maximum load capacity is around 3500 
[kg]. The transmission is made by two independent hydro-static circuits (one per track) which 
main components (pump and motor) are both variable displacement, allowing the vehicle to 
reach a speed up to 20 km/h. The wheels, which support the tracks, and the main frame are 
linked through trefoil elastomeric components which provide a damping effect working as 
torsion springs. On the vehicle has been mounted a trilateral bucket, but different tools can be 
implemented according to customers’ specific needs.  

 

Figure 1. A frontal view of the prototype Speed-Track. 

According to the designer, the prototype, in respect to a wheeled dumper, benefits of higher 
traction and gentleness for the soil in most situations since it is moved by tracks while, in respect 
to a traditional tracked vehicle, it can reach a higher speed, being comfortable for the driver 
thanks to the suspension system. Furthermore the vehicle is controlled by the driver through a 
steering wheel instead of the two levers usually employed; the angular position of the steering 
wheel represents the input for the electronic control unit, which outputs control the 
displacements of pumps and hydraulic motors. 

In conclusion, the realization of the actual prototype has been driven by the following  main 
objectives: 

 Flexibility; the vehicle aims to fulfil a huge variety of needs and to face different situations. 
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Examples of possible applications of a speedy tracked machine are as a dumper, like in the 
actual prototype configuration, as a tractor for farmers, as a forwarder in forestry sector, as 
an emergency vehicle in catastrophic events like earthquakes or floods and the like.  

 Reliability; it refers to the importance of achieving the main function. This kind of vehicle is 
supposed to operate in harsh situations (mountain, forest, mud and so on) where a stop due to 
technical failures can cause, at least, expensive interventions in a hostile environment to fix 
the problem. Furthermore, if the vehicle is operating in emergency situations, the 
consequences of a failure are even worse.  

The above qualitative goals represent the basic for the setting up of quantitative requirements, 
e.g. in terms of performances and durability of parts, which identify the goals of this project 
presented in the next section. 

 

Figure 2. The prototype Speed-Track in operating condition. 

1.2 PURPOSE 
This thesis aims to analyse the transmission and the suspension of the current prototype. The 
goals that want to be achieved at the end of this project are: 

 Analysis of the performance of the current prototype 

 Proposals of improvements 

In this part, the authors want to suggest slight modifications to the current configuration 
which could increase significantly the performance of the Speed-Track. 

 Investigation of new solutions/configurations 

The aim of this section is to develop completely different solutions respecting the 
delimitations given to the project and then assess if these new solutions are feasible and 
better than the current prototype. 
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1.3 DELIMITATIONS 
Two main delimitations concern the project since the beginning: 

 The solutions proposed will regard tracked vehicles.  

 High speed range; the prototype reaches 20 km/h, value used as a reference in the project. 
For a matter of flexibility and productivity, the top speed has to be equal or higher than 20 
km/h.  

The work is developed from a designer perspective. Concepts are properly generated and, then, 
quantitatively evaluated performing dynamic and stress analysis through simulations. No 
specific manufacturability needs are taken into account. These delimitations imply that detailed 
manufacturing drawings, with dimensions and dimensional and geometrical tolerances, are out 
of the scopes of the project. 

The quantitative collection of data from the existent prototype, e.g. measures through 
accelerometers, gyros and so forth, is out of the objectives of the project. Performances of the 
new solutions proposed are evaluated through simulative processes, neither through an 
experimental collection of data nor through qualitative information from users since building 
and testing a new prototype is out of the scopes as well.  

The performances evaluation of commercial components (directly chosen from manufacturers 
catalogues) is based on the datasheet of the components themselves, not setting up experimental 
methods to check the correspondence between datasheets and real performances (datasheet 
obtained from companies are supposed to be reliable). 

The project focuses just on two subsystems, suspension system and transmission, regardless of 
other possible directions of improvements (e.g. fitting of tools like the bucket, provision of 
closed cabin, etc.) which investigation is out of the presented work.   

1.4 METHODS 
The presented work, in the first phase, aims to follow in the footsteps of the realized prototype, 
quantitatively evaluating its performances and behaviour in different situations through 
simulations and through the collection of qualitative feedbacks from users (the prototype is in 
use in a construction enterprise). 

The analysis of the actual scenario is about two subsystems, the suspension system and the 
transmission, which setups allow the vehicle to satisfy needs and requirements like comfort and 
broad speed range. Information collected from users, and potential customers as well, are taken 
into account for a first design step where improvements of the actual vehicle are developed. 
These improvements cover components of the analysed subsystems while no architectural 
changes are made; just as example, one improvement could be the application of one hydro-
static circuit instead of two (one for each track), but the architecture of the transmission system 
(hydro-static) is considered to be given. 

Afterwards a further, deeper, design step is performed to propose different solutions in respect to 
the actual ones that was adopted. Criteria are set up in order to define the best solution among 
the new ones designed. In this phase, new architectural configurations as well as components for 
the subsystems are examined; for example, a mechanical transmission with gearbox could be 
taken into account.  

Finally, according to criteria previously set up, outcomes of a comparison between the actual 
solution and the best one developed are presented.  

The presented project involves two different kinds of approach: 
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 a creative and qualitative approach which takes the form in designing new solutions. 
Concept generation methods, e.g. brainstorming and morphological analysis, are used to 
provide a wide series of possible configurations, feasible or not, aiming to introduce new and 
innovative elements in the process. 

 an analytical and quantitative approach which is applied in simulations and performance 
evaluations. A simulative and FEM based software, Comsol Multiphysics 4.3, is used to 
quantitatively appreciate the impact that a suspension system has in the dynamic 
performance of the vehicle. Moreover, the tools used for the transmission design task in this 
kind of approach will be mainly AutoCAD in order to draw necessary schemes (for example 
hydraulic circuits) and Ms Excel. CAD models are performed by using Solidworks.  

 

Figure 3. Flow chart of the work. The numbers close to each step refer to the chapter in the report 
where the topic is developed. 
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2 FRAME OF REFERENCE 

Before the detailed presentation of the actual prototype Speed-Track, in this chapter is described 
the state of the art about tracked vehicles. The analysis focuses on the suspension system and the 
transmission of the vehicles examined; in particular the relation between the solutions designed 
by manufacturers and the outcomes, in term of performances, is highlighted.  

The market analysis is performed by sector, focusing on the construction, the agricultural, the 
robotic and the military one.  

2.1 State of the art in construction sector. 
In the construction sector tracks are applied mainly on excavators and loaders, whose 
movements, in operating conditions, are null or very short such that high speed performance is 
not a priority. However those vehicles are usually moved from a working place, e.g. a yard, to 
another on trailers pulled by trucks since the time required for long and ineffective movements 
would be too much. Nowadays tracked vehicles are not so spread and just a few well established 
brands produce them. The state of the art is represented by Bobcat T770 and Cat 297C. 

 

Figure 4. Bobcat T770 in operating condition.[1] 

Bobcat T770 is a compact tracked loader. The main characteristics of the vehicle are presented 
in Table 1 below.  

The transmission is made by two independent hydro-static circuits which pumps are mounted in 
a tandem configuration. The maximum speed the vehicle can reach is 10.7 [km/h] in the standard 
version (pumps capacity 87.1 [L/min]) while mounting different optional pumps (pumps 
capacity 151 [L/min]) Bobcat T770 can reach 17.2 [km/h]. [2]  

The vehicle is provided with a suspension system. Among the 6 road wheels which support each 
track, all of them except the first and the last one are displacing since they are linked to the main 
frame through leaf springs. The maximum vertical displacement allowed for the wheels is about 
15 [mm] such that an effective damping effect is provided just if, on the path, there are small 
rocks and short obstacles. 
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Table 1. Bobcat T770 datasheet.[2] 

Prime mover Kubota / V3800-DI-T-E3  
  Fuel Diesel 

  Cooling Liquid 
  Power @ 2400 [rpm] 68.6 [kW] 
  Torque @ 1600 [rpm] 315 [Nm] 

Operating weight 4683 [kg] 
Transmission Infinitely variable tandem hydrostatic piston 

pumps, driving two fully reversing hydrostatic 
motors. 

Pumps capacity (standard) 87.1 [L/min] 
Pumps capacity (high flow option) 171 [L/min] 

System relief at quick couplers 23.8-24.5 [MPa] 
Max. travel speed (standard) 10.7 [km/h] 

Max. travel speed (high range option) 17.2 [km/h] 
Vehicle steering Direction and speed controlled by two hand 

levers or joysticks (optional) 

 

 

Figure 5. Bobcat T770 suspension system: 4 over 6 idler wheels are linked to the main frame 
through leaf springs.[3] 
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Figure 6. Bobcat T770 suspension system: the maximum displacement of each suspended idler 
wheel is about 15 [mm] since this is the distance between two leaf springs close one the other. [3] 

The CAT 297C is a so-called “multi terrain loader”. The main characteristics of the vehicle are 
reported in Table 2 below. 

The suspension system of the vehicle is related to all the road wheels except the first and the last 
one, as in the competitor previously analyzed. The 4 floating road wheels are coupled in two 
bogie systems per side. 

 

Figure 7. CAT 297C “multi terrain loader”.[4] 
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Figure 8. CAT 297C detailed picture of the suspension system. The rotation of the bogie allows 
the vehicle in following small humps and bumps in the ground.[4] 

Table 2. CAT 297C datasheet.[5] 

Prime mover CAT C3.4 DIT  
  Fuel Diesel 

  Power  70 [kW] 
Operating weight 4599 [kg] 

Transmission Hydro-static 
Pumps capacity (standard) 84 [L/min] 

Pumps capacity (high flow option) 125 [L/min] 
Max. travel speed (standard) 9 [km/h] 

Max. travel speed (high range option) 14.9 [km/h] 

2.2 State of the art in agricultural sector. 
In the agricultural sector the market of tracked vehicle is just a niche because of the poor 
performances overall which keep farmers skeptic (customers’ opinion are further analyzed in the 
following chapter).  

New Holland presented at Eima International 2008 (annual exhibition of agricultural machines 
in Bologna, Italy) the model TK4060 which won the prize for the best technological innovation. 
The main characteristics of the vehicle are reported in Table 3. 

The transmission is mechanical with 8 speeds both in forward and in backward. The engine and 
the gearbox are linked through a clutch. The control of the vehicle is provided by a joystick. 
Since the movement is transferred from the gearbox to the traction wheels through a differential 
gear, the steering action is provided by the action of disc brakes, one per traction wheel, which 
generate a braking torque such that the speed of the traction wheel on the opposite side 
increases, keeping the vehicle in turn. The maximum speed the vehicle can reach is 12 [km/h]. 
[6] 

TK4060 provides a damping effect. The crawlers are linked to the main frame (where cabin, 
engine, gearbox and other components are mounted) through two shock absorbers (springs and 
dampers) on each side.  
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Figure 9. New Holland TK4060.[6]  

 

Figure 10. New Holland TK4060. The springs and dampers which connect the crawlers to the 
main body are shown. There are 4 shock absorbers overall (two per side).[7] 
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Table 3. New Holland TK4060.[6] 

Prime mover New Holland NEF 
  Fuel Biodiesel B100 

  Cooling Liquid 
  Power @ 2500 [rpm] 74 [kW] 
  Torque @ 1300 [rpm] 410 [Nm] 

Operating weight 5100 [kg] (with cabin) 
Transmission Mechanical 8x8 

Max. travel speed  12 [km/h] 
Vehicle steering One joystick (Steering-o-wheel®) 

Another proposal in the agricultural sector comes from Yanmar; the model name is T80. Though 
the shape of the vehicle is very similar to the New Holland TK4060 presented before, it has been 
provided with a suspension system that is almost the same than CAT 297C. In fact, between the 
traction wheel and the idler wheel there are 4 road wheels per side coupled in two bogie systems. 

Noteworthy is the steering system. Instead of levers or joysticks, the control is provided through 
a steering wheel. The latter is connected to a hydraulic motor whose output shaft rotation 
commands two shafts (one per side) through gears which allow the rotation (clockwise on one 
side, counterclockwise on the opposite) of the outer gears of planetary speed reducers. The latter 
is composed by a solar, directly linked to one of the two output shafts coming from the 
differential gear, three planetary gears (disposed at 60° one the others) directly linked to the 
carrier and the shaft which drives the traction wheel, and finally the outer gear. If the outer gear 
is stuck, because there is no command from the steering wheel through the shafts, the vehicle 
moves straight. As soon as the steering wheel is turned, the hydraulic motor begins rotating, 
shafts do the same (one in one direction and the other one in the opposite) and the same happens 
for the outer gears. In this way the rotational speed of the planetary wheels where the outer gear 
rotates in the opposite direction in respect to the solar, decreases, while the speed of the 
planetary wheels where the outer gear rotates in the same direction in respect to the solar, 
increases. Therefore, different rotational speeds on the tractions wheels allow the steering of the 
vehicle.  

 

Figure 11. Yanmar T80.[8] 
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Figure 12. Yanmar T80 suspensions behavior in operating condition.[9] 

 

 

Figure 13. Yanmar T80 steering system schema. The steering wheel is mechanically connected to 
the valves which command the flow rate through hydraulic motor.[9] 

 

Figure 14. Yanmar T80 planetary gear system. The outer gear is driven by hydraulic motor when 
the driver turns the steering wheel.[9] 
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Table 4. Yanmar T80 datasheet.[9] 

Prime mover Yanmar 4TNV98T 
  Fuel Diesel 

  Cooling Liquid 
  Power @ 2600 [rpm] 58 [kW] 

Operating weight 3360 [kg]  
Transmission Collar shift with hydraulic shuttle 12x12 

Max. travel speed  16 [km/h] 
Vehicle steering Steering wheel 

2.3 State of the art in robotics. 
An interesting proposal about the suspension system of tracked vehicle comes from DARPA 
(Defense Advanced Research Projects Agency) in relation to the project ASIM (Advanced 
Suspension for Improved Mobility) [10]. This vehicle is a prototype whose dimensions are 
negligible in respect to the machines previously examined.  

As far as the configuration of the vehicle is concerned, there is one driving wheel, one pre-
tension idler pulley and 5 smaller road wheels per side. In respect to the solutions analyzed so 
far, the bigger wheels (traction wheel and pre-tensioning wheel) are moved up in respect to the 
small road wheels and the track assumes a trapezoidal shape. Each small road wheel is linked to 
the crawler through an arm. The latter has a sort of “L shape”: one tip supports the wheel, while 
the other one is linked to a spring-damper system. On the angle of the “L-shape” a hinge allows 
the pivoting of the arm.  

 

Figure 15. DARPA M3 prototype.[11] 
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Figure 16. DARPA M3 prototype, detailed view of the suspension system.[11] 

The prototype described above has been developed by DARPA  which belongs to the Defense 
Department of USA. The vehicle is supposed to improve the mobility and manipulation 
capability of robots employed in military operations, e.g. bombs defusing.  

2.4 State of the art in military sector. 
According to the writers point of view, nowadays in the military sector there are the tracked 
vehicles with the most advanced and effective suspension system: the tanks. The configuration 
of these vehicles is mainly the same from World War II; the most diffused suspension system is 
made by torsion bars. Because of the dimensions and weight of the vehicles (the heaviest tank is 
the Abrams M1 in force at the US Army whose weight is more than 60 [tons] [12]) a 
configuration with two torsion bars in parallel per wheel (torsion bars go across the vehicle) is 
often adopted. This configuration allows for the Panther tank approximately 50 [cm] of 
suspension travel [13].  

 

Figure 17. The Panther’s suspension system with 2 torsion bars working in tandem.[13] 
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In mid-2004 the British company Horstman [14], specialized in defense systems, announced an 
upgrading for the US General Dynamics Land Systems M60 series Main Battle Tank (MBT). 
Instead of applying the traditional torsion bars, Horstman applied a hydro-gas suspension 
system. The road wheels are provided by one hydro-gas system each. The improvement aimed to 
increase cross-country mobility but would also contribute to provide a more stable weapon 
platform; tests have been conducted in cooperation with Jordan Development Bureau (KADDB) 
but on April 2011 no order has still been placed for those vehicles.  

Torsion bar suspensions are limited in their ability to achieve high mobility because of the linear 
characteristics of the spring and consequent poorer ride performances in respect to hydro-gas 
configurations [15].  

A step more is about the implementation of an active suspension system. The aim is always the 
same: attenuate the vibrations of the vehicle, due to the roughness of the ground, such that the 
maximum reachable speed increases and, consequently, the operational efficiency. An active 
system, basically, receives preview information about the future road inputs in two possible 
ways: through a look-ahead sensor, which screens the shape of the terrain ahead, or through the 
estimation of the road profile from the response of the front wheel, assuming the inputs on the 
rear wheel are the same than on the front one, simply delayed on time [16]. However the authors 
have not found information about vehicles adopting active systems nowadays, but just studies 
about ride quality analysis through numerical simulations.  

 

Figure 18. Schema of a hydro-gas suspension system.[17]  

Through the benchmark analysis of the existing solutions from the transmission point of view it 
is easy to notice that companies manufacturing tracked vehicles for construction and 
earthmoving sectors mainly opt for hydrostatic transmissions powered by Diesel engines. This 
common choice is certainly related to the high power density that such a transmission has and 
also it is due to the fact that in such engines a hydraulic circuit will be always necessary at least 
to serve the accessories, tools used during the operations like bucket in dumpers, forks or cranes 
in excavators. The solution presented by tanks is actually different. In tanks it is used a fully 
mechanical transmission powered by a jet engine.  
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2.5 The current prototype Speed-Track. 
Finally the solution implemented on the actual prototype Speed-Track is presented. The main 
characteristics of the vehicle are summarized in Table 5 below.  

On the crawler are housed the traction sprocket on the front, the tensioning idler wheel on the 
back, and five road wheels in the middle which supports the track. Each idler wheel is 
independent in respect to the others. The damping effect is provided by the relative rotation of 
the arm supporting the wheel in respect to the main frame; in between the former and the latter 
there is, in fact, a trefoil cross sectional elastomeric component, whose twist allows the travel of 
the wheels in following the ground. The maximum vertical displacement of the wheel is 130 
[mm], limited by the contact between the arm supporting the wheel and the main frame.  

The characteristic (force versus twisting angle) of the elastomeric component is not linear; the 
more the elastomeric component is twisted, the higher is the torque that has to be applied in 
order to further increase the twisting angle.   

 

Figure 19. Speed-Track actual prototype. Model of frame and suspension system.   
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Figure 20. Speed-Track actual prototype. The light grey component, in between the plates which 
support the wheels and the main frame, is the elastomeric component. 

 

Figure 21. Speed-Track. Qualitative characteristic (force versus twisting angle) of the elastomeric 
component. The characteristic is not linear and a hysteresis cycle is followed: it means that a 

certain amount of energy accumulated is not released but dissipated in the process.[18]  
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Table 5. Speed-Track datasheet. 

Prime mover Kubota V3307-D1-T-ET02 
Fuel Diesel 

Cooling Liquid 
Power @ 2600 [rpm] 55.5 [kW] 

Operating weight 3500 [kg] 
Transmission Infinitely variable tandem hydrostatic pumps, 

driving two variable displacement motors. 
Pump displacement 40 [cm3/rev] 
Max. travel speed 20 [km/h] 
Vehicle steering Steering wheel 

 

The transmission system of the Speed-Track is made of two independent hydrostatic 
transmissions each one driving one track. The hydrostatic transmission is in a split configuration 
meaning that the hydraulic pumps and motors are dislocated. The two hydrostatic circuits are fed 
by two variable displacement axial piston pumps mounted in tandem and directly linked to the 
prime mover which is a Kubota Diesel engine. The transmission of the power to the tracks is 
ensured by the variable displacement bent axis hydraulic motors through gearboxes (one for 
each track) with fixed ratio of 22.6. The detailed description of the transmission system will be 
done in the implementation section (see page 31).  

2.6 Theoretical background about tracked vehicles. [19] 
The design and the analysis of the performance of a tracked vehicle require an adequate 
knowledge of terramechanics which is the study of soil properties, specifically the interaction of 
wheeled or tracked vehicles with the various terrains. The role of terramechanics in the design 
and development of off-road vehicles is analogous to the role of aerodynamics in the 
development of aircraft and spacecraft and to that of hydrodynamics in the design of marine 
craft. The purpose of this background research has been to identify the external resistances a 
tracked vehicle has to face in his motion and what are the tractive limitations due to the soil 
properties. The external resistances will then serve as input to assess the Speed-Track 
performance. 

2.6.1 Distribution of stresses in the terrain under vehicular 
 loads 
Certain types of terrain, such as saturated clay and compact sand, which cover part of the 
trafficable earth surface, may be compared to an ideal elastoplastic material with the stress-strain 
relationship shown in Figure 21. Such a terrain may exhibit an elastic behavior up to a certain 
limit (in Figure 22 denoted by “a”). 
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Figure 22. Behavior of an idealized elastoplastic material. [19] 

 

Figure 23. Stresses at a point in a semi-infinite elastic medium subject to a point load. [19] 

The stress distribution in an elastic medium subject to any kind of load can be predicted using 
the superposition principle based on the analysis of stress distribution beneath a point load. 
Boussinesq first developed the method for calculating the stress distribution in a semi-infinite, 
homogeneous, isotropic, elastic medium subject to a vertical point load and his solutions give 
the following expressions for the vertical stress σz at a point in the elastic medium defined by the 
coordinates shown in Figure 23: 

	 	 	 	 ∗
⁄

∗ 	 	 	 	   (1) 

Where      	    ,     	 √     and W is the load.  

When polar coordinates are used, the radial stress σr (Figure 23) is given by:  

	 cos	 	      (2) 

The load applied by a tracked vehicle can be idealized as a strip load and the distribution of 
stresses in an elastic medium under a strip load is shown in Figure 24. 
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Figure 24. Distribution of vertical stresses in a semi-infinite elastic medium under a tracked 
vehicle. [19] 

 

Figure 25. Stresses at a point in a semi-infinite elastic medium subject to a uniform strip load. 
[19] 

It can be shown that the stresses in an elastic medium due to a uniform pressure po applied over a 
strip of infinite length and of constant width b (Figure 25) can be computed by the following 
equations: 

	 sin cos sin cos     (3) 

	 sin cos sin cos     (4) 

	       (5) 

The points in the medium that experience the same level of stress form a family of surfaces 
where the stress is constant, commonly known as pressure bulbs (see Figure 24). 

The results about the prediction of the stresses in a real soil produced by this theory of elasticity 
are only approximate. Measurements has shown that the stress distribution in a real soil deviates 
from that computed using the above Boussinesq’s equations. There is a tendency for the 
compressive stress in the soil to concentrate around the loading axis and this tendency becomes 
greater when the soil becomes more plastic due to increased moisture content or when the soil is 
less cohesive, such as sand. Fröhlich introduced a concentration factor ν to Boussinesq’s 
equations to take into account the behavior of various types of soil in different conditions. With 
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the concentration factor, the expressions for the vertical and radial stress in the soil subject to a 
point load on the surface become: 

	 	      (6) 

	 	      (7) 

 

These equations are identical to Boussinesq’s ones if ν is equal to 3. 

The factor ν depends on the type of soil and its moisture content. Figure 26 shows the bulbs of 
radial stress σr under a point load in soils with different concentration factors. 

Figure 26. Distribution of radial stresses under a point load in soils with different concentration 
factors. [19] 

2.6.2 Maximum load of a tracked vehicle which causes failure 
of the soil 
The failure of a terrain can be observed if the load applied to it causes within a certain boundary 
of the terrain a level of stress higher than the elastic stress limit denoted by “a” in Figure 22. The 
terrain will therefore go into a state of plastic flow where a small increase of stress beyond “a” 
will produce a rapid increase of strain. The failure of the mass (terrain) is properly defined as the 
transition from the state of plastic equilibrium (state that precedes plastic flow) to that of plastic 
flow.  

One of the widely used and the simplest criterion for the failure of the soils and other similar 
materials is that due to Mohr-Coulomb which postulates that the material at a point will fail if 
the shear stress at that point in the medium satisfies the following condition:  

	tan	        (8) 

Where τ is the shear strength of the material, c is the apparent cohesion of the material, σ is the 
normal stress on the sheared surface, and ϕ is the angle of internal shearing resistance of the 
material. The Mohr-Coulomb criterion can be illustrated with the aid of the Mohr circle of stress 
as shown in Figure 27. 
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Figure 27. Mohr-Coulomb failure criterion. [19] 

The maximum load of a tracked vehicle which causes failure of a soil requires knowledge of the 
Rankine passive failure of soil analyzed quantitatively by means of the Mohr circle as shown in 
Figure 28. The Rankine passive failure of soil postulates that a prism of soil in a semi-infinite 
mass can be set into a state of plastic equilibrium (failure) if it is compressed up to a certain 
extent. The analysis through the Mohr-Coulomb criterion of the compressive stress producing 
the passive failure reveals that there exist two planes sloped to the major principal stress plane 
on either side at an angle of 45˚+ ϕ/2, on which the shear stress satisfies the Mohr-Coulomb 
criterion and are called surfaces of sliding. The intersection between a surface of sliding and the 
plane of drawing is referred to as a shear line or slip line.  
The compressive stress σp causing the failure is called passive earth pressure. 
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Figure 28. Rankine active and passive failure. [19] 

 

Figure 29. Load-sinkage relationships of a footing under different soil conditions. [19] 

The application of the theory of passive earth pressure allows determining the critical load that can 
be applied by a tracked vehicle to a terrain without failure of the soil. As a matter of fact, the 
vertical load applied by a tracked vehicle causes a sinkage of the soil beneath the track. This can be 
illustrated by the load-sinkage curve C1 in Figure 29. The sinkage is limited if the load is light and 
therefore puts the soil into a state of elastic equilibrium. However if the load is too high the soil 
beneath the track will pass into a state of plastic flow and the sinkage will increase abruptly. The 
load per unit area that causes failure is called the bearing capacity of the soil. 
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The formula (demonstrated by J.Y. Wong) of critical load Wc per unit length that one track can 
apply on a terrain without causing failure differs according to the type of soil. 

 For dense soils of which the deformation preceding the failure is very small there is no 
noticeable sinkage of the track until a state of plastic equilibrium is reached. This kind of failure 
is called general shear failure and the formula of the critical load per unit length Wc is given 
by:  

2 2 2       (9) 

Where b is half of the track width, q the surcharge (any additional load on the terrain), c the 
apparent cohesion of the terrain, γs the unit weight (density) of the soil and the parameters Nγ, Nq 
and Nc referred as Terzaghi’s bearing capacity factors depend on the angle of internal shearing 
resistance ϕ.  

 For loose soils, failure is preceded by considerable deformation, and the relationship between 
the sinkage and the load is shown by curve C2 in Figure 29. This type of failure is referred as 
local shear failure and because of the compressibility of the loose soil the critical load W’c per 
unit length for local shear is different from that for general shear failure. In the calculation of 
the critical load for local shear failure, the shear strength parameters c’ and ϕ’ of the soil are 

assumed to be smaller than those for general shear failure:    and  tan tan . 

′ 2 ′ 2 ′ ′       (10) 

The above formula is therefore for the critical load per unit length of the track for local shear 
failure. 

Figure 30 shows the failure pattern under a strip load and the forces acting on a footing while figure 
31 shows the variation of the Terzaghi bearing capacity factors with the angle of internal resistance. 

 

Figure 30. (a) Failure patterns under a strip load and (b) forces acting on a footing.[19] 
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Figure 31. Variation of the Terzaghi bearing capacity factors with the angle of internal shearing 
resistance of soil.[19] 

2.6.3 Tractive effort and motion resistance of a tracked vehicle 
The forces acting on a tracked vehicle can be classified as: 

 Tractive force responsible for the motion of the vehicle and the drawbar pull 

 Resistance forces which can be further split into two subparts:  

- internal resistance: resistance force associated with the friction in the running gear and 
suspension system. 

- external resistance: these forces arise from the interaction of the tracked vehicle with the 
environment in which it is operating. The external resistances a tracked vehicle can encounter 
are the following: compaction resistance, bulldozing resistance, aerodynamic resistance, 
grade resistance and obstacles resistance. 

The obstacles are encountered when the vehicle runs on unprepared terrains and the magnitude of 
the resistance they generate cannot be predicted in advance. 

The grade resistance comes up when the vehicle is facing a slope and the magnitude of this 
resistance depends on how steep the slope is. 

The aerodynamic resistance is associated with the vehicle speed, the frontal cross section and the 
drag coefficient dependent of the vehicle shape. 

The bulldozing resistance depends on the sinkage of the vehicle when operating on a specific 
terrain. This resistance is relevant when the sinkage is high (it leads to a new resistance: belly drag 
if the sinkage is greater than the clearance).   

The compaction resistance of a tracked vehicle depends on the pressure-sinkage relationship of the 
terrain on which the vehicle is operating. The motion resistance is due to the work accomplished to 
compact the ground beneath the track.  

The tractive effort instead depends on the shear stress-shear displacement relationship. The shear 
displacement is directly related to the slip (which is the relative difference between the theoretical 
speed of the vehicle equal to the speed of the running gear (track), and the actual forward velocity 
of the vehicle). The higher is the shear displacement (slip) the higher is the tractive effort obtained. 
However as the slip approaches 100% percent the actual velocity of the vehicle drops to zero. 

The formula of the pressure-sinkage relationship, shear stress-shear displacement relationship, 
tractive effort, compaction resistance, internal resistance, grade resistance and aerodynamic 



 

25 

 

resistance are given in Table 6 below. The expression of the bulldozing and belly resistances are 
omitted in the table because they will be neglected in the study performed since the sinkage of the 
vehicle is not high. 

Table 6. Formula of pressure-sinkage relationship, shear stress-shear displacement relationship, tractive effort and the 
motion resistances. [19] 

 Formula 
Pressure sinkage 

relationship ∗  

p=pressure [kPa]; b=track width [m]; z=sinkage (depth) [m]; n [-], kc 
[kN/mn+1] and kϕ [kN/mn+2] are pressure-sinkage parameters. 

Shear stress-shear 
displacement 
relationship 

∗ tan ∗ 1 ⁄  
τ=shear stress [kPa]; c=apparent cohesion of the soil [kPa]; ϕ=angle of 

internal shearing resistance of the soil [-]; σ=the normal stress on the sheared 
surface [kPa]; j= shear displacement [m] and K=shear modulus [m]. 

Tractive effort 
∗ ∗ tan ∗ 1

∗
∗ 1 ∗ ⁄  

Ft=tractive effort [N] 
Compaction 
resistance 

1

1 ∗ ⁄ ∗ ⁄
∗

∗ ⁄  

Rc=compaction resistance [N]; W=vehicle weight [kg]; g=gravity 
acceleration [m/s2]; l=length of the track in contact with the ground [m]. 

Internal resistance 
(empirical formula) 

∗ 133 2,5 ∗  
Rin=internal resistance [N]; W=vehicle weight [tons]; V=vehicle speed 

[km/h]. 
Grade resistance ∗ ∗ sin Ѳ  

Rgrade=grade resistance [N]; Ѳ=slope angle [-] 
Aerodynamic 

resistance 
1
2
∗ ∗ ∗  

Raero=aerodynamic resistance [N]; CD=drag coefficient; Afront=frontal cross 
section area of the vehicle [m2]; ρair= air density [kg/m3] 

2.6.4 Drawbar pull-drawbar power and tractive efficiency 
For off-road vehicles the drawbar performance is important to assess the ability of the vehicle to 
pull or push various types of working machinery. The drawbar pull is defined as the difference 
between the tractive effort and the resulting resistant force Σ R acting on the vehicle: 

∑	       (11) 

Where Ft is the tractive effort and Fd the drawbar pull. 

The drawbar power is the product of the drawbar pull and the vehicle velocity and represents the 
potential productivity of the vehicle. 

∗ ∑ ∗ ∗ 1      (12) 

Where Pd is the drawbar power, i the slip, V and Vt the actual forward speed and the theoretical 
speed of the vehicle. 

The tractive efficiency characterizes the capability of an off-road vehicle in transforming the engine 
power to the power available at the drawbar and it is defined as the ratio of the drawbar power Pd 

over the corresponding power delivered by the engine P: 
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∑ ∗ ∗ ∑ ∗ ∗ ∗

∗
     (13) 

⇒ 	 ∑ ∗ ∗ ∗

∗

∑ ∗ 1 ∗ ∗ ∗     (14) 

 
ηs=Fd/Ft is the efficiency of the motion and indicates the losses in transforming the tractive effort 
into the pull at the pull bar. Its value depends on the magnitude of the resistant forces. 

ηs=(1-i) is the slip efficiency and represents the power losses and also the reduction in speed of the 
vehicle due to the slip of the running gear. 

ηt is the efficiency of the transmission. 

2.7 Italian legislation and ISO normative.   
In this paragraph the Italian legislation concerning vehicles and ISO directives are reported. Since 
Italy is part of European Union, in many sectors like transportation, Italian laws are the same than 
European ones.  

Laws and regulations can be split into two parts: a general one which has to be applied for all kinds 
of vehicle in their whole life cycle, environment where vehicles operate and operators (e.g. it 
considers also users’ personal equipment tools) and a specific one for earthmoving machines. 
Furthermore some more restrictions regard tracked vehicles. In Appendix B, all the norms that have 
to be taken into account in vehicles design, manufacturing and operating processes are listed.  

Reading through the norms, it is possible to set up a list of quantitative constraints which have to be 
respected in designing a vehicle.  

Below are reported the main constraints related to the systems on which this project focuses. As 
example, constraints on users’ personal equipment have not been taken into account since they are 
related to aspects which are out of the scopes of this project.  

Table 7. Summary of the legislative requirements a vehicle has to respect in order to travel on the road. [20] 

Code of the Legislative Decree Content of the Legislative Decree 
Legislative Decree 30th april 1992 n. 285 

Art. 58. Operative machines. 3. 
The maximum number of seats (included the 

driver) is 3.  
Legislative Decree 30th april 1992 n. 285 

Art. 58. Operative machines. 4. 
The maximum speed tracked vehicle are 
allowed to reach on horizontal roads is  

15 [km/h] 
Legislative Decree 30th april 1992 n. 285 

Art. 61. Maximum dimensions. 1a. 
Maximum width 2.55 [m]. The width does not 

include mirrors if foldable.  
Legislative Decree 30th april 1992 n. 285 

Art. 61. Maximum dimensions. 1b. 
Maximum height 4 [m]. 

Legislative Decree 30th april 1992 n. 285 
Art. 61. Maximum dimensions. 1c. 

Maximum length (including towing 
components, not including mirrors if foldable) 

12 [m]. 
Legislative Decree 30th april 1992 n. 285 

Art. 104. Dimensions and mass of agricultural 
vehicles. 6. 

Maximum mass allowed for a tracked vehicle 
16 [t]. 

Furthermore, the instructions 2000/25/CE and 2005/13/CE, from European Union, control the 
exhausted gases for agricultural and forestry machines. Different legislation has to be respected 
depending on the maximum power of the engine.  



 

27 

 

As written earlier, the maximum power of the current prototype Speed-Track is 55.5 [kW]. 
Although this does not represent a constraint, it can be used as a reference value and most likely the 
new solutions investigated will be moved by an engine which main characteristics are quite close to 
the current ones. This is the reason why the legislation reported in Table 7 below is related to three 
different power ranges instead of the one the current prime mover belongs to. One more comment 
is needed about the numeric values of the exhausted gases limits; the reason why there is such a 
difference between the category 3756 [kW] and the category 5675 [kW] (and 75130 [kW] as 
well) is the different phase those vehicles are into: the former is in the so-called Phase IIIB while 
the others are in Phase IV.   

Table 8. Summary of the European legislation about the exhaust gases limits in respect to the power installed. [21] 

Power range Exhaust gases limit 
values 

Entry into force Expiry date  
(at least) 

3756 [kW] CO : 5 [g/kWh] 
HC+NOX : 4.5 

[g/kWh] 
PT : 0.025 [g/kWh] 

January 1st, 2013 End of 2016 

5675 [kW] CO : 5 [g/kWh] 
HC : 0.19 [g/kWh] 
NOX : 0.4 [g/kWh] 
PT : 0.025 [g/kWh] 

Mid 2014 End of 2016  

75130 [kW] CO : 5 [g/kWh] 
HC : 0.19 [g/kWh] 
NOX : 0.4 [g/kWh] 
PT : 0.025 [g/kWh] 

Mid 2014 End of 2016 

Finally additional information, about the noise limits the vehicles have to respect, is provided. In 
particular, the limit values that appear in the norm refer to equivalent values of sound pressure in 
db. The level of sound pressure measured at a distance of 1 [m] from the exhaust, in fact, is 
increased using coefficients which take into account parameters like the repeatability of the 
measurement. In order to respect the noise legislation the measurement of the sound pressure at a 
distance of 1 [m] does not have to be greater than 81 [dB] [21]. 
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3 CUSTOMER EXPECTATIONS, NEEDS AND FEELINGS.   

In this chapter the outcomes of a questionnaire, given to users of the prototype to be filled in, is 
presented. Furthermore needs and expectations of potential customers, investigated on web based 
forums, are described.  

The current prototype is in use by a construction company, such that the manufacturer gathers 
feedbacks and suggestions about the performances of the vehicle in different situations, e.g. variety 
of soils. Furthermore field tests highlight the durability of certain components, e.g. the elastomeric 
twisting springs, which have been innovatively employed on this vehicle such that there are not 
experimental data available so far in order to predict their behavior over time.  

Moreover qualitative information can be collected, e.g. users’ feelings when driving the vehicle. 
For this reason a questionnaire (reported in Appendix C) has been submitted to users.  This method 
of getting feedbacks has pros and cons.  

The main pro of this method for collecting information is the possibility to establish a direct contact 
with users. In a sense, they are involved in the refinement process of the vehicle itself; while 
performances in terms of numbers (like max. speed, effective torque, load capacity) are easily 
quantitatively evaluable, information about drivability, comfort and user backbone condition after 
eight hours working sit on the vehicle as well, are more related to feelings, such that they are 
difficult to be predicted. In addiction the variety of possible situations the vehicle faces in the 
reality is so huge that it is almost impossible to have a detailed and trustworthy picture of the 
behavior of the vehicle in all the operating conditions.  

On the other hand this method has a main drawback: like all statistics, the more the interviewees, 
the more the results are reliable. The prototype is used just by two operators, so the reliability of the 
statistics is very low; the information collected through questionnaires has to be used carefully in 
order not to base the future work on misunderstandings. 

The results of the questionnaires are discussed in the following paragraph. 

A second way to get directly in contact with users is through forums on the web. Who is writing is 
registered in two Italian forums; members of Tractorum are mainly operating in agricultural sector 
while the ones of Forum Macchine are farmers as well as employers and employees in 
construction, transportation and earth moving sectors. According to Google Analysis, the latter is 
visited by more than 15000 people per day.  

Keeping in touch with people in forums is useful from different perspectives.  

First of all it allows receiving feedbacks and feelings from operators about machines similar in 
characteristics or, at least, in needs they are supposed to fulfill.  

Second, users know the needs they have to accomplish and know the machines available on the 
market to accomplish those needs such that they compare ideal products they bear in mind and 
products they are currently using; of course, filling the gap between the two is up to designers and 
manufacturers.  

Finally, keeping in contact with forum members allows overcoming communication problems. 
Those are even more relevant when a student or a graduate, with a theoretical background 
developed in universities, has to communicate with experienced people whose knowledge comes 
basically from the practice. That’s challenging but nowadays more important than ever since a 
misunderstanding of potential customers’ needs implies the failure of the final product and a 
meaningless design process.  

However it’s also important to be aware that customers’ needs change over time such that a current 
suitable product could be out of date tomorrow and that their requirements are based upon the 
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products reference they can find on the market. New demands can often be foreseen and driven by 
massive market policies, such that commercialization strategies are, in some cases, as important as 
technical features or more. 

3.1 Questionnaire outcomes.  
The questionnaire submitted to users can be founded in Appendix C. 

The scenario where the current prototype is operating is briefly described as follows.  

As written earlier it is in use by a company operating in the construction sector. The vehicle is 
mainly used to carry on rocks, earth and wooden poles. This machine operates on a variety of 
terrains: roads, rocky terrains, sand and mud as well. The slopes it has to deal with are steep up to 
70-80% and the grip of tracks on the ground is often scarce because of mud as well as tree roots. 

Regarding the testers (users) of the vehicle, both have more than fifteen years of experience in 
driving earthmoving machines and in a scale 1-10 they both consider themselves as very expert 
(grade 10).  

After preliminary questions in order to depict the scenario where the vehicle is being employed, the 
core of the questionnaire is about performances (in terms of speed and available torque), comfort 
and operating cost (basically fuel consumption). Questions are structured in order to get replies 
according to the interviewee’s own expectations and often need a comparison with vehicles of 
similar features to be answered.   

Furthermore incidents and malfunctions, if any, have been asked to be highlighted.  

Finally, in a future commercialization perspective, the price they would be willing to pay for this 
vehicle, in comparison to other products on the market, has been asked. 

Reading trough the questionnaires filled out it is possible to draw pros and cons of the current 
prototype according to the interviewees. 

List of main pros: 

 The traction of the tracked prototype is found to be higher compared to wheeled vehicles used 
for the same scopes. 

 The level of comfort for the driver is highly superior if compared to other tracked vehicles and 
after 8 hours spent in working on the current Speed-Track, the drivers don’t feel health 
problems, e.g. backache. 

 The fuel consumption is less than concurrent vehicles. 

 The vehicle is intuitively and easily driven. 

 Humps higher than 50 [cm] can be easily overcome.  

List of main cons: 

 Ditches deeper than 50 [cm] can be overcome but not as easily as humps. 

 If the vehicle is fully loaded and on steep slopes, the maximum reachable speed is below the 
expectations. 

 More than once a track threw off from the sheaves.  

 

Later on the compilation of the questionnaire, the contact with the users has been kept and they told 
an anecdote meaningful about the potentiality of this tracked vehicle. They were stuck on the mud 
in the forest with a forestry machine (forwarder + trailer); they got out from this situation towing 
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the forwarder of the forestry machine with the Speed-Track, previously overloaded in order to 
maximize the grip.  

3.2 Customer needs. 
In the previous paragraph we focused on feedbacks from users of the current prototype; in this 
paragraph customers’ needs are discussed. In this case the difference between users and costumers 
is mainly due to the fact that users know products available on the market and the Speed-Track, 
such that they can make direct comparisons, while costumers have never used, and almost in every 
case they have never heard about, the Speed-Track. In this sense, customers are not clients but 
potential future ones; they cannot give feedbacks on the prototype but they express needs, 
expectations, limitations of actual vehicles and also prejudices sometimes they bear in respect to 
certain technologies due, mainly, to a just partial understanding of the technology itself.  

Customers’ needs and expectations have mainly been gathered from discussion in the two Italian 
forums written above. The forum members work in agricultural, forestry and earthmoving sectors.  

The general atmosphere on forums expresses dissatisfaction in respect to the innovation of tracked 
vehicles in the last two decades; the grip that tracked vehicles can guarantee on steep slopes, e.g. 
for working on vineyards on hills, in respect to wheeled ones, makes them not replaceable so far in 
specific conditions, but the lack of innovation strongly limit their flexibility. The Yanmar T80, for 
example, is claimed as a very innovative vehicle because of a moderate damping action which 
increases the comfort and a maximum reachable speed higher than competitors; T80 is not 
imported in Italy but farmers strongly believe that if it was sold on Italian market it would easily be 
the best in class.  

As far as transmissions are concerned there is a diffused discrimination against hydrostatic ones. 
Hydrostatic transmission is considered less efficient than a mechanical one and the operating costs 
of a vehicle which mounts it are consequently higher for the former; that’s all. The higher fluidity 
in response and flexibility of the hydraulic transmission are not considered as pros; instead, 
someone consider them as drawbacks since a mechanical transmission, with a number of speeds so 
that the difference between two consecutive velocities is about 1 [km/h], allows keeping the speed 
constant in operations like plowing.  

On the other hand, however, operators are aware about the fact that tracked vehicles need to be 
moved on trailers for two main reasons: most of them mount steel tracks which are not allowed to 
move on roads without rubber “shoes” and, in addition, the maximum speed they can reach would 
require too much time in transfers. 

Rubber tracks and a transmission capable of increasing the range of speed could effectively make 
the tracked vehicle autonomous also in transfers.  

Participating in discussions on forums and noticing how many topics about tracked vehicles are 
active, makes who is writing aware that tracked vehicles are the centre of attention and that there is 
space for improvements.  
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4 IMPLEMENTATIONS 

The goal of this part is to analyze the existing prototype both in terms of transmission than in terms 
of suspension system. Performance and costs are the main aspects that will be assessed. 

4.1 Analysis of the transmission 
The flow chart of this section is reported in Figure 32. 

 

Figure 32. Flow chart of the section 4.1 Analysis of the transmission . 

The analysis of the transmission begins with a detailed description of the various elements 
composing it and then it proceeds with the analysis of the performance and the costs.  
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4.1.1 Detailed description 

Figure 33. Simplified render showing the main components which are part of the hydrostatic 
transmission of the Speed-Track. 

i) Prime mover 

In this section, the main features of the prime mover used on the Speed-Track are presented. 

As already mentioned, the prime mover is a Kubota Diesel engine named V3307-DI-T-E3B 
belonging to the Kubota 07 series. It is a turbocharged inline 4-cilinders with a counterclockwise 
direction of rotation. It has a maximum power of 55,4 [kW] at the maximum speed of 2600 [rpm] 
leading thus to a maximum torque of 203,50 [Nm]. The performance curve of this engine is 
represented in Figure 34 and shows the power, torque and brake specific fuel consumption (bsfc) as 
a function of the crankshaft rotational speed. 

 

Figure 34. Performance curve of the Kubota Diesel engine used as prime mover on the Speed-
Track.[22] 
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This Kubota engine complies with emissions standards for non-road diesel engines both of  USA 
and  Europe which are respectively EPA Interim Tier 4 and EU Stage IIIA. The values of these 
emissions requirements limited to the category this engine belongs to are shown in Table 9 (EPA 
Interim Tier 4) and in Table 10 (EU Stage IIIA). 

Table 9. EPA Interim Tier 4 for non-road engines having maximum power between 37 and 56 kW.[23] 

Engine Power 
P [kW] 

Date of 
application 

Expiry date CO [g/kWh] NMHC+NOx 
[g/kWh] 

PM [g/kWh]

37 < P < 56  2008  2015 5.0 4.7 0.3 

Table 10. EU Stage IIIA for non-road engines having maximum power between 37 and 56 kW.[24] 

Engine Power 
P [kW] 

Date of 
application 

Expiry date CO [g/kWh] NMHC+NOx 
[g/kWh] 

PM [g/kWh]

37 < P < 75  January 2008  December 2013 5.0 4.7 0.4 

The dimensions and weight of the engine are summarized in Table 11 below. 

Table 11. Dimensions and weight of the Kubota Diesel engine used on the Speed-Track. 

Length [mm] 674 
Width [mm] 506 
Height [mm] 739 
Weight [kg] 268 

 
ii) Hydrostatic transmission 

The drawing of the complete transmission according to the fluid power language is shown in 
Appendix D. In order to facilitate and/or increase the comprehension of the Speed-Track 
hydrostatic transmission a drawing of half of the transmission (driving just one track) has been 
realized and a key annexed to it describes the various components (see next page). The description 
of the components constituting the transmission system is done in the following Table 12. 
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Table 12. Description of the components of the Speed-Track hydrostatic transmission 

Component Subcomponents Description & Role 
Pump 

 
Main pump Variable displacement axial piston pump (one direction of 

rotation, two directions of flow) 
Maximum displacement Vmax = 40 [cc] 

Nominal pressure = 400 [bar] 
Maximum pressure = 450 [bar] 

Proportional control electric for change of displacement (DC 
at 12 [V]) 

Its role is to provide flow in the high pressure line feeding 
thus the hydraulic motor. 

Boost pump Fixed displacement gerotor pump 
Displacement V = 8.6 [cc] 

Its role is to provide oil in the circuit in order to balance the 
leakage losses. 

Boost pump pressure 
relief valve  

Pressure setting = 25 [bar] 
Its role is to limit the pressure in the low pressure line when 

the flow provided by the boost pump is excessive with respect 
to the one lost due to leakage and the flushing valve is in 

centre configuration (see role of flushing valve in the motor 
sector below and also have a look at the drawing half 

transmission). It operates only during transient increase of 
pressure The highest permanent admissible value of pressure 
is set by the pressure cut-off valve (see pressure cut-off valve 

below). 
High pressure relief 

valves  
Pressure setting = 450 [bar] 

Their role is to limit the pressure peak in the high pressure 
line occurring when quickly switching the pump displacement 
around its neutral position (displacement = 0) due to dynamic 
effects (oil inertial) in the circuit which causes a sudden rise 

of pressure.  
Non return valves 

(free) 
Their role is to allow flow only from the boost pressure 

delivery line to the low pressure line of the circuit, allowing 
therefore the compensation of leakages. 

Pressure cut-off 
valve 

Pressure setting = 420 [bar] 
Its role is to set the displacement of the main pump to zero 

when the pressure in the high pressure line reaches 420 [bar] 
permanently. 

 
 
 

Motor 
 
 
 
 

Motor Variable displacement bent axis motor (two directions of 
rotation, two directions of flow) 

Maximum displacement Vmax = 55 [cc] 
Minimum displacement Vmin = 26 [cc] = 0.47 Vmax 

Proportional control electric for change of displacement (DC 
at 12 [V]) 

Flushing valve Opening pressure Δp = 7 - 9 [bar] 
Boost pressure valve Cracking pressure = 16 [bar] 

 
 

Cooler 

Cooler Capacity = 130 [l/min] 
Its role is to cool the oil allowing maintaining in the circuit a 

temperature optimum for the operation of the system. 
Non-return valve Its role is to allow the oil to bypass the cooler if this one get 
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spring loaded clogged 
 Cracking pressure = 3 [bar] 

 
Filter 

Suction line filter With contamination indicator 
Its role is to removes impurities in the oil  

Micron rating = 10 micron 
Return line filter With contamination indicator 

Its role is to removes impurities in the oil  
 Micron rating = 90 micron 

Tank  Capacity = 60 [l] 
Preloaded at 0.2 [bar] relative 

With oil level gauge 
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4.1.2 Transmission performance 
The performance of the Speed-Track will be assessed in two steps. The first step analyses the 
performance focusing on the interaction of the vehicle with the terrain. This phase is worthwhile 
because the interaction vehicle - terrain is the factor limiting the performance of off-road vehicles 
especially when these are driven on unprepared roads. The second step instead has a focus on the 
transmission system itself and analysis are made under various operating conditions of the Speed-
Track. 

i) Performance from vehicle – terrain interaction perspective 

The interaction vehicle – terrain limits the performance of off-road vehicles regardless of the power 
that the prime mover is able to provide. For a tracked vehicle, the only vehicle parameters that 
affect these limitations are the width of the track, the length of the track in contact with the ground 
and the vehicle weight. The remaining parameters are completely dependent of the terrains. These 
parameters are the apparent cohesion, the angle of internal shearing resistance, the pressure-sinkage 
parameters and the shear modulus. 

Figure 35 shows a picture representing the different types of soils (excluding muskeg soil and 
snow). The analysis performed in this paragraph assesses the performance of the Speed-Track 
when operating on three different types of terrain (highlighted in red in Figure 35): sandy soil, 
sandy loam soil and clayey soil. Table 13 shows the parameters of those soils useful for the 
calculations. 

 

Figure 35. Different types of soils. In red are highlighted the soils used for the analysis.[25] 
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Table 13. Parameters of the soils used for the analysis.[19] 

Terrain	 moisture	
content	[%]	

n	 kc
[kN/mn+1

]	

kφ
[kN/mn+2

]	

c	
[kPa]	

φ	
[deg
]	

Nc	 Nγ	 γs
[kg/m3

]	

K	
[cm]

Dry	sand	 0  1.1  0.99 1528.43 1.04 28 33  18  1520 2

sandy	loam	 23  0.7  11.42 808.96 2.3 20 22  10  1440 1.3

clayey	soil		 38  0.5  13.19 692.15 4.14 13 12  1  1073 1

The choice of these soils is not random but to reflect the main types and characteristics of soils. As 
a matter of fact, a dry sand terrain is a frictional soil; a clayey terrain is a dense, compacted 
cohesive soil and a sandy loam terrain is an intermediate between dry sand soil and clayey soil 
presenting thus both frictional and cohesive properties (as many other types of soils). The analysis 
has been split in 3 stages. The first stage assesses for each of the soil selected for the study the 
maximum load that the Speed-Track can have without causing failure of the terrain. The second 
stage analyses the drawbar performance while the third stage evaluates the influence of the slope on 
the drawbar performance determining the maximum grade that can be overcome by the Speed-
Track. 

Stage 1.  Maximum possible weight of the Speed-Track that the terrains can support 

The formula (already mentioned in the section “maximum load of a tracked vehicle which causes 
failure of a soil”) used for this assessment is the following:  

4       (15) 

The only vehicle parameters that play a role into the formula are the track width and the length of 
the contact between the track and the soil.   

The results are summarized in Table 14 below. 

Table 14. Maximum possible weight of the Speed-Track without failure of the soil. 

Terrain Maximum weight of vehicle without failure of the soil [tons] 
Dry sand soil 115.4 

Sandy loam soil 143.7 
Clayey soil 127.7 

Reminding that the Speed track actually weighs 3,5 tons when it is empty and allows a maximum 
payload of 3,5 tons leading thus to a maximum weight of 7 tons when it is fully loaded, the results 
in Table 14 demonstrates that the different terrains can support the speed-Track weight without 
failure (and the margin from failure is even really high). 

Stage 2.  Drawbar performance 

The determination of the drawbar performance requires the calculation of the drawbar pull which 
derives from the difference between the thrust and the resistant forces. The grade resistance is not 
considered in this phase (Speed-Track on a flat terrain) and will be accounted for in the next 
section. The tractive effort and some resistant forces such as the compaction resistance and the 
internal resistance depends on the vehicle weight leading thus to different drawbar performance 
curves according to the load that the vehicle is transporting. The assessment has been done with 
three cases of load of the Speed-Track. 

 Case 1: Speed-Track empty (W=3500 [kg]) 

 Case 2: Speed-Track loaded with half of the maximum payload (W=5250 [kg]) 
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 Case 3: Speed-Track loaded with the maximum payload (W=7000 [kg]) 

Furthermore, the analysis has been done considering the maximum velocity of the running gear 
(track) which is 20 [km/h]. The calculations have been performed using the formula presented in 
Table 6.  

Table 15 below shows the results of the calculations for pressure, internal resistance, sinkage and 
compaction resistance. 

Table 15. Pressure, internal resistance, sinkage and compaction resistance. 

Vehicle weight 
W [kg] 

Pressure 
p [kPa] 

Internal resistance 
Rin [N] 

Terrains Sinkage 
zo [cm] 

Compaction resistance 
Rc [N] 

 
3500 

 
26.94  640.5 

Dry sand 2.54  260.79

Sandy loam 0.74  93.51

Clayey soil 0.14  19.84

 
5250 

 
40.41  960.75 

Dry sand 3.67  565.54

Sandy loam 1.32  250.32

Clayey soil 0.31  66.95

 
7000 

 
53.88  1281 

Dry sand 4.77  979.45

Sandy loam 1.99  503.41

Clayey soil 0.55  158.69

 Figure 36 below shows the pressure-sinkage graphs of the three soils used for the analysis. 

 

Figure 36. Pressure-sinkage curves for the 3 terrains used in the analysis. 

The tractive effort and drawbar pull that the vehicle can develop without excessive slip is shown in 
Appendix E. The maximum slip considered in the analysis is 75% yielding to an actual maximum 
forward velocity of the Speed-Tack of 5 km/h (walking speed of a pedestrian). A lower velocity 
would be dramatic for the productivity of the vehicle. The following Figures 37, 38 and 39 show 
the plot of the drawbar performance for the dry sand terrain, sandy loam soil and clayey soil 
respectively. In the figures, the first plot shows the vehicle speed and the slip as a function of the 
drawbar pull while the second chart shows the drawbar power and the slip as a function of the 
drawbar pull. 
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Figure 37. Drawbar performance of Speed-Track on a dry sand terrain. 

 

 

 

Figure 38. Drawbar performance of Speed-Track on a sandy loam terrain. 
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Figure 39. Drawbar performance of Speed-Track on a clayey terrain. 

As general trends, it is possible to see in the above Figures 37, 38 and 39 the available drawbar pull 
increases with the slip and with the vehicle weight. However above a certain value of slip (50%), 
the further increase of slip has lower effect on the drawbar pull leading to the almost vertical lines 
at the end of the curves. The velocity decreases as the slip increases and for high values of slip the 
vehicle speed tends to zero. The drawbar power curves indicates that it initially increases with the 
slip (for low values of slip) and then as the slip reaches high values and the vehicle speed 
diminishes the drawbar power decreases significantly despite the continuous increase of the 
drawbar pull. The vehicle weight has a benefit effect on the drawbar power as well as consequence 
of increasing the maximum tractive effort. 

A comparison of the results obtained with the different terrains demonstrate that frictional soils 
(such as dry sand) offers better traction as the vehicle increases since the maximum shear stress that 
causes a significant slip increases according to the formula of the Coulomb-Mohr criterion (see 
page 21). The clayey soil having mainly cohesive properties allows a lower maximum tractive 
effort than the other soils. And the sandy loam soil having both the cohesive and frictional 
properties shows an intermediate behaviour between that of dry sand soil and clayey soil. 

The drawbar pull apart expressing the force available for pushing or pulling other equipment can 
also be seen as the extra force available for accelerating the vehicle during the acceleration or 
decelerating during the deceleration phase. The amount of drawbar pull necessary to accelerate the 
Speed-Track from 0 [km/h] to its maximum speed (20 [km/h]) in 8 [s] when empty, half loaded and 
fully loaded are shown in Table 16. 
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Table 16. Force required to accelerate the Speed-Track from 0 to 20 km/h in 8 seconds for different loading conditions. 

Vehicle weight [kg]  3500 5250 7000

Force required to accelerate from 0 to 
20 km/h in 8 seconds [kN] 

2.43 3.65 4.86

Table 15 and the drawbar performance plots indicate that on a flat terrain the Speed-Track without 
any equipment attached to its drawbar enables motion with limited slip (about 0.5 %).  

Stage 3.  Influence of slope on Drawbar performance and maximum grade surmountable 

This section deals with the motion of the Speed-Track on terrains with slope. The goal is to see 
how the maximum drawbar pull varies with the grade to overcome and identify the maximum that 
the vehicle could overcome. 

The calculations have been made by adding to the resisting forces used in the previous section the 
grade resistance to take in account the gravity when climbing a slope (see Table 6). 

The results are presented in Figures 40, 41, 42 showing the variation of the maximum drawbar pull 
with the angle of the slope for a dry sand terrain, a sandy loam terrain and a clayey soil 
respectively. Figure 43 gives an illustration of the correspondence between grade in percentage and 
angles in degree and it is helpful to make an idea of how steep can be the maximum slope that a 
specific soil can allow climbing. 

 

 Figure 40. Variation of max. drawbar pull with the slope angle for a dry sand soil 

 

Figure 41. Variation of max. drawbar pull with the slope angle for a sandy loam soil 
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Figure 42. Variation of max. drawbar pull with the slope angle for a sandy loam soil 

 

 

Figure 43. Illustration of grades in [%] and angles in [deg].[26]  

Admitted the approximations included in the methods used for the calculations, the results shows 
that the maximum grade the Speed-Track is around 30 [deg] (more than 50% slope) on a dry sand 
terrain and drops to about 25 [deg] on a sandy loam terrain. On a clayey soil instead the maximum 
grade surmountable is around 16 [deg]. These results are just a consequence of the maximum 
tractive effort offered by each specific kind of soil. 

Completed this part about the analysis of the Speed-Track performance from the vehicle-terrain 
interaction perspective, the next section is dedicated to the analysis of the performance with focus 
on the components of the transmission. 

 

 

 

‐5

0

5

10

15

20

25

0 5 10 15 20 25

M
ax

. d
ra

w
b

ar
 p

u
ll

 [
k

N
]

slope angle [degree]

Max. drawbar pull versus slope angle - Clayey soil

slope_empty

slope_half payload

slope_full payload



 

44 

 

ii) Performance from the transmission perspective 

The results of the previous section have allowed to identify what could be the requirements of in 
terms of energy (force and speed) addressed to the transmission system from the working 
environment. These requirements will serve as input to this section and will help therefore to assess 
whether or not the Speed-Track is able to meet those requirements. 

For a precise analysis, the efficiency of the transmission has to be taken into account and therefore 
will be first presented.  

Efficiency 

The efficiency of the transmission system is the product of the efficiency of the single components 
constituting it. 

- Gearbox efficiency 

The efficiency of the gearbox is assumed to be about 98%. 

 

- Pump efficiency 

The total efficiency of each hydraulic component (pump and motor) is the product of its volumetric 
efficiency by its hydro mechanical efficiency. The volumetric and hydro mechanical efficiencies 
are influenced by different factors. The main factors are: 

 The differential pressure across the component (necessary to produce torque);  

 The rotational speed of the drive shaft of the component; 

 The displacement; 

 Oil viscosity related to the oil temperature during operations. 

The volumetric efficiency derives from the fact that there are flow losses. These flow losses can be 
attributed to two separate mechanisms. The first one is the slip or leakage due to pressure gradients 
in the working clearances of the unit. Secondly, as hydraulic fluids have finite bulk moduli, the 
volume of fluid pumped down a delivery (discharge) line at high pressure can never be as great as 
the volume drawn into the pump at low pressure. The effective flow from a pump will be reduced 
by a compressibility term. Moreover, in piston pumps there is also a dead volume so that bot all the 
fluid subject to compression is delivered. 

The hydro mechanical efficiency derives from the fact there are torque losses; these torque losses 
can be identified as the resultants of three basic forms of friction: dry or coulomb friction, viscous 
friction, and constant friction. The dry friction is proportional to the load pressure and independent 
of the speed. The viscous friction is proportional to viscosity and speed but independent of load. 
The constant friction is that introduced by seals for instance. Dry friction is dominant at low speed 
range while the viscous friction prevails at high speed. For the hydraulic components in use on the 
Speed-Track, the main friction (dry and friction) come from the contact piston with the swashplate 
(plate which allows the change of the displacement). 

Figure 44 shows the plot of the volumetric efficiency of the pump. It is possible to see that the 
volumetric efficiency increases as the rotational speed and/or the pump displacement increase 
while it decreases when the differential pressure across the pump increases. However, for high 
values of pump displacement the impact of the differential pressure is less noticeable. Since the 
maximum rotational speed of the Diesel engine is 2600 [rpm] which is the 65% of the maximum 
admissible speed of the pump (4000 [rpm]) at the maximum displacement, the operating zone of 
the pump in the Speed-Track is therefore limited for values of normalized rotational speed (n/nmax) 
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inferior to 0.65 as indicated in Figure 44 (the zone at the left of the vertical blue line). In this zone 
the volumetric efficiency varies between 75% and 99.1% 

Figure 44. Volumetric efficiency of the pump and identification of the operating zone. 

Figure 45 shows the hydro mechanical efficiency of the pump and its operating zone. The trend in 
this case is partly opposite to the one observed for the volumetric efficiency. Namely, the hydro 
mechanical efficiency decreases as the rotational speed increases and it increases as the differential 
pressure increases. Nevertheless, as the volumetric efficiency it increases when the pump 
displacement increases. The variation of hydro mechanical in the operating zone  is 68-96.6%.  
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Figure 45. Hydro mechanical efficiency of the pump and identification of the operating zone. 

 

Figure 46. Total efficiency of the pump and identification of the operating zone. 

Figure 46 shows the total efficiency of the pump. As general trend, it is higher with high values of 
displacements and it decreases as the differential pressure increases. It slightly increases as the 
rotational speed increases. The total efficiency varies in the range 64-93.3%. 

- Hydraulic motor efficiency 

The volumetric, hydro mechanical and total efficiencies of the hydraulic motor look really similar 
to that of the pump. Figures 47, 48 and 49 show respectively the volumetric, hydro mechanical and 
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total efficiency of the motor. The operating zone has been determined taking into account the 
maximum speed of the Diesel engine, the maximum displacement of the pump, the minimum 
displacement of the motor (26 [cc]) and the maximum admissible rotational speed of the motor at 
that displacement (7000 [rpm]). 

	 	 	
∗

∗
0.57   (16) 

 

Figure 47. Volumetric efficiency of the hydraulic motor and identification of the operating zone. 

The effect of the viscosity has not been assessed here. However, the manufacturers of hydraulic 
components recommend viscosity (temperature) range to observe in order to have good and 
predictable performance of the components. 

Summarizing, the total efficiency of each hydraulic component varies significantly according to the 
working conditions (load and speed). In particular, the efficiency appears to be the lowest in 
situation of simultaneous low speed and low load and having set the displacement of the hydraulic 
components at low values. 
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Figure 48. Hydro mechanical efficiency of the hydraulic motor and identification of the operating 
zone. 

 

Figure 49. Total efficiency of the hydraulic motor and identification of the operating zone. 
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- Total efficiency of the transmission 

As a consequence of the fact that the total efficiency of each hydraulic component depends of the 
operative conditions the total efficiency of the transmission system varies significantly according to 
the tractive effort and vehicle speed required as output.   

The aim of this part is to present the total efficiency of the transmission in peculiar cases and to 
identify if possible key features which could lead to operate the engine in the condition of high 
efficiency. The cases evaluated are: 

 The lowest efficiency: it assesses the lowest efficiency that the transmission can assume 
throughout the Speed-Track’s speed range (0 – 20 [km/h]) when made run in specific 
conditions. 

 The best efficiency: it evaluates the highest efficiency that the transmission can have 
throughout the Speed-Track’s speed range (0 – 20 [km/h]) when made run in specific 
conditions. 

 The efficiency in condition of maximum power requirement: in this case the evaluation is made 
when the power requirement to the system is equal to the maximum power of the prime mover 
Diesel engine. 

Figure 50 shows the efficiency of the transmission system (hydrostatic transmission + gearboxes). 
This efficiency doesn’t account for the Diesel engine efficiency. See Appendix F for the tables 
containing the data of this efficiency together with the operative conditions of the components 
(differential pressure in the circuit, Diesel engine speed and displacements of pumps and motors).  

 

Figure 50. Efficiency of the transmission system in 3 peculiar cases: lowest efficiency, highest 
efficiency and efficiency at maximum power of the Diesel engine. 

The analysis of the plots in Figure 50 indicates which the operative conditions are leading to high 
or low transmission efficiency. The lowest efficiency case points out that the conditions that set the 
transmission to really low values are those in which we simultaneously have low diesel engine 
speed, low pump and motor displacements (relatively to their maximum) and also low or high 
differential pressure in the circuit (that is low or high load). 

The case of best efficiency points out that the best condition varies in function of the desired output 
vehicle speed. The differential pressure that allows the best efficiency belongs to the range 200-300 
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[bar]. For the optimum Diesel engine speed instead varies instead in function of the vehicle speed. 
In the low vehicle speed range (0 – 4 [km/h]) the diesel engine speed has to be to its maximum 
(2600 [rpm]). In the middle vehicle speed range (4 – 14 [km/h]) the Diesel engine speed has to be 
set to 2000 [rpm] and in the high vehicle speed range (14 – 20 [km/h]) the prime mover speed has 
to increase up to its maximum to enable to the vehicle to reach the maximum speed. 

The case of maximum power transmitted shows that the efficiency is relatively low in the low 
vehicle speed range due to the low volumetric efficiency of both pump and motor since they are 
operating with a high differential pressure in the circuit and furthermore the pump displacement is 
low. 

To complete the study of the efficiency of the transmission, the overall efficiency of the system has 
been computed including also the efficiency of the Diesel engine deducted for the brake specific 
fuel consumption (bsfc) shown in the engine characteristics in Figure 34. The overall efficiency for 
the three particular cases studied (lowest efficiency, best efficiency and maximum power 
transmitted) is shown in Figure 51. It is easy to notice that the overall efficiency of the transmission 
is really low, meaning that the conversion of energy from the chemical form (fuel) into the motion 
of the Speed-Track causes a great waste of energy. This is due first and foremost to the low 
efficiency of the Diesel engine (max 36%) and secondly to the efficiency of the hydrostatic 
transmission. The hydrostatic transmission presents a low total efficiency because there are two 
independent circuits, each one introducing its losses.  

 

Figure 51. Overall efficiency transmission including Diesel engine efficiency. 
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Torque conversion range and thrust-speed characteristic  

The torque conversion range (CCC) is defined as the ratio between the apparent maximum power 
and the actual maximum power of the transmission.  

	 	 	

	

∗

∗

∗

∗
  (17) 

Where M is the moment transmitted by the hydraulic motor and n its rotational speed.  

The apparent power is the product of the maximum torque transmissible by the hydraulic motor and 
its maximum rotational speed during operation at the maximum power of the primary mover 
(Diesel engine). The apparent power is called “Corner Point” in a thrust-speed characteristic. Such 
a power cannot be delivered by the transmission system due to the Diesel engine characteristics. As 
a matter of fact, at low vehicle speed (thus low hydraulic motor speed) it is possible to provide the 
maximum tractive effort without reaching the maximum power of the Diesel engine. The maximum 
tractive effort is limited by the hydraulic motor displacement (55 [cc]) and the maximum pressure 
admissible in the circuit (420 [bar]). 

2 ∗ , ∗ ∆ ∗       (18) 

Where Fmax is the maximum tractive effort, Vmot,max  the maximum displacement of the hydraulic 
motor, Δpmax the maximum differential pressure admissible in the circuit and τ the gearbox ratio.  

Increasing the vehicle speed the power absorbed from the Diesel engine increases up to reach the 
maximum power it can provide. From that point on, further increases of the vehicle speed lead to a 
reduction of the maximum tractive force following a hyperbolic law as shown in Figure 49 below. 
Further increase of the vehicle speed leads to a decrease of the maximum tractive effort. 

 In the actual configuration of the speed-track, the torque conversion range (CCC) is equal to 5.6, 
which implies a maximum tractive force of 45.82 [kN] at 3.5 [km/h] and a minimum tractive effort 
of 8.24 [kN] at 19.44 [km/h]. Notice that this maximum tractive force is higher than the maximum 
tractive effort that both sandy, sandy loam and clayey soils can enable to transmit at 75% of slip. 

Figure 52 shows the thrust/braking force-speed characteristics of the Speed-Track for two different 
Diesel engine operating points. The red curve shows the characteristic in case of Diesel engine 
running at maximum speed (2600 [rpm]) while the black curve shows the characteristics when the 
Diesel engine runs at 2000 [rpm] (speed at which the Diesel engine provides the maximum torque 
and has the best fuel consumption). The characteristics plotted in Figure 52 take into account the 
various efficiencies of the transmission system. As it is possible to notice from Figure 52, the thrust 
– speed characteristics at 2600 [rpm] and 2000 [rpm] mainly differs with the maximum speed that 
the vehicle can reach. However the operation of the Diesel engine at 2000 [rpm] leads to lower fuel 
consumption.   
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Figure 52. Thrust-speed characteristic of the Speed-Track. 

ti 

 

Figure 52. Hydro-mechanical efficiency of the pump as a function of the differential pressure in the 
circuit and the pump displacement. 

With the maximum tractive force that the Speed-Track can provide (45.82 [kN]), beyond enabling 
the motion on a flat terrain overcoming the related resistances, it is possible to climb hills with 
grades lower than: 

_ ,

∗
	   (21) 

Where W is the Speed-Track weight, g the acceleration of gravity, Ftractive,max the maximum tractive 
force that the Speed-Track can provide and grade_hillmax the maximum grade that can be overcome 

‐50

‐40

‐30

‐20

‐10

0

10

20

30

40

50

‐20 ‐15 ‐10 ‐5 0 5 10 15 20

Th
ru
st
/ 
b
ra
ki
n
g 
fo
rc
e
 [
kN

]

Speed‐Track speed [km/h]

Thrust‐Speed characteristic Thrust @ Pmax

CORNER POWER
(CP) @ Pmax

Thrust @ Cmax
diesel

50

55

60

65

70

75

80

85

90

95

100

0 100 200 300 400

H
yd
ro
‐m

e
ch
an

ic
al
 e
ff
ic
ie
n
cy
 [
%
]

Differential pressure Dp [bar]

Hydro-mechanical efficiency of the pump 0,2 Vgmax @ 0,7
nmax

0,4 Vgmax @ 0,7
nmax

0,6 Vgmax @ 0,7
nmax

0,8 Vgmax @ 0,7
nmax



 

53 

 

by the vehicle. The formula takes into account the force required for accelerating the vehicle from 0 
to 3 [km] in 1.2 [s]. The result strongly depends on the vehicle weight. Table 17 shows the results 
of the calculations.  

Table 17. Maximum grade that the Speed-Track can climb considering start of motion from rest (velocity=0) 

Vehicle weight [kg]  3500 5250 7000

Force required to accelerate from 0 to 3 
km/h in 8 seconds [kN] 

2.43 3.65 4.86

Maximun grade climbable with sinkage [°] >90 53.3 35.7

Maximun grade climbable w/o sinkage [°] >90 53.7 36

Weight of the transmission  

The overall weight of the transmission can be obtained as sum of the weight of the different 
components composing it. Table 18 shows the weight of the different components of the 
transmission and that of the complete system. 

Table 18. Weight of the components of the Speed-Track’s transmission. 

Components Weight [kg] 
Diesel engine 268 

Fuel tank  50.3 
Pumps 62 
Motors 52 

Oil tank ∗  52 
Speed reducers 170 

Sprockets 2 ∗ ∗ ∗ 4 ∗  
ρsteel=density steel, Dsprocket = diameter sprocket and bsprocket 

= width sprocket 

45 

Total 699.3 

The data used for the calculations are the following: 
ρsteel = 7800 [kg/m3] [27]; 
ρoil = 865 [kg/m3] [28]; 
ρfuel = 832 [kg/m3] [29];  
Dsprocket = 0.62 [m]; 
bsprocket = 0.03 [m]; 
Voil tank = 0.06 [m3]; 
Vfuel tank = 0.061 [m3] this fuel tank capacity allows an autonomy of 250 [km] when the vehicle is 
loaded with half the maximum payload and travels on a sandy soil at constant speed. 

Figure 53 shows the distribution of the vehicle weight while Figure 54 shows the distribution of the 
transmission weight. 
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Figure 53. Distribution of the vehicle weight 

 

 

Figure 54. Distribution of the transmission weight. 

4.1.3 Cost 

The cost related to the Speed-Track’s transmission can be split in two parts: 

 Manufacturing cost 

 Operative cost, which in turn comprises maintenance cost and fuel consumption cost. 
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 i) Manufacturing cost 

The manufacturing cost of the transmission can be approximately estimated knowing the cost of its 
main components. This assessment excludes cost related to assembly of the different parts. Table 
19 gives the cost of these components. 

Table 19. Weight of the components of the Speed-Track’s transmission. 

Components Cost [€] 
Diesel engine 6000 

Pumps 8374 
Motors + speed reducers 5400 

Miscellaneous (connectors, microprocessor, software 
development, test) 

4295 

Total 24069 

Figure 55 shows the cost distribution of the Speed-Track’s transmission. As it is easy to notice the 
pumps are the most expensive components of the transmission, followed by the Diesel engine and 
the hydraulic motors+speed reducers. The total approximated manufacturing cost of 24069 € is 
relatively high if compared to that of a wheeled dumper because of the two independent hydrostatic 
circuit. As a matter of fact, most of wheeled dumper has a transmission similar to that of passenger 
cars except for the gearbox replaced with a hydrostatic transmission which enables to vary 
infinitely the speed. So, roughly, the manufacturing cost of a wheeled dumper would be 20000 €, 
that is 4000 € less expensive than the Speed-Track (estimating at 3000 € the cost of a differential). 

 

Figure 55. Cost distribution of the Speed-Track’s transmission. 

 ii) Operative cost 

The operative costs divided as aforementioned into maintenance cost and fuel consumption costs 
are not easy to determine. 

The maintenance cost is quantitatively impossible to examine because not expert in the field. 
However, the maintenance cost depends on the intervention to be performed and the frequency with 
which these interventions are required. The frequency of the interventions in turn depends on the 
reliability of the system. 
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The fuel consumption is crucially dependent on the transmission efficiency (tank-to-wheel 
efficiency) and the entity of the resistances to overcome. Given that the resistances vary according 
to the situation (from travelling on a flat asphalted road to climbing a sandy hill) and the vehicle 
weight, the calculation of the fuel consumption must be an average of the most frequent scenarios. 
In this report, the computation of the fuel consumption has been performed for different Speed-
Track’s load situation (empty, loaded with half the max payload and fully loaded) and considering 
that in all this cases the vehicle mainly travels on flat terrains. The effect of the type of terrain has 
been assessed as well. The results are summarized in Table 20 and 21 below. In Table 20 the fuel 
consumption is expressed in [l/km] whereas in Table 21 it is expressed in km/l making it easier for 
the reader to realize the entity of the fuel consumption in terms of kilometres that the vehicle can 
travelled with one litre of fuel.  

Table 20. Fuel consumption of the Speed-Track. 

Speed-Track’s 
weight [kg] 

Fuel consumption [l/km] 
Asphalt road Sandy soil Sandy loam soil Clayey soil 

3500 0.07 0.09 0.08 0.07 
5250 0.1 0.15 0.12 0.11 
7000 0.13 0.22 0.18 0.15 

Table 21. Fuel consumption of the Speed-Track expressed in km/l. 

Speed-Track’s 
weight [kg] 

Fuel consumption [km/l] 
Asphalt road Sandy soil Sandy loam soil Clayey soil 

3500 14.76 10.76 13.08 14.35 
5250 10.13 6.62 8.14 9.48 
7000 7.71 4.45 5.62 6.89 

Figure 56 summarized in a histogram the results of the fuel consumption of Table 21. It is easy to 
notice the effect of the vehicle weight on the fuel consumption as well that of the type of terrain. 
Obviously, the higher is the vehicle weight the higher is the fuel consumption, whereas the greater 
is the sinkage that a particular type of soil generates the greater is the fuel consumption. 
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Figure 56. Speed-Track fuel consumption for different loads and types of terrain. 

4.1.4 Reliability 
The reliability of the transmission is strongly dependent on the quality of the hydraulic 
components, their installations on the engine and the operative conditions. Since the hydraulic 
components installed on the Speed-Track are products of the company Bosch Rexroth, the quality 
of these components is without shadow of doubt high and reflects the state of the art in the fluid 
power field. The installations of the components on the vehicle have been performed following the 
recommendations of the Bosch Rexroth staff and therefore the installation should not be an eminent 
source of failure. The operative conditions seem thus to be the main critical aspect that affects the 
reliability of the transmission. Typical conditions which make the system less reliable with the 
current configuration are long use with either very low or too high power requirement. The former 
is due to the low pressure in the hydrostatic circuit as already mentioned which lead to really low 
hydro-mechanical efficiency and generation of heat. While the latter is related to the stop of the 
vehicle because of the pressure cut-off valve that will set to zero the pump displacement preventing 
therefore any motion. 
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4.2 Analysis of the suspension system  
The analysis of the suspension system is performed by using the software Comsol Multiphysics 
4.3.  

The model used in running the simulations is not the complete 3D model but a simpler 2D model. 
The advantage of the former is about results, since they are closer to reality; however the 
performances required to the pc, e.g. in terms of amount of memory, is huge if compared to the 
latter.  

Figure 57 shows the flow chart of the method applied in this chapter. 

 

Figure 57.Flow chart of the method applied to assess the performances of the current suspension 
system of the Speed-Track. 

4.2.1 The 2D model of the Speed-Track 
The 2D model of the Speed-Track is shown in Figure 58. There are two main differences in respect 
to the 3D model.  

The first difference is about the shape of the chassis, due to the fact that it is not possible, on the 2D 
work space, to change the geometry along the z-axis (perpendicular to the work plane). The 
influence of this change, in respect to the real model, on the final results, is null. In fact, the square 
cross-sectional steel bars have to support the road wheels and they have to be stiff enough not to 
twist or bend when a force is acting on them and the focus of the simulation is not on the chassis. 

The second difference between 2D and 3D model is about the shape of the elastomeric 
components. In the 2D space is not possible to have the elastomeric material all around its steel-
made support, otherwise the frame could not be linked to the road wheels anyhow. The influence of 
this difference on the reliability of the results is analysed in the following paragraph.  

Moreover the track has to be modelled. In this case, the problem is to find meaningful mechanical 
properties for the track. This aspect is discussed in this chapter as well. 
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Finally, about the structure of the chassis, it is the most changed part in passing from the 3D to the 
2D space. The basic assumption has been to consider all the parts bolted or welded to the main 
frame as parts of the main frame itself. The result has been a one piece bulk of steel where the 
geometry of the parts interfaced with other components is kept unchanged in respect to the real 
model.   

 

 

Figure 58. 2D model of the Speed-Track drawn to run the simulation of an impact. 

4.2.2 Modelling the track 
In order to obtain meaningful results from the simulation, it is necessary to meaningfully model all 
the components.  

The track is a crucial part for two main reasons. The first, it is the final component of the 
transmission system since the torque is transferred to the ground through it; no matter how high 
could be the value of torque provided by the hydraulic motor (referring to the current prototype), if 
the limitation on the transferable torque is due to the grip between the track and the ground. 
Secondly, the track is part of the suspension system since it acts as a shock absorber and, above all, 
it “smooths” the roughness of the terrain.  

A CAD model of the cross section of the track mounted on the current Speed-Track is shown in 
Figure 59. Three steel strands are incorporated in a rubber compound.  

The rubber has been chosen for its elasticity and flexibility such that it provides a good grip with 
the ground; furthermore, according to the Italian Highway Code, in order to circulate on public 
roads it is mandatory to mount rubber made tracks or, for steel made tracks, cover them by a sort of 
rubber shoes. In respect to the real model, in the simplified one represented below the ribs have 
been omitted; however they do not have a structural function since they need to drain the water 
when the vehicle operates on muddy terrains or to sink easier in the ground when the vehicle is 
moving on soft terrains, allowing traction. Since the grip between the track and the ground is out of 
the scope of this analysis, the rubber ribs have not been modelled.    

The steel strands provide stiffness to the structure of the track. Instead of a series of stranded steel 
wires, as in the real track, each strand has been modelled as an equivalent steel bar which section is 
the same than the sum of the sections of each wire of each strand. Each 15 [mm] diameter standard 
strand has a metallic section of 83 [mm2] overall [30]. Inverting the following formula 
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       (22) 

the diameter of the equivalent steel bar can be computed as  

       (23) 

which lead to  

10.28	  

In terms of mechanical properties, the equivalence between a 15 [mm] diameter strand and a 10.28 
[mm] diameter bar is established.  

The main difference between a strand and a bar is in term of higher flexibility of the former in 
respect to the latter; by the way, this is the reason why ropes are not made by a one-piece bulk of 
steel. However this aspect has not to be taken into account since the aim of this analysis is limited 
to get overall mechanical properties of the track.  

 

Figure 59. Cross-section of the track. The mechanical properties of the rubber compound are 
improved by the insertion of steel strands. 

The material and mechanical properties, considered in modelling the steel bars, are reported in the 
following Table 22. 

Table 22. Summary of steel properties useful for the current scope.[27] 

Property Value 

ρsteel 7850 [kg/m3]  

Esteel 2.10e11 [Pa]  

νsteel 0.33  
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The material and mechanical properties, considered in modelling the rubber compound, have been 
chosen from the online catalogue of Dupont since it is one of the most innovative manufacturers of 
polymers and in its portfolio it has several patents about plastics.  

The reason why it has been necessary to look for material properties on Dupont catalogue, instead 
of getting them directly from the manufacturer of the track, is the following: the manufacturer does 
not provide this kind of details since they are covered by industrial secrecy. Fortunately on Dupont 
website an online tool is available such that it is possible to find the best material for a specific 
application.  

Because of the fact Dupont is a company leader on the manufacture of polymers and, moreover, the 
material found, according to the company itself, is one of the best in applications like track, it is 
reasonable to consider that the material which has been chosen is close to the really applied one or 
even the same.  

The properties of the TPC-ET thermoplastic polyester elastomer, Hytrel® G3548L, are 
summarized in Table 23 below and fully reported on Appendix G. Hytrel® is ideal for parts 
requiring excellent flex fatigue and broad use temperature. It resists tearing, flex-cut growth, creep 
and abrasion. It offers strength and stiffness plus outstanding toughness while resisting 
hydrocarbons and many other fluids. 

Hytrel® can be processed easily by conventional thermoplastic processes, such as injection 
molding, blow molding, calendaring, rotational molding, extrusion and melt casting [31]. 

While the value of density is directly taken from the catalogue, the value of Young’s Modulus is 
computed as the slope of the trend line which interpolates the experimental data reported on the 
catalogue (Figure 60). Finally, the value of Poisson’s ratio is taken from literature. 

 

             

Figure 60. σ-ε  plot of Hytrel® G3548L from which an average value of E has been gotten. 
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Table 23. Summary of relevant mechanical properties of Hytrel® G3548L.[31] 

Property Value 

ρhytrel 1150 [kg/m3] 

Ehytrel 3e4 [Pa] 

νhytrel 0.49 

        

A simulation of a tensile test is performed on the model of the track. The force that has been 
applied has a magnitude of 49050 [N] according to the suggestions of the company manufacturing 
the track. 

The overall properties of the track, evaluated with Comsol Multiphysics 4.3, are reported in Table 
24.  

Table 24. Summary of the overall average properties of the track. 

Property Value 

ρtrack 1398 [kg/m3] 

Etrack 1.18e10 [Pa] 

νtrack 0.46 

 

4.2.3 Modelling the elastomeric components. The 
eigenfrequencies computation 
As written earlier, the shape of the elastomeric component, in the current prototype, is such that the 
polymer is a kind of sleeve distributed all around its metal core. In the 2D model, however, the 
vehicle is forced to be represented on a plane, such that to link the wheels to the main frame is 
necessary to limit the winding angle. To evaluate the implication of such a change, a comparative 
simulation between the real and the simplified model is performed. The aim of the simulation is 
comparing the two different designs. 

Apart from the changes explained above, the geometry of the two models is kept constant (Figure 
61). 
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Figure 61. 2D models of the real road wheel support and of the simplified one. The simplified model 
is useful for running the simulation about the impact. 

The first comparison between the two models is made in terms of eigenfrequencies. The first six 
vibrations modes are computed through a simulation with Comsol 4.3 and the results are shown in 
the Table 25. The displacement considered is the vertical displacement of the centre of the hole 
where the shaft supporting the wheel is hinged.  

The simulations have been performed considering a load distributed on the upper semi-circular 
boundary of the hole where the shaft supporting the wheel is hinged. The total value of the load 
applied is equal to the static weight acting on each support, assuming the vehicle full loaded (700 
[kg] per wheel).  

Table 25. Eigenfrequencies and consequent displacement of the road wheel supports. 

Vibration mode index All around elastomer 

Frequency          Displacement 

Partial elastomer 

Frequency          Displacement 

1 29 [Hz] 4 [mm] 20 [Hz] 5 [mm] 

2 772 [Hz] 8 [mm] 387 [Hz] 2 [mm] 

3 1080 [Hz] -4 [mm] 521 [Hz] -4 [mm] 

4 1697 [Hz] 2 [mm] 1459 [Hz] 8 [mm] 

5 1697 [Hz] 5 [mm] 1478 [Hz] -4 [mm] 

6 1722 [Hz] -6 [mm] 1514 [Hz] -4 [mm] 

The outcomes of the computation of the eigenfrequencies are the following ones.  

 The first vibration mode has a low value, though it causes a small displacement in comparison 
to the dimensions of the components involved. These are typical characteristics of a system 
with high damping coefficient. 

 The eigenvalues are different in the two models; it means that the results of simulations 
performed using different models don’t perfectly match each other.   
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4.2.4 Modelling the elastomeric components. The Bode’s 
diagram 
Plotting the Bode’s diagram has a double aim. The first, it allows to better compare the two 2D 
models in order to effectively understand the influence of the geometrical change described at the 
beginning of the chapter on the behaviour of the suspension system. Secondly, The Bode’s diagram 
is the most used indicator of the time response performance of a system, such that it can be used 
later in the project to compare different solutions. 

The eigenvalues computed in the previous paragraph are used as a reference value for the 
representation of the Bode’s diagram. The focus is in particular on I vibration mode, since the 
others occur for such high frequencies that are very less likely to happen in reality.     

The sample load is applied in the hole, visible in Figure 57, where the shaft which supports the 
wheel is hinged. The load is time dependent (sinusoid) which expression is the following: 

∗ ∗ sin	 2 ∗ ∗     (24) 

The load applied has been considered the weight of the full-loaded vehicle equally split over the 
road wheels which withstand the load itself according to the following formula: 

	

	
      (25) 

It is equal to 700 [kg]. 

The reason why in front of the gravity (g) a coefficient has been applied, which value is 2, is due to 
the fact that in the design phase, when an impact condition is likely to happen, it is used to consider 
a value of acceleration in the range 2g-3g.  

The value of the oscillation period is 

∗
    (26) 

In order to get data to plot the Bode’s diagram, a parametric sweep has been performed where the 
parameter is the frequency, varying in the range 1-50 [Hz] with steps of 1 [Hz].  

Furthermore, about the computational time, it has been kept equal to 10 complete oscillation 
periods according to the following equation 

10 ∗     (27) 

10 oscillation periods should be enough to overcome the initial transient and, then, to have a 
constant oscillation amplitude. 

The time step of the simulation, which determines the instants when the values of displacement are 
picked up, has been chosen equal to one-sixtieth of the period, according to the following formula 

∗
      (28) 

As far as constraint concerns, the metal bar on which the elastomer is mounted is kept fixed (no 
displacement).   

The Figure 62 shows the Bode’s diagrams of the arm where the elastomeric sleeve is all around the 
metal bar.  
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Figure 62. Bode’s diagrams related to the components where the elastomeric material is all around 
its support. The pulsation (ω) is normalized in respect to the first value of eigenfrequency (ωn). The 
values of the amplitude (graph above) are expressed in [dB] while the phase angle between input and 
output (graph below) is expressed in degrees. In the graph about phase a 3rd order trend line (black) 

has been added, as well.  
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Figure 63 shows the Bode’s diagrams of the arm where the elastomeric sleeve is not developed all 
around the metal bar. This situation is representative of the simpler model which has been adopted 
to perform the simulations shown in the following paragraphs.  

 

 

 

 Figure 63. Bode’s diagrams related to the components where the elastomeric material is not 
completely around its support. The pulsation (ω) is normalized in respect to the first value of 

eigenfrequency (ωn). The values of the amplitude (graph above) are expressed in [dB] while the 
phase angle between input and output (graph below) is expressed in degrees. In the graph about 

phase a 3rd order trend line (black) has been added, as well. 

Looking to and comparing the plots about the Bode’s diagrams of the two models, it is possible to 
make the following considerations. First, the frequency responses are very close to each other both 
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in shape and in the value of the peak as well. Second, a similar observation can be done for the 
phase diagrams, where the two plots match each other even better.  

These simple observations of the results allow concluding that the difference in performance 
between an all-around elastomeric part or a partial one is limited to the value of eigenfrequencies 
and, in particular, to the first vibration mode. In fact when the partial elastomeric model reaches its 
peak, the “all around model” amplitude of response is roughly one third of the maximum; since the 
frequency of the input function (force or displacement), acting on the parts of the Speed-Track in 
contact with the ground, varies assuming low values, the advantage of having a peak of response 
for high values of frequency means a less likelihood of reaching it.  

4.2.5 The impact condition  
In this paragraph the behaviour of the vehicle when an impact occurs is evaluated. While the 
Bode’s diagram gives general information, primarily useful to compare different configurations, on 
the other hand the simulation of an impact condition is tailored on the analysed model.  

The simulation is performed using the 2D model of the vehicle shown in Figure 58. The outcome 
of the simulation is the evaluation of the maximum vertical displacement of the main frame, 
compared to the height of the step where the vehicle impacts. The acceleration of the main frame is 
evaluated as well. Both these parameters are related to the comfort of the vehicle and the 
importance of them is comparative since they are used to confront the new configurations proposed 
in the following chapters and the actual one.  

To generate an impact a sample step 20 [mm] high has been chosen, representative of a small rock. 
Since the scope of the simulation is to compare different solutions, this value does not affect the 
result of the simulation.  

The vehicle is assumed to move at a speed of 2 [m/s], according to the same reason explained 
above. 

The vehicle is assumed to be full-loaded but since the 2D model represents a half of the vehicle and 
the load is assumed to be equally split between the two tracks, the total load applied is 3500 [kg]. 
The load is equally distributed on the boundary highlighted in Figure 64. 

The evaluation of displacement and acceleration is picked up on the point higlighted in Figure 65; 
this point is representative since it is longitudinally positioned just under the driver’s seat.  
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Figure 64. The blue line shows the boundary where the load is supposed to be equally distributed. 

 

Figure 65. The red dot highlight the point where displacement and acceleration are evaluated. 

The displacement profile is shown in Figure 66, while the acceleration profile is shown in Figure 
67. From the point of view of who is writing, the peak of acceleration reached, 18 g, is surprising. 
The consequence of such a high acceleration is an instantaneous value of forces proportionally 
high. Comparing the acceleration profile with the displacement one, however, a high but 
instantaneous peak of force does not generate a directly proportional vertical displacement, thanks 
to the damping effect of the suspension system and the inertial forces which counteract the input.  

The plots shown below are quite meaningless per se, such that no further comments are provided 
about them. On the other hand they will be used later on in order to compare the results gotten from 
the simulations of the following configurations proposed.  
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Figure 66. The plot of the vertical displacement of the evaluation point is represented. 

 

Figure 67. The plot of the acceleration of the evaluation point, normalized in respect to gravity, is 
represented. 
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4.2.6 The life time of the elastomeric material  
As written at the beginning of the present work, the two main guidelines which drive the evaluation 
process as well as the design phase are the flexibility and the reliability. The flexibility is more 
related to performances, while the reliability is the capability of the vehicle to keep the same level 
of performances constant for a certain period of time. The latter aspect is discussed in this section.  

The main doubt the authors had in mind about the use of elastomeric components on the Speed-
Track, was related to the durability of the mechanical properties. Polymeric materials are generally 
subject to creep so that when a constant load is applied for a long time, the consequent 
displacement tends to increase over time. The elastomeric components are subject to a constant 
torque due to the fact that each road wheel is hinged to the chassis through an arm; the load acting 
on each road wheel, due to the weight of the vehicle even if empty, generates this torque.  

As written above, the vehicle is 2 years and a half old and it has been employed in heavy operations 
no more than 150 [h]. The previous sentence is the foreword to the picture in Figure 68; it has been 
shot in the middle of May, 2013. The elastomeric component shown in the picture, like all the other 
ones, at rest is twisted more than it was as soon as the prototype had been built. Furthermore it is 
reasonable to guess that mechanical properties, like the Young’s modulus, have been accordingly 
decreased and the damping effect as well.  

The consequence of the creep is considered to be an important drawback which cannot be 
overcome within the present configuration of the Speed-Track. The improvements proposed in the 
following chapter are focused on the reduction or, at least, on the limitation of the mechanical 
properties decay on the performances of the vehicle. 

 

 

Figure 68. The current Speed-Track. The picture shows the rotation of the arm bearing a road wheel, 
around its hinge, when the vehicle is empty and at rest. The photo was taken in the middle of May, 

2013.  
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5 IMPROVEMENTS 

This chapter is about proposals of improvement of the current prototype. In respect to the following 
chapter, where the focus will be on new solutions, the configurations proposed in this one are 
different, of course, in respect to the current solution but they do not imply a re-design of the whole 
prototype.  

5.1. Improvements of the transmission 
The analysis of the performance of the transmission of the current prototype has led to the 
suggestion of two main improvements: 

 Change of some design parameters (sprocket diameter, gearbox ratio) 

 Use of an accumulator to store energy during braking and release it during acceleration 

5.1.1. Change of some design parameters. 
These improvements came out as a solution to the problem of having a low differential pressure in 
the hydrostatic circuit during normal travel on flat terrains leading to low hydro-mechanical 
efficiency with associated generation of heat. The idea behind the first improvement proposed is 
therefore to change some design parameters of the transmission system so that travels on flat 
terrains can induce optimal (for the sake of efficiency) differential pressure in the hydrostatic 
circuit (around 40 [bar] when the Speed-Track is empty and 150 [bar] when it is fully loaded). 

Given the current configuration of the Speed-Track’s transmission, the parameters that can be 
changed to increase the differential pressure in the hydrostatic circuit are the following: 

-  The minimum displacement of the hydraulic motor (making it smaller) 
- The speed reducer ratio (choosing a smaller ratio) 
- The sprocket diameter (making it larger) 

The change of the minimum displacement of the hydraulic motor has dramatic consequences on the 
efficiency of the hydraulic circuit. As matter a matter of fact, in order to get the best from the 
hydrostatic circuit (in terms of efficiency and thus also long continuous use), it is necessary to use 
the variable displacement hydraulic units at (or near) their maximum displacement setting. For this 
reason, the reduction of the minimum displacement of the hydraulic motor is not a suitable solution 
to address the low differential pressure in the circuit. 

The increase of sprocket’s diameter is a valid option although the range of change admissible is 
limited by certain constraints given by to the suspension sizing (maximum size affordable). 

The diminution of the speed reducer ratio is an excellent solution which presents no constraint and 
can be easily implemented purchasing the right speed reducer. 

Accordingly, the solution that can be implemented is preferably either a combination of increase of 
sprocket diameter and reduction of speed reducer ratio or only reduction of speed reducer ratio. 
Let’s notice however that this solution has a drawback which is the reduction of the maximum 
tractive effort that the vehicle can develop. Figure 69 shows the thrust – speed characteristic of the 
Speed-Track having modified the speed reducer ratio from 22,6 to 10 (red curve) compared with 
the thrust- speed characteristic of the current prototype. In both cases, the Diesel runs at 2000 [rpm] 
(point with the best fuel consumption). As it easy notice from Figure 64, the reduction of the speed 
reducer ratio to 10 alters the performance of the vehicle and namely reduces the maximum tractive 
effort to 20.38 [kN] instead of 45.32 [kN] whereas the maximum speed of the vehicle significantly 
increases up to 34 [km/h] (accounting for the various efficiencies). This is really beneficial for the 
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productivity of the vehicle since its primary goal is to transport materials and to also allow long 
way travels (for example traveling from one yard to another one pretty far away).    

 

Figure 69. Speed-Track’s thrust-speed characteristic for current prototype and speed reducer ratio = 
10 for Diesel engine speed = 200 [rpm].  

With the maximum tractive effort of 20.38 [kN] obtained when setting to 10 the speed reducer ration, the 
maximum grade that the vehicle can climb is given in table 26. 

Table 26. Maximum grade that the Speed-Track can climb considering start of motion from rest (velocity=0) 

  Vehicle weight [kg] 3500 5250  7000

  Force required to accelerate from 0 to 3 km/h 
in 8 seconds [kN] 

2.43 3.65  4.86

Current 
prototype 

Maximun grade climbable with sinkage [°] >90 53.3  35.7

Maximun grade climbable w/o sinkage [°] >90 53.7  36

Gearbox 
ratio=10 

Maximun grade climbable with sinkage [°] 29.6 17.8  12.2

Maximun grade climbable w/o sinkage [°] 30.1 18.1  12.4

An analysis of Figure 69 brings up that the design of the Speed-Track has to be differentiated and 
must target a specific application. As a matter of fact, applications as simple dumper are not 
eligible with the current configuration because the most frequent resistances are low with the 
consequence of low efficiency as already mentioned. As far as the transmission is concerned, the 
current prototype is suitable for agricultural purposes where the resistances are certainly higher due 
to the drawbar force required to labour the ground and the maximum required/desired speed is not 
high.   
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For applications such as dumper, the current prototype has to be slightly modified replacing the 
current speed reducer with one having transmission ratio around 10.  

5.1.2. Use of an accumulator as braking device 
The idea behind this improvement is to save energy during braking operations and to release that 
energy during the following acceleration phase. A brainstorming analysis has allowed authors to 
come up with the idea of inserting a hydraulic accumulator in the hydrostatic circuit (see scheme on 
next page) together with four simple valves called vent distributors to store the energy during 
braking instead of using the Diesel engine as braking device as currently done. 

The sizing of the accumulator is based on the maximum amount of energy that has to be stored in 
it. This amount of energy is equal to the kinetic energy of the vehicle when braking less some 
losses due to efficiencies lower than one. A bladder accumulator can be used. Figure 70 shows an 
image of such an accumulator. 

 

 

Figure 70. Bladder accumulator 
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In a bladder accumulator, the bladder separates the space within the accumulator into two sides, 
one is pre-charged with nitrogen gas and the other is connected to the outside hydraulic fluid 
system. When the fluid is pumped into the accumulator, the nitrogen gas part is compressed, the 
accumulator stores fluid energy under high pressure form. Assuming the operation of accumulator 
is a polytropic process, the amount of energy stored by the hydraulic accumulator corresponding to 
the increase of gas pressure is estimated based on the thermodynamics law: 

0,5 ∗ ∗ ∗ ∗ ∗     (29) 

Where W is the vehicle weight, v the vehicle speed, p1 is the accumulator pressure when discharged 
during operation (equal to 16 [bar] minimum pressure of the circuit), V1 accumulator nitrogen 
volume after expansion, V2 the accumulator nitrogen volume after nitrogen is compressed. 

From the above formula it is possible to compute the volume V2 necessary to store the energy all 
the kinetic energy assuming a certain volume V1. And then compute then the accumulator pressure 
reached during the compression of the nitrogen gas and check that this pressure is lower than the 
upper admissible limit of the circuit. If greater than the maximum limit of the circuit the value V1 
has to be changed (increasing it). The process is similarly iterated up to find a suitable value for the 
pressure. The determination of the accumulator size Vo is determined using the Bosch Rexroth 
catalogue reporting the graphics which enable the determination of the accumulator size knowing 
p1, p2, V1 and V2. Figure 71 and 72 shows the Bosch Rexroth graphics for determination of the 
accumulator size.  

The results of the calculations show that the use of an accumulator is not feasible. As a matter of 
fact, with the full payload of the Speed-Track it is required a 20 [l] accumulator to completely 
brake the vehicle, value found to be too high. 

 

 

Figure 71. Bosch Rexroth graphics explaining how to determine the accumator size knowing V1, V2, 
p1 and p2.[32] 
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 Figure 72. Bosch Rexroth graphics for the determination of the accumulator size.[32] 

 

The basic assumption is that components and dimensions which have not been specifically 
mentioned are kept equal in respect to the current solution and the performances expected by the 
vehicle (basically in terms of payload) as well. 

The possible improvements are the result of a brainstorming. They are presented in the form of 
hand-made sketches.  
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5.2 Improvements of the suspension system  
The basic assumption is that components and dimensions which have not been specifically 
mentioned are kept equal in respect to the current solution and the performances expected by the 
vehicle (basically in terms of payload) as well. 

The possible improvements are the result of a brainstorming. They are presented in the form of 
hand-made sketches.  

5.2.1 The brainstorming steps 
The first step of the first brainstorming session, shown in Figure 73, has been strongly influenced 
by the typical kind of solution adopted on tanks. In particular the focus is on the link between the 
road wheels and the chassis, made through arms rotated of a certain angle in respect to ground. This 
solution undoubtedly has advantages when the vehicle is moving forward in respect to backward. 
In fact, in the former situation, the forces, due to the roughness of the terrain, acting on each wheel 
through the track, generate a rotation of the arm itself around its pin; on the other hand, when the 
vehicle is moving backward, the forces generate a rotation around the pin as well as a relevant 
bending moment on the bearings while, furthermore, the arms may be subjected to buckling. 
However, since the vehicle moves forward at high speeds while it seldom moves backward and, 
when it happens, the speed is very low (condition of maneuver), the choice of tanks designers is 
easily justifiable. For the same reasons, who is writing decided to adopt a similar approach on the 
“Speed-Track” as well. A potential risk of this kind of solution is the collision between the track 
and the tubular transversal bar which supports the front road wheel, as highlighted in Figure 73. 
This risk can turn into a real possibility just in case of impact against a step which causes a high 
deformation of the track.  

 

 

Figure 73. The sketch which represent the steps followed in the first brainstorming session is 
represented. 
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5.2.2 Reverse 1st arm  
Such an issue can be prevented properly designing the components or adding an idler wheel which 
support the track and avoid anyway the risk presented above. Figure 74 below represents this last 
idea. However the arm supporting the additional wheel would rotate clockwise, referring to the 
sketch, such that a mechanical limit, in respect to the rotation of the arm, would be necessary in 
order to prevent the impact between the wheel and the main tubular support. In respect to the 
solution without the additional wheel, the latter avoids the creep of the track on the main frame, 
reducing the wear of the track itself and ensuring a smoother movement, and it provides an 
additional support to the track. The latter aspect is not negligible since, keeping constant the tensile 
force on the track, the more the number of road wheels, the less the risk of derailment of the track.  

If such a change was adopted on the “Speed-Track” the main consequences could be split into 
positive and negative aspects, in respect to the current configuration, as follows.  

+  Improved comfort in forward motion. In this situation the idler wheels are mounted in such 
a way that each pin precedes the respective wheel (tank configuration), such that the forces due to 
the motion, applied by the ground to the wheels through the track, mainly twist the elastomeric part 
instead of compressing it, gaining the best performance from the suspension system, as a 
consequence.  

- The number of road wheels effectively in contact with the ground is four instead of five 
(current prototype). The main consequence of this is about the characteristics of the elastomeric 
components; since they are suitable for carrying on specific loads, reducing their number would 
require a change in the material or, at least, in the geometry of the components themselves in order 
to make them adequate to the higher loads they have to withstand.    

 

Figure 74. Behaviour of the so-called “reverse arm” when a force, due to the impact against an 
obstacle, is applied on the component. 

On a paper sheet this solution could be interesting but the main issue is related to the creep effect 
on the durability of the elastomeric components, aspect which has been explained in the previous 
chapter.   
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5.2.3 The bogie configurations 
In the second brainstorming section the focus has been the overtaking of the early decay of 
mechanical properties of the elastomeric components and the consequent loss in damping 
performances. The leading actor is the bogie configuration.  

Nowadays the bogie configuration is the most used on tracked crawlers, basically because it is 
simple and cheap; however, the bogies are adopted to follow low roughness terrains since they are 
not made in combination with a suspension system. Mechanical stops limit the rotation of each 
bogie.  

Three main bogie configurations have been explored: two purely mechanical systems, where the 
bogies are pinned around torsion bars, and another one which still uses the elastomeric 
components. The latter is the first to be presented, since it could be a solution easily implemented 
on the architecture of the current prototype. The former solutions, on the other hand, would require 
several changes such that they can be positioned in the limit between implementations and new 
solutions. 

5.2.4 Elastomeric bogie  
This configuration is shown in Figure 75. According to the writer this is the simplest possible 
solution to solve the problem of degradation of mechanical properties of the elastomeric 
components without losing anything in terms of performance and comfort of the suspension 
system. Furthermore, the designer strongly believes that the only possibility of giving future to the 
application of the kind of polymer mounted on the current prototype is the adoption of a bogie 
configuration. The reasons which lead to this assertion are explained in the paragraph.   

 

Figure 75. Elastomeric bogie configuration. 

The “elastomeric bogie” configuration can be directly applied to the actual main frame of the 
“Speed-Track” or with a difference in terms of distance between the transversal squared cross-
sectional bars of the main frame.  
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Since wheels are supposed to be coupled in bogies, they have to be even-numbered. The idea is to 
mount six road wheels instead of five since they give a better support to the track and the load each 
elastomeric component has to withstand is lower, as well. This solution could dramatically reduce 
the effect of the degradation of mechanical properties of the polymer on the performances of the 
suspension system. In fact, in the current prototype there is torque acting on the elastomeric 
components also when the vehicle is at rest, since there is an arm between the point of application 
of the force and the rotational point where the wheel is hinged. On the bogie configuration, instead, 
in static condition there is equilibrium between the forces applied to the wheels of the same bogie 
such that in rest condition there is no torque acting on the elastomeric component but just a force 
which tries to squeeze the component itself (Figure 76). However, since the bulk modulus of the 
polymer is around 109 [Pa] and the material can be considered nearly incompressible, the effects of 
squeezing on the material life time are supposed to be negligible in respect to the creep due to 
permanent application of a torque. The one explained above is the justification of the assertion, or 
forecast, made at the beginning of the paragraph about the future of the elastomeric material for this 
kind of application. 

 

Figure 76. Comparison between the old road wheel support and the new bogie configuration. 

The following list is about pros and cons of this new proposed configuration in respect to the 
current prototype.  

+ No creep on elastomeric components such that the life time is longer. 

 Higher support of the track because of six road wheels instead of five. 

Cheaper solution since there are six elastomeric components required overall instead of ten, 
though the number of wheels increases from ten to twelve. 

No need of a mechanical limit.  

- Higher load on elastomeric components. The manufacturer has to check if they can 
withstand the load, otherwise a re-design of the component is required.  

In consequence to the considerations explained above, the designer considers the present proposal 
of improvement worth to be further analysed. In order to make this solution comparable with the 
current one, the same simulations are going to be conducted.   
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i) Elastomeric bogie. The CAD model. 

The model of the bogie is shown in Figure 78. Although, as written earlier, a re-design of the 
elastomeric part may be necessary in order to withstand the increased forces acting on it, which 
affect mainly the life time of the component, in the “elastomeric bogie” configuration the design of 
the polymeric part has been kept the same. In respect to the model of bogie shown in Figure 76, 
which was just the mirrored version of the single wheel arm, the definite CAD model of the 
improved component does not have the mechanical limits anymore; this aspect was included in the 
pros list in the previous paragraph and it is justified by the fact that on a single bogie there are two 
forces acting, one opposite to the other, such that there is a natural limit due to the combination of 
them.  

Furthermore, in the current prototype the position of the first (considering a forward motion) 
transversal tubular bar (Figure 77) affects the arrangement of the anchor points of the pumps and 
the engine as well, such that changing the position of the bar would require consequently a partial 
re-design of the whole vehicle. However, since the improvements proposed in this chapter aim to 
make the prototype better but at the cheapest cost, in terms of time spent for changes, the position 
of the first transversal bar has been kept constant.  

Like in the previous chapter, in order to run the simulation for the impact condition, a simplified 
model of the new configuration is necessary. It is shown in Figure 78, where a comparison with the 
current prototype is graphically made in terms of changed dimensions. 

 

Figure 77. 2D model of the Speed-Track, with the new bogie configuration applied, drawn to run the 
simulation of an impact. 
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Figure 78. Comparison of the old system, where wheels were independent, and the new one, where 
wheels are coupled according to the bogie configuration. 

 ii) Elastomeric bogie. Eigenfrequencies. 

In this paragraph the eigenfrequencies of the suspension system are computed as a preliminary step 
for the plot of Bode’s diagrams. Eigenfrequencies values are computed both in the real model and 
in the simplified one, used in the simulation of the impact condition. The reason why two models 
are necessary is due to the fact that, working on a 2D space, it is not possible to represent the 
situation where the elastomeric material is all around its support. The computation of 
eigenfrequencies and the plot of the frequency response are necessary in order to quantitatively 
evaluate the difference between the two models and the influence of such a difference on the 
outcomes of the impact condition.  

The first six vibrations modes are evaluated and the results are shown in the Table 27 below. The 
displacements considered are the vertical displacements of the centre of the holes where the shafts 
supporting the wheels (two per bogie) are hinged.  

 The simulations have been performed considering a load distributed on the upper semi-circular 
boundary of the hole where the shaft supporting the wheel is hinged. The total value of the load 
applied is equal to the static weight acting on each support, assuming the vehicle full loaded 
(583 [kg] per shaft).  

Table 27. Eigenfrequencies and consequent displacement of the road wheel supports. 

Vibration 
mode index 

All around elastomer Partial elastomer 

Frequency [Hz] Displacement [mm] Frequency [Hz] Displacement [mm] 

1 15.31 -6.07  6.07  16.7  2.02  -2.02  

2 573  2e-7  2e-7  501.37  9.11 9.08  

3 641  8e-8  -8e-8  690.78  -4.82  4.88  

4 1638  -7e-8 -7e-8  1009.55  1.3e-8  1.4e-8  



 

83 

 

5 1697 -4e-8 6e-9  1696  3e-10 3e-8  

6 1698 -1e-8 -3e-8  1696  3e-8 1e-9  

 

 iii) Elastomeric bogie. The Bode’s diagrams. 

The eigenvalues computed in the previous paragraph are used as a reference for the representation 
of the Bode’s diagrams. The focus is in particular on the I vibration mode, since the others occur 
for such high frequencies that in the reality their effect is negligible.    

The sample loads are applied in the hole, visible in Figure 78, where the shaft which supports the 
wheel is hinged. Loads are time dependent (sinusoid) which expression is the following for one of 
them 

∗ ∗ sin	 2 ∗ ∗     (30) 

while for the other one is 

∗ ∗ sin	 2 ∗ ∗
∗

    (31) 

The difference between the two expressions is due to the phase; in particular, it is a half of the 
period. In this way, when the maximum positive load is applied on a road wheel, the maximum 
negative one is applied on the other one; this is the worst case since the highest possible torque is 
acting on the elastomeric component and the highest twisting as well.  

The load applied has been considered the weight of the full-loaded vehicle equally split over the 
road wheels which withstand the load itself according to the following formula: 

	

	
      (32) 

mpw is then equal to 583 [kg]. 

In order to get data to plot the Bode’s diagrams, a parametric sweep has been performed where the 
parameter is the frequency, varying in the range 1÷30 [Hz] with steps of 1 [Hz]. In respect to the 
previous chapter, the range of frequency goes up to 30 [Hz] instead of 50 [Hz] since the trend is 
clear and there is no reason of going forward in the computation. 

Furthermore, about the computational time, it has been kept equal to 10 complete oscillation 
periods according to the following equation 

10 ∗     (33) 

10 oscillation periods should be enough to overcome the initial transient and, then, to have an 
output function which amplitude is constant. 

About the time step, it has been chosen equal to one-sixtieth of a period, according to the following 
formula 

∗
     (34) 

As far as constraint concerns, the metal bar on which the elastomer is mounted is kept fixed (no 
displacement).   

The Figure 79 below shows the Bode’s diagrams of the arm where the elastomeric sleeve is all 
around the metal bar.  
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Figure 79. Bode’s diagrams related to the components where the elastomeric material is all around 
its support. The pulsation (ω) is normalized in respect to the first value of eigenfrequency (ωn). The 
values of the amplitude (graph above) are expressed in [dB] while the phase angle between input and 
output (graph below) is expressed in degrees. In the graph about phase a 3rd order trend line (black) 

has been added, as well. 
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Figure 80 shows the Bode’s diagrams of the arm where the elastomeric sleeve is not developed all 
around the metal bar. This situation is representative of the simpler model which has been adopted 
to perform the simulations shown in the following paragraphs. 

 

 

Figure 80. Bode’s diagrams related to the components where the elastomeric material is not 
completely around its support. The pulsation (ω) is normalized in respect to the first value of 
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eigenfrequency (ωn). The values of the amplitude (graph above) are expressed in [dB] while the 
phase angle between input and output (graph below) is expressed in degrees. In the graph about 

phase a 3rd order trend line (black) has been added, as well. 

 iv) Elastomeric bogie. The impact condition. 

In this paragraph the behaviour of the vehicle when an impact occurs is evaluated. While the 
Bode’s diagram gives general information, primarily useful to compare different configurations, on 
the other hand the simulation of an impact condition is tailored on the analysed model. 

The assumptions made for performing the simulation are reported in Paragraph 4.2.2.  

The result of the simulation in terms of displacement is shown in Figure 81, while in terms of 
acceleration is shown in Figure 82.  

The point considered for the evaluation of the following plots is equivalent to the point chosen in 
Paragraph 4.2.2, just below the driver’s seat.  

The outcome of the last simulation, compared with the result of the previous one, shown in Figure 
66 and Figure 67, shows an increased displacement of the chassis though the height of the step 
which causes the displacement is the same. This expected behaviour is due to a higher stiffness of 
the new configuration, so that the rotation of the bogie around its hinge is minor than the same in 
the current prototype. On the other hand, however, the peak of acceleration drops from 8g to 5g 
with a sensible reduction in terms of solicitation of the chassis as well as more comfortable driving. 

 

 

Figure 81. The plot of the vertical displacement of the evaluation point is represented. 
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Figure 82. The plot of the vertical displacement of the evaluation point, normalized in respect to 
gravity, is represented. 

5.2.5 The short steel bogie 
In this paragraph the first mechanical bogie configuration is presented. It has been called the “short 
steel bogie” since the damping effect is provided by a steel torsion bar; the adjective “short” is due 
to the fact that the torsion bar does not go across the vehicle but is mounted cantilevered on the 
chassis, as shown in Figure 83.    

The longer the torsion bar and smaller the cross section, the higher the twist when the same force is 
applied. Since the bars have to withstand the weight of the vehicle and the peaks of forces due to 
the bumps and the impacts from the ground, bending moments are acting on them in addition to the 
torsion.  

The cross section of the bars has been chosen circular. In the circular geometry, in fact, the warping 
function is null such that when a torque is applied to the bar, the planes where each section stands 
are still parallel one another (see Figure 84 a). Choosing, as example, squared cross sectional 
torsion bars, the effect would be the one represented in Figure 84 b, due to a not null warping 
function. 
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Figure 83. “Short steel bogie” configuration where the support of each bogie is mounted cantilevered 
in respect to the chassis. 

 

              

Figure 84. Comparison between a circular and a squared cross-sectional steel bar when a torque is 
applied. The effect of the warping function, null in a circular bar, is evident in the behaviour of the 

squared bar. 

The critical aspect of this solution is the beam mounted cantilevered. In particular the beam has to 
be rigid enough in order not to bend when a load is applied such that the derailment of the track is 
prevented as well as the presence of a camber angle which just speed up the wearing process of 
bearings, but, at the same time, the cross section has to be small and/or long enough in order to 
twist when a force acts on each wheel instead of keeping the system extremely rigid.  

The length of the torsion bar is constrained. As written earlier, the main issue of having torsion bars 
all along the width of the vehicle is the reduction of the ground clearance. To prevent this problem 
the designer decided not to overcome the length of the actual elastomeric components; in the 
current solution, in fact, the carter which protects the hydraulic motor (Figure 85) prevents the 
components of the suspension to clash against the ground.  

The only parameter left free is then the size of the cross section of the bars. The approach adopted 
to find the best suitable diameter has been a trial and error approach. Basically different values of 
the input parameter (diameter), give different characteristics of force against rotation and vertical 
displacement as well. For each value of diameter three checks are then performed: two are related 
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to the stresses (static and time dependent) on the bar and one to the maximum flexion of the bar due 
to the bending moment acting on it. 

The components are dimensioned to withstand at least 2*106 cycles, limit value which states the 
unlimited life of steel components. 

 

Figure 85. The carter which supports the hydraulic motor as well as protects the elastomeric 
components is indicated by the red arrow. 

According to basic design principles and previous experience, the designer believes that the 
cantilevered solution represented in Figure 83, which is an outcome of the brainstorming, cannot 
satisfy the requirements in terms of robustness as well as providing a damping effect. In fact, a 
limit of the flexion, due to bending moment, of the cantilevered bars, requires a big cross section 
and consequently a system too stiff.  

A re-design of the proposed solution has been sketched through CAD and it is shown in Figure 86. 
As it is represented, each bogie is supported by three arms which link it to the transversal tubular 
bar. In particular the yellow painted supports withstand each bending moment and forces as well, 
and the connection between them and the torsion bar is through bushings in order to allow the 
rotation of the bar itself. On the other hand the torsion bar is fixed on the pink painted support. The 
bogie (made by two pieces of metal sheet and two wheels) is rigidly connected to the bar since it 
has to turn together with the bar.    
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Figure 86. Render of a preliminary sketch of the short steel bogie configuration. 

The main assumptions which constrained the design phase are listed as follows. 

 The road wheels are identical in respect to the ones of the current prototype. 

 The position of the road wheels in respect to the chassis has been kept constant such that there 
is no need of adapting the position of other components like the traction wheel and the idler 
wheel as well.  

 The position of the wheel in respect to the centre of rotation of the bogie can be seen in Figure 
78 since the size of the bogie is mainly the same (the only difference is the hole for the support 
which is circular instead of trefoil).  

 The yellow coloured supports have been put at a distance of 10 [mm] from the respective 
closest bogie plate in order to reduce the bending moment on the bar and consequently the 
displacement as well as the inflexion of the bar.  

i) The short steel bogie. Dimensioning the torsion bar. 

The process followed in dimensioning the torsion bar is shown in Figure 87.  

At the beginning the static forces as well as the static bending moment soliciting the bar are 
computed. They are properly oversized in respect to the real solicitations and they are used for 
checking the strength of the bar at the end of the design process. 

The dimensioning of the bar starts from the acceleration plot, got in the simulation performed in 
Paragraph 5.2.4, and from the free body diagram of a single bogie it is possible to express the 
angular acceleration where the only unknown variable is the resistant torque applied by the torsion 
bar. The objective of this process is getting the plot of the resistant torque over time and, then, the 
resulting vertical displacement of the road wheels when an impact against a 20 [mm] step is faced.  

The process is iterative. The acceleration plot is split in a series of small steps; in each of them the 
acceleration is assumed to be constant.  
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At the beginning, in the first step, the resistant torque applied by the torsion bar is considered null. 
At the end of the first iteration, the resistant torque applied in that iteration can be computed and 
then used as input parameter in the following iteration.  

The reliability of the method is proportional to the length of the time steps chosen; the more the 
time step is close to zero, the higher is the accuracy of the outcome. After some trials, the authors 
choose a time step equal to 10-6 [s] which seemed to be a good trade-off between accuracy of the 
results and time required for computations. 

The resulting torque soliciting the bar is then used to design the bar itself and determine the 
smallest possible diameter such that the bar does not break; a check according to Tresca criterion is 
performed. 

Finally the resulting vertical displacement of the wheels is plotted. 

 

Figure 87. Flow chart of the method followed in dimensioning the torsion bar.  

To design the torsion bar it is important, first of all, to make a simple sketch of the component 
reporting points of application of the loads, bearings and computing roughly the entity of loads 
applied. The simplest possible model is represented in Figure 88. 

The points of application of the loads and the position of bearings are known, since they are the 
constraints listed in the previous paragraph. 

In Figure 88 the value of the forces applied refers to the static condition when the vehicle is fully 
loaded and its weight overall is the maximum admissible (7000 [kg]). Since the number of torsion 
bars is 6 and the load is assumed to be equally split on the two bogie steel plates, the force acting 
on each support (F) has been computed according to the following formula: 

∗

	
∗       (35) 

which leads to 5200 [N]. 
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Figure 88. Diagrams representing forces and torque soliciting the torsion bar. The use of the symbol 
of “beam cantilevered” constraint is not fully proper since on that tip there is just a torque 

counteracted and no bending moments. 

The values of the forces acting on the bearings can be computed according to the following system 
of equations. 

2 ∗       (36) 

∗ 20 ∗ 250 20 ∗ 250    (37) 

       (38) 

∗        (39) 

∗        (40) 

However the consideration of just the force computed above, due to the weight, in dimensioning 
the bar, is not fair. The peaks of acceleration due to motion on humps and ditches cause peaks of 
forces which the torsion bar is supposed to withstand without damages, in a safe and reliable 
perspective. For such a reason the designer decided to use a sample of force profile, starting from 
the acceleration profile resulted from the “elastomeric bogie” analysis of the impact condition. 
Since each of the two wheels coupled in the bogie has a certain profile of acceleration (Figure 89), 
the effective acceleration acting on the torsion bar is the difference between them (Figure 90).   

The acceleration profile shown in Figure 90 is used as a typical cycle of acceleration soliciting the 
vehicle. As a memorandum, it is worth to remember that this acceleration profile has been 
extrapolated from the simulation of an impact condition, such that designing the torsion bar as the 
vehicle impacted every second against an obstacle is an approach “reliability oriented”.  

Usually a component is statically dimensioned and then checked in respect to fatigue. In this case, 
since an acceleration profile is available, the torsion bar is dimensioned in respect to fatigue. In 
particular, the maximum admissible stress on the bar, computed according to Tresca method, has to 
be below the fatigue limit of the component itself such that the infinite life is guaranteed.  

Furthermore, in parallel, the upgrading of the characteristic of the torsion bar is made to get the 
effectiveness of the bar in working as a spring.  
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Figure 89. Plot of the acceleration profiles on forward and backward wheels of the bogie. Values are 
normalized in respect to gravity. 
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Figure 90. Acceleration profile resulting from the difference between the forward wheel acceleration 
and the backward wheel one. It represents the effective acceleration soliciting the bogie. Values are 

normalized in respect to gravity. 

The time-dependent force applied on the bogie is assumed to be directly proportional to the 
acceleration profile, where the coefficient of proportion is the part of the overall mass of the vehicle 
which loads each wheel (530 [kg]).  

First of all the torque acting on the first and the last bogies due to the pretension of the track has to 
be considered. The track manufacturer advises to apply a force of 49050 [N]. This force is applied 
by the traction wheel. It is possible to assume that its value is constant along the track and this is a 
reasonable assumption since in the track there are not high Δ strains because of the steel core. The 
computation of the force, due to the pretension of the track, which causes a torque on the bogie, is 
shown in Figure 91.  
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Figure 91. Schema of the static forces acting on the forward bogies of the vehicle due to the pre-
tension of the track. 

Assuming, as written above, 49050	  it is possible to compute the following forces: 

∗ cos 16,30       (41) 

∗ sin 16,30       (42) 

The value of the two forces is respectively 47078 [N] and 13767 [N]. 

The resulting horizontal force is then equal to 1972 [N] according to the following formula 

       (43) 

and it causes a counter clockwise torque equal to 629 [Nm] according to the following equation 

∗ 0,319      (44) 

while the vertical resulting force generates a clockwise torque equal to 2560 [Nm] according to the 
following computation 

∗ 0,186      (45) 

such that the overall effect due to the pretension of the track is a clockwise torque which magnitude 
is 1931 [Nm] from the following equation 

      (46) 

Then, it is possible to set up the equilibrium of the forces as shown in Figure 92 and in the 
equations listed below.  
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Figure 92. Dynamic equilibrium of forces acting on the bogie 

∗ ∗ 0.175 ∗ 	      (47) 

Reversing the equation it is possible to get the expression of the angular acceleration 
∗ ∗ .

      (48) 

Proceeding to the integration of the equation, through a definite integral, it appears the equation of 
the speed of rotation of the bar 

∗ ∗ . ∗      (49) 

As in the previous step it is possible to get the angle of rotation of the bar 

∗ ∗ ∗ . ∗     (50) 

The computation of the angle θ allows computing the value of the reaction torque applied by the 
torsion bar, according to the hypothesis of linearity of the characteristic TR-θ (Hooke’s law) 

∗
∗        (51) 

So far, solving the previous equations is not possible since there are two unknown variables, the 
angular acceleration and the reaction torque.  

To overcome this issue the designer decided to manipulate the acceleration profile, splitting the 
time in a series of small time steps (10-6 [s]) in which the acceleration is kept constant. The 
resulting plot is a series of step functions. The smaller the time step, the closer the result to the 
original profile.  

For the first time step the value of TR has been kept null such that the equations have been solved as 
well as the angle θ computed and TR. The value of torque computed has been introduced in the 
expression for the computation of the angular acceleration of the following step. 

The process described above has been iterated for all the 900000 steps.  

While for computing the torque the process described above has been followed, for computing the 
normal and shear force as well as the bending moment, the traditional approach is applied; the bar 
is designed to withstand, in a static condition, the maximum possible force acting on it and, then, it 
is checked in respect to fatigue.  
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The maximum force acting on the bar is the product of the highest value of acceleration times the 
mass acting on each wheel of the bogie. The acceleration plot is shown in Figure 93. In respect to 
the acceleration plot shown in Figure 90 the one represented below is due to the sum of the 
accelerations bearing upon the two wheels of the bogie (represented in Figure 89). The highest 
forces are due to the sum of the effects due to the accelerations of the bogie wheels; the highest 
torque, instead, can be computed starting from the difference between the same values of 
acceleration. 

 

Figure 93. Acceleration profile due to the sum of accelerations profiles to which each wheel coupled 
in the bogie is subject. This profile is proportional to the force soliciting the bar which generates 

bending moment and shear stress.  

Now it is possible to write equations, solve them and plot the graphs about the computation of 
normal and shear force as well as bending moment along the torsion bar.  

Segment I 

 

Figure 94. Segment I. Equilibrium of forces and moments. 
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Segment II 

 

Figure 95. Segment II. Equilibrium of forces and moments. 
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36905  
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 See Figure 99 

Segment III 

 

Figure 96. Segment III. Equilibrium of forces and moments. 
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Segment IV 

 

Figure 97. Segment IV. Equilibrium of forces and moments. 
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50963  
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0 

The resulting plots of normal and shear force as well as bending moment along the shaft are shown 
in Figure 98. 

 

The normal force along the bar is null as shown by the plot above. 
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Shear force does depend on the section in which it is evaluated. 
 It is the derivative of the bending moment shown in the following plot. 

 

 

Figure 98. Diagrams of forces and moments along the bar. 
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Figure 99. Time dependent torque soliciting the bar. 

In the design process of a shaft, usually, the criterion adopted to evaluate the equivalent value of 
stresses is the Tresca method. According to it the equivalent stress can be computed as 

√ 4 ∗        (52) 

In the analysed case, the  stress is due to the bending moment acting on the bar while the 	stress 
is due both to the shear and the torque. Since the peak of shear stress is in the middle of the bar, 
where the other stresses are null, and since its value is negligible in respect to the others, the shear 
stress is not considered. 

 is due to the bending moment and it can be computed according to the following formula 

       (53) 

where the expression for Wf related to a circular bar, full section, is 

       (54) 

On the other hand,  is due to the torque and it can be computed as 

        (55) 

where for a circular bar, full section, is valid the following relation 

2 ∗        (56) 

About the material of the torsion bar, the assumption is to use steel AISI 4340 which the basic 
mechanical properties are gathered in Table 28 and the complete datasheet is available in Appendix 
H. 

Table 28. Summary of AISI 4340 mechanical properties. 
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Rm 1100 [MPa] 

Rp0,2 700 [MPa] 

As maximum admissible equivalent stress the designer considered the following value as a 
reference 

,

. . ,
467	      (57) 

Reversing the formula for the computation of  and substituting the respective expressions, it is 
possible to get the following equation (not considering the torque) for the computation of the 
minimum diameter such that the constraint on the value of  is not overcome.  

∗
∗      (58) 

d is equal to 64 [mm]. 

The highest value of stress is reached in the segment I where the torque is acting. In segments III 
and IV, where stresses are due to forces and bending moment, the minimum required diameter is 43 
[mm].  

About the spring effect of the torsion bar, the resulting vertical displacement (v), when the 
maximum torque T is applied, is less than 1 [mm]! The bar is not working as a torsion spring at all 
since it is too stiff. The vertical displacement plot is shown in Figure 100.  

 

Figure 100. Vertical displacement of the road wheel against time, given the material and the 
geometrical constraints set up. 

Basically such poor performances, in terms of spring effect, can be briefly explained as follows. 
Since the length of the bar is constrained, the only design variable left free is the diameter; however 
in order not to overcome the maximum admissible stress along the bar, the diameter has to be so 
big that the bar is not working as it should.  

The solution to this problem is the removal of the constraint on the length of the bar, increasing this 
parameter. However this won’t be a “short bogie” configuration any more. 
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5.2.6 The Panther configuration 
One example about the application of long torsion bars is the one of the tank Panther. 

The Panther configuration has been shown in the chapter about the state of the art and it has been 
developed during the WW II. It is not a new solution at all. However adopting this kind of solution 
on a civil vehicle would represent an innovation anyway, since it has not been adopted so far. A 
short description follows a simple schema of the solution, shown in Figure 101. 

 

Figure 101. Sketch of the configuration adopted by the Panther tank. 

Each of the idler wheels is linked through an arm to one of the torsion bars (the configuration 
requires two bars for each wheel). The other tip of this torsion bar is fixed on a plate which is 
mounted on the opposite side of the vehicle: the torsion bar is roughly long as the width of the tank. 
To the same plate is fixed one extremity of the second torsion bar. The plate is allowed to rotate 
around a hinge which is placed in the middle of the distance between the two bars. The opposite tip 
of the second torsion bar is fixed to a second plate, similar to the other one, fixed to the main frame 
on the side of the vehicle close to the supported wheel.  

The behaviour of the system in operative condition is the following. When a load is applied to the 
wheel, because of the arm between the wheel and the pin, a torque is generated. This torque causes 
the twist of the first torsion bar. Since the first torsion bar, on its extremity opposite to the wheel, is 
fixed to a hinged plate, the torque applied to the bar is transferred to the plate such that it is induced 
to rotate. Consequently the second torsion bar, one of which extremities is fixed to the same plate, 
is subjected both to torsion and a bending moment.  

The applicability of this solution on a civil vehicle which size is close to the current “Speed-Track” 
seems to be unlikely. The main issues are related to the space needed to install the system which is 
not available on a vehicle of small dimensions and to the need of having bars all along the width of 
the vehicle such that the ground clearance would be significantly reduced. Last but not least the 
weight of the vehicle would increase (and proportionally the cost of it because of material) such 
that a more powerful prime mover would be required.  
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5.2.7 The long steel bogie.  
A possible trade-off between the “short bogie” and the Panther configuration is the “long bogie” 
solution presented in this paragraph. The idea is to start from the solution presented in Paragraph 
5.2.5 but removing the constraint on the length of the bars. Basically the position of the plate where 
the bar is fixed is moved along the width of the vehicle up to the middle of it. A single support can 
potentially be applied for two respective bars (one per side). A representative render of this 
configuration is shown in Figure 102.  

In order to appreciate the difference, in term of ground clearance, between the “long steel bogie” 
and the “short steel bogie” as well as the current solution, refers to Figure 103. The new 
configuration reduces the ground clearance in the middle of the vehicle, from 449 [mm] to 297 
[mm]; this could be a problem in facing especially rough and rocky terrains where an impact of the 
bars against an obstacle could prevent the motion of the vehicle as well as damaging the bars.  

 

Figure 102. Render of the “long steel bogie”. The light blue bar is the torsion bar, yellow plates are 
linked to the chassis and they withstand forces and bending moment, while the violet plate in the 

middle of the vehicle is where the torsion bar is fixed. 

 

Figure 103. Graphical comparison of the ground clearance in the “long steel bogie” configuration 
(left) and on the current prototype of the Speed-Track (right). In the new proposed solution the 

ground clearance is reduced.  

The maximum value of stress along the bar does not depend on the length but just on the diameter. 
Because of this reason the diameter of the bar is kept equal to the one computed in Paragraph 5.2.5. 
The length of the segment where the torque is applied is equal to 627 [mm].  

The vertical displacement (v) of a wheel when the maximum torque is applied is equal to 0.4 [mm] 
and its variation along time is plotted in Figure 104. 
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Figure 104. Vertical displacement of the road wheel against time when the time dependent torque is 
applied.  

This configuration is still too stiff: the vertical displacement is very limited.  

A further step is made in order to increase the length of the torsion bar once more. 

5.2.8 The co-axial steel bogie 
Extending the length of the bars all along the width of the vehicle would introduce issues regarding 
the space required for them.  

A possible way to overcome this problem is designing a bar which does not require more space 
than the one previously proposed (Paragraph 5.2.7) but which damping effect is higher.  

The idea is to have a system where two bars result to be in series one another. The two bars are co-
axial as shown in Figure 106 and Figure 107 while in Figure 105 is represented a cross section of 
the resulting assembly with focus on the implemented solution. 

 

Figure 105. Render of the “co-axial steel bogie” mounted on the current chassis. 
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Figure 106. Render of the “co-axial steel bogie”, right view. 

 

Figure 107. Render of the “co-axial steel bogie”, left view. 

The first bar (blue coloured) works exactly as the bars designed in the previous paragraphs. It can 
rotate around the steel plate (grey coloured) shown in transparency through a bushing; one of its tip 
is left free while the other one is integral with the plate (green coloured) shown in Figure 107. The 
second bar (cyan coloured) is fixed to the green plate as well, while its other tip is fixed to the steel 
support shown in transparency. The green plate is allowed to rotate, through a bushing, in its 
housing. 

The function of the system is briefly described as follows. When a torque is applied to the first bar 
(dark blue bar in Figure 106 and Figure 107), the torque itself is transferred up to the plate (green in 
Figure 106 and Figure 107). The latter is opposing a torque since it is linked to the second torsion 
bar (light blue in Figure 106 and Figure 107) which is fixed to the steel support (the one shown in 
transparency).  

The outcome of this process depends on the geometry of the components involved. In particular, if 
the first bar is stiffer than the second (higher polar moment of inertia), the second bar twists while 
the first one does not; this configuration would be as well as having just one torsion bar, the second 
one. On the other hand, if the second bar is stiffer than the first, the latter twists, providing a 
damping effect, while the former does not. 

The best performance is given when the polar moments of inertia of the bars are the same. In this 
case they both twist and behave like one single bar whose length is equal to the sum of their 
lengths.  



 

107 

 

The polar moment of inertia of the first bar (circular full section) is represented by the following 
formula 

      (59) 

The polar moment of inertia of the second bar (circular hollow section) is represented by the 
following formula 

      (60) 

The following equation does not have just one possible solution 

      (61) 

Since there are two unknown variables (the diameter of the internal torsion bar is known since it 
has been computed in Paragraph 5.2.5 according to the torque acting on the bar), in order to solve 
the equation an assumption has been made:  has been considered equal to 70 [mm] in order to 
leave a gap in between the two bars.  

The resulting  is then equal to 82 [mm].  

The plot of the vertical displacement as a function of the time, due to the application of the torque 
shown in Figure 99 is shown in Figure 108. The torque applied is due to the impact against a 20 
[mm] step; the system reacts to this input function with a maximum vertical displacement of 1.6 
[mm]. The conclusion is that also this system is too stiff.   

 

Figure 108. Vertical displacement of the road wheel against time when the time dependent torque is 
applied 

The main outcome of the proposed improvements based on the adoption of torsion bars is that, 
roughly, when the length of the bar was doubled, the value of the vertical displacement was forty 
times the previous one. Doubling the length of the bars once more could have led to more 
significant results; the order of magnitude of the resulting vertical displacement of the bogie would 
have been the same than the step overcome. With a solution of this kind, the effect obtained would 
have been very close to the one obtained with the “Panther configuration”.  

The space (and consequently the reduction of ground clearance) and the complexity required to 
further develop a solution based on the adoption of torsion bars, lead the designer not to further 
develop a configuration which could have been very reliable, maintenance free and, most likely, 
cheaper than the current configuration, since steel bars could be manufactured directly in the 
company which produces the Speed-Track instead of looking for an external supplier.  
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5.2.9 All independent wheels 
Referring once more to the military sector, according to the information found, the road wheels of 
all tanks are independent one another. They are linked to the supports as well as to the elements 
which form the suspension system through arms. The arms are oriented in order to provide the best 
damping effect when the vehicle is moving forward.  

A brainstorming session led to the proposals shown in Figure 109. The torsion bar configuration is 
basically the same than the one shown in the previous paragraph. At the beginning both the squared 
tubular bar as well as the circular bars had been sketched; however the problem faced applying a 
not circular torsion bar has been shown in Figure 80, such that just the solution with circular torsion 
bars would be feasible.  

Applying one torsion bar for each wheel requires more supports for linking the bars to the main 
frame. A re-design is then necessary since this structural change conditions the design of the main 
frame as well as the allocation of components like hydraulic pumps and engine. The proposed 
solution would then be a completely new configuration instead of just an improvement easily 
adaptable on the current “Speed-Track”.  

Furthermore the designer does not believe that such modifications would increase considerably the 
performances of the suspension system. 

Similar considerations can be made for the other two different kinds of arms as well. In particular 
the idea of having a bending arm which supports the wheel is something unreal. The arm, in this 
case, is supposed to accomplish two different roles: it has to support the wheel as well as acting like 
a spring. The demands in term of stiffness and mechanical characteristics required in order to reach 
those scopes are opposite one another. A steel plate mounted as shown in the first sketch of Figure 
109 is far more stiff than the same mounted rotated of 90 [deg] around an axis normal to the 
ground; in the latter case, in fact, it would act as a leaf spring but it would fail in supporting the 
wheel. A possible solution would be the adoption of multi-layers, overlapping more leaf springs 
and obtaining the solution adopted by Bobcat T770 (analysed in Chapter 2). The poor damping 
effect obtained by the mentioned vehicle in terms of vertical displacement is discouraging in 
respect to pursue in studying this solution.  

Finally, the adoption of the elastomeric material is excluded for the reasons explained in the 
Paragraph 5.2.4. 
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Figure 109. Outcomes of the second brainstorming session, where the leitmotiv is the independence 
of each wheel in respect to the others.  
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6 NEW CONFIGURATIONS 

This chapter is about the study and the development of new configurations. New solutions are not 
related to the current prototype but are designed starting from scratch. 

In this chapter a new configuration is developed. Basically it is a new Speed-Track as far as the 
suspension system concerns. In respect to the previous chapter, where the improvements proposed 
and analyzed were, by definition, improvements of the current solution, here designers start from 
scratch.  

Before discussing about sketches and concepts, authors are keen to develop the following 
reflection.  

The actual scenario as far as tracked vehicles concern is quite stuck. In addition to the overview 
presented in Chapter 2 the two students working on this thesis took part as visitors at Bauma 2013, 
the trade fair about construction machines and vehicles which is held in Munich once every three 
years.  

Many companies hold, in their portfolio, tracked vehicles for earth moving. However from the 
point of view of the structure they are very close, even equal, one another. The typical 
configuration is shown in Figure 110. 

 

Figure 110. Wacker-Neuson DT25. The picture has been shot at the fair Bauma 2013, Munich, May 
2013. 

Basically no suspension systems are mounted on tracked vehicles. It means that the current solution 
and, furthermore, the improvements proposed represent an innovation in this field. A demonstration 
of this comes from the questionnaire which has been proposed to users of the Speed-Track, since 
they answered that the current prototype is more comfortable than any other vehicle made for 
similar or same applications.  

The last indent was to say that the current Speed-Track and the developed improvements establish a 
gap in respect to the benchmark while the configuration proposed and analyzed in this section 
establishes a gap even bigger.  

The solution proposed in this section aims to be the best solution ever as far as suspension systems 
on tracked vehicles concern. Most likely the implementation of this solution would require further 
analysis, studies and, maybe, an evolution of customers’ perception of tracked vehicles since the 
latter are labeled as slow and adequate to move just on construction sites or fields. An example of 
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this sort of prejudice comes directly from a discussion on a web-based forum which, as written in 
Chapter 3, the authors joined in order to keep in contact with tracked vehicles users’. The topic of 
the discussion was about a comparison of different kinds of transmission and the interlocutors were 
farmers. Farmers use tracked vehicles mainly for plowing such that they need a machine heavy 
enough to provide traction, powerful enough to reach a speed of around 10 km/h while plowing and 
as efficient as possible in terms of fuel consumption. They prefer a traditional mechanical gearbox 
instead of hydrostatic transmission because of the higher efficiency of the former. Furthermore they 
do not seem to be interested on a tracked vehicle which could reach a high speed in order to move 
on roads as well, since they got used to transport tracked vehicles on carriers and they do not expect 
anything different from such a vehicle. 

The main scope of the authors, as engineers, is designing a product which guarantees the same 
performances, at least, of traditional vehicles on traditional applications and, furthermore, it can 
accomplish other functions, establishing a new reference. This is a general principle, a leitmotif 
which authors tried to apply in this work and which will characterize their professional career. 

6.1 The brainstorming 
The brainstorming is the concept generation method which has been used in this work, to propose 
both improvements and new solutions.  

The outcome of the new session of brainstorming is presented in this chapter. The concepts 
generated can be split in active or passive suspension systems.  

The “book configuration” shown in Figure 111 is an example of passive suspension system. The 
crawlers are rigidly linked one another on the front through a bar where the chassis is hinged. On 
the back, each crawler is linked to the chassis through spring and dumper.     

 

 

 

 

 

 

 

 

 

 

 

 Figure 111. First outcome of the third brainstorming session. The “book configuration”. It is an 
example passive suspension system. The crawler is directly hinged to the chassis in the front, while 

in the backward a spring and damper system links the crawler and the chassis.  
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The other concepts generated are related to active systems. The goal of an active system is raising 
and lowering the chassis in order to adapt to the different conditions of the ground faced. The idea 
is to introduce such a system in order to keep the chassis as horizontal as possible such that the 
maximum angle of transversal inclination, which the vehicle can overcome, increases without 
tipping over. There are two beneficial effects in keeping the load horizontal: first there are not load 
transfers when a transversal slope is faced such that the centre of gravity does not move; the latter 
would cause an additional overturning moment. Secondly, the risk of load shedding is prevented. 

Two of the active configurations proposed are based on the adoption of linear actuators, pneumatic 
(Figure 112) or hydraulic (Figure 113). There are four actuators overall which link the main frame 
to the structure of the crawlers. The actuators are independent one another such that a combination 
of their displacements allows the vehicle to adapt to any kind of soil. 

 

Figure 112. The chassis and the structure of the crawler are linked through four pneumatic linear 
actuators. With a properly set up control system it can allow an active control of the height of the 

chassis. 

 

Figure 113. The configuration proposed is the same than the previous one. The only difference is in 
terms of vector carrier fluid, oil instead of air. 
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Finally, the “multi-layer configuration” is proposed. It is an active system. In respect to the active 
solutions proposed above, the one shown in Figure 114 can be actuated by linear or rotational 
actuator. In this case the chassis is not suspended in respect to the crawlers but it is linked to them 
through a bar. Another bar allows the rotation of the second layer of the chassis in respect to the 
previous one. According to the authors this solution is complex but since there are additional 
structural elements (bars) the load the actuators are supposed to withstand is lower.  

 

 

Figure 114. “Multi-layer configuration” where two chassis are overlapped. The one linked to the 
crawlers is pinned to them and allows the rotation around a transversal axis while the other one 

allows the rotation around a longitudinal axis. The combination of the two rotations and a proper 
control system give raise to an active system capable of keeping the bucket and the driver’s seat 

horizontal in all the situations faced. 

6.2 The Speed-Book 
As written in the introduction of this chapter, the configuration proposed is completely different in 
respect to what is already available on the market.  

The new developed solution is called “Speed-Book”. On a certain extent it is a compendium of the 
“book configuration”, concept adopting a passive suspension system, proposed in the previous 
paragraph, and an active system.  

In respect to the original “book configuration” the chassis, and whatever mounted on it, is sprung 
mass; the damping action is assigned to four systems (two per side) made by spring and damper. 
These systems allow the vehicle in the absorption of high humps while for small obstacles and 
small displacements the suspension is in the care of “elastomeric bogies” developed in Paragraph 
5.2.4. In the sketch of Figure 111, on the other hand, there were just two springs and dampers and 
the chassis was stiffly hinged to the crawlers. 

The active adjustment of the height of the vehicle is made by four linear actuators, two in the front 
and two in the back. The actuators situated in the front move the points where the front springs are 
hinged while the actuators in the back do the same for the back springs. 

A render of the structure of the Speed-Book as well as the suspension system is shown in Figure 
115.   
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Figure 115. Render of the Speed-Book. The structure is not definite since it has to be checked in 
respect to stresses and deformation, while the dimension of the spring and damper system is 

trustworthy, according to the spring sizing developed in the following paragraph. 

6.3 Design of the suspension system 
In this section the design of spring and damper is performed. The role of these components is 
providing a damping effect when the vehicle is solicited by extra-forces due to the roughness of the 
ground. The elastomeric components mounted in the crawler provide a damping action as well, but 
it is limited to small obstacles. Furthermore the elastomeric material, thanks to its characteristic 
damping coefficient, reduces the peaks of vibrations which are transferred to the chassis.  

The role of the four systems, each composed by a spring and a damper, which link the crawlers and 
the chassis, is the damping of the highest shocks.  

The approach followed in designing the spring and, in particular, for choosing the spring rate is 
presented in Figure 116.  
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Figure 116. The flow chart of the method applied in designing the spring is represented. 

6.4 Equivalent schema 
The dynamic behaviour of the suspension system is studied by using the lumped parameters 
approach. First of all an equivalent schema of the vehicle has to be sketched. In Figure 117 one 
possible representation is shown as well as the forces which take part in characterizing the dynamic 
behaviour of the chassis.  

The input function which has been considered is the acceleration profile shown in Figure 118. It 
has been gotten from the simulation of the “elastomeric bogie” configuration shown in Paragraph 
5.2.4. In particular it shows the acceleration of a point on the chassis of the vehicle after the 
filtering of vibrations provided by the “elastomeric bogies” such that it is representative of the 
acceleration of the support, fixed on the crawler, where the spring is hinged. 

The double integration of the acceleration over time gives the value of the displacement (y1) of the 
crawler due to the acceleration itself. 

The sprung mass (m) considered has been computed according to the quarter vehicle approach 
which is typically adopted in the design of suspension systems for cars. The overall distributed 
mass of the vehicle considered is 7000 [kg] which is the same than the current Speed-Track. From 
that value the mass of the two crawlers have been subtracted. The mass of each crawler have been 
esteemed by using the CAD software after having assigned the mass properties (materials) to each 
component. According to the described computation, the mass resting on each spring is equal to 
1583 [kg]. 

The value of the damping coefficient (cd) has been assumed. In particular it depends on many 
factors related to the manufacture of the damper such that it is complex to be determined, first, and 
its design is out of the scope of this work. For this reasons the value of the damping coefficient 
considered has been taken from a project related to the design of suspensions for a c-segment car. 

cd is equal to 2500 ∗
.  
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The value of the spring characteristic (k) is not established a priori but it is the design variable of a 
process described in the following paragraph. The aim is to design a spring robust enough to 
withstand the forces acting on it but, at the same time, able to guarantee the best performance in 
term of damping shocks.  

 

Figure 117. Schema of the lamped parameters model considered (left) and dynamic equilibrium of 
forces on the chassis (right). In the figure symbols are different in respect to the ones used in the 

text. In particular, a2 is used instead of , s1 and s2 instead of  and  respectively. 

 

 

Figure 118. Acceleration profile of the crawler, used as input in the equivalent lumped parameters 
model shown above. 

6.5 Dimensioning of the spring 
After the double integration of the acceleration profile plotted in Figure 118 such that the profile of 
displacement y1 has been obtained, the dynamic equation of the lumped parameters model 
represented in Figure 107, represented in the following equation,  

0     (62) 

can be re-written as 
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       (63) 

The main issue of the equation written above is the ignorance of the profiles of  and . For this 
reason the following iterative approach is adopted. 

The time line of the profile of the displacement y1 is split in small steps, each one 10-4 [s] long. On 
every step the acceleration is assumed to be constant; its value is equal to the value of the 
acceleration in the previous step plus an increment of acceleration dependent on the acceleration 
profile. The value of acceleration in each step can be represented by the following general equation 

      (64) 

In the first step,  is computed considering null both  and . This approximation is reasonable 
since the step is 10-4 [s]. Therefore the integration of  over the time step allows the computation 
of  and . The latter are used in the following step to compute the following value of . 

As written in Paragraph 6.4 the value of the damping coefficient (cd) is known while the value of 
the spring rate (k) is the design variable. The approach adopted has been a “trial and error” one 
since many values of k have been tried in order to get the most performing spring. For each value 
of the parameter the displacement y1 (constant), y2 and the difference between them has been 
plotted.  

The optimal spring rate has been chosen equal to 95000 [N/m] and the plot of the displacements y1, 
y2 and the difference between y1 and y2 is shown in Figure 119. 

 

Figure 119. Displacement of the crawler, the chassis and the difference between them, corresponding 
to the compression of the spring, against time. 
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Figure 120. Force along each spring when the sample input acceleration is applied and the mass is 
assumed to be equally split over springs. It is proportional to the difference of the displacements y1 

and y2 and to the spring rate. 

To carry on in designing the spring it is necessary to establish a limit in the maximum admissible 
stress which the spring can withstand. First of all, for helical spring the torsional stress is 
represented by the following equation 

′ ∙ ∙

∙
      (65) 

where according to Wahl’s equation 
.

      (66) 

if 

7 12 

Values of csd<7 mean the spring is very stiff and too solicited, while for c>12 the spring is soft and 
quite useless.  

So the first assumption is csd=7.5 (medium value). It is also possible to compute the value of ′ 
from the previous equation 

1.197 

The computation of  implies the knowledge of the coil diameter (d). It can be computed 
estimating the diameter of the spring, directly related to the space available where the spring has to 
be fit. Since there are not specific constraints the value which has been chosen is equal to 180 
[mm]. The value of d is then equal to 24 [mm]. 

The computation of the equivalent number of coils (i) depends on the pitch and the length of the 
spring at rest. Regarding the latter parameter the assumption made takes into account the distance 
between the chassis and the ground, which has been kept equal to the current prototype. According 
to this assumption, the distance between the support of the spring is such that the length of the 
spring at rest (L0) is equal to 300 [mm].  
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On the other hand, the pitch depends in turn by the diameter of the spring (D) and the winding 
angle (α). α typically is assumed to be 5°. The pitch is then computable according to the following 
equation 

∙ ∙ tan       (68) 

The value of p is then equal to 49 [mm]. 

A further assumption is about the kind of tips of the spring. Considering grinded ends, the 
following relation has to be considered   

∙        (69) 

which leads to the equation for computing the equivalent number of coils 

        (70) 

The number of coils is then lower rounded to 6.  

Furthermore the length of the spring when it is fully compressed (Lb) can be computed according to 
the following relation 

∙        (71) 

Lb is then equal to 145 [mm].  

The last geometrical parameter which has to be computed is the length of the spring when the 
maximum load is applied, according to the following equation 

      (72) 

which leads to 227 [mm]. 

LFmax has to be higher than the length of the spring when fully compressed plus a certain clearance 
for safety reason. The minimum admissible length of the spring is usually computed according to 
the following relation 

∙ ∙        (73) 

which leads to 182 [mm].The check is passed. 

After the complete definition of the geometrical parameters of the spring, it is possible to come 
back to the computation of the stresses. The value of  has to be compared to the maximum 
admissible torsional stress. The latter depends on the material of the spring. One of the most 
commonly used is steel 52SiCrNi5 hardened and tempered which main characteristics are reported 
in Figure 122. The minimum value of ultimate tensile strenght (σuts), as shown on the data sheet, is 
1400 [MPa]. Assuming the spring hot-formed the maximum admissible value of shear stress is 
considered to be 

0.9 ∗ .

√
      (74) 

yield it is equal to 634 [MPa]. 

The value of  is equal to 36 [MPa] such that the safety coefficient in respect to the maximum 
admissible stress is 17. The static check is passed.  

The fatigue check is done according to DIN 17221 for hot-formed springs. The inequality which 
has to be verified is the following 

∗ ∗ ∗

∗
     (75) 

where 
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and   is tabulated as function of the diameter of the coil.  

In particular from the application of the profile of acceleration shown in Figure 108 the maximum 
force is 6864 [N] while the minimum one is -2856 [N] such that the maximum  is equal to 9720 
[N].  

 can then be computed and its value is 369 [MPa] while  is equal to 380 [MPa]. The 
fatigue check is passed as well with a safety coefficient equal to 1.01.  

Finally it is possible to plot the acceleration acting directly on the track, due to an impact, and the 
acceleration of the chassis. The points were those accelerations are computed are separated by two 
suspension systems: the first is the “elastomeric bogie”, the second the spring and damper system 
designed in this paragraph. The comparison between the two graphs is shown in Figure 121.  

Figure 121. Comparison between the input acceleration due to the roughness of the terrain and the 
resulting acceleration of the chassis, against time. 

The design of the spring has been made assuming the vehicle fully loaded (maximum payload). 
However the system has to be effective when the bucket is empty and in all the intermediate 
situations between maximum and minimum weight. In Figure 123 is plotted the difference between 
the displacement due to the profile of the terrain and the resulting displacement of the main frame; 
the cases of full loaded and empty vehicle are compared. As expected, the displacement of the 
spring is higher when the vehicle is fully loaded. The displacement of the chassis in the two 
situations described above is plotted as well in Figure 124. Given the input acceleration profile, the 
vertical displacement of the chassis when there is not payload is at most 17% higher than the same 
parameter when the vehicle is fully loaded.  
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Figure 122. Summary of properties of 52SiCrNi5, the steel assumed to be used to manufacture the 
spring.[36] 
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Figure 123. Compression of the spring when the mass is assumed to be equally split over springs and 
the sample input acceleration profile applied. The comparison is between the vehicle full loaded and 

empty. 

 

 

Figure 124. Vertical displacement of the chassis when the mass is assumed to be equally split over 
springs and the sample input acceleration profile applied. The comparison is between the vehicle full 

loaded and empty. 
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6.6 The effect of load transfers 
The new configuration proposed has an advantage and a drawback related to the mechanical 
characteristic of the spring.  

The advantage has been shown in Figure 121 since the damping effect of the suspension system 
allows a very smooth and comfortable driving on rough terrains.  

The entity of the drawback is evaluated in the current paragraph. The issue can be summarized as 
follows. A low value of stiffness means a better damping action since the displacement due to the 
profile of the ground is mainly absorbed by the compression of the spring instead of being 
transferred to the chassis; the same condition, on the other hand, causes the compression of the 
spring just because of a different payload carried on, or a dangerous load transfer when the vehicle 
is moving uphill or downhill, increasing the risk of capsizing.  

In this paragraph are evaluated the effects of load transfers on the balance of the vehicle when it is 
out of design condition (basically when the load is not equally split over the springs). In particular 
the Speed-Book is assumed to face a slope of 100% (45 [deg]) when fully loaded. The sketch of the 
vehicle shown in Figure 125 (right) gives a graphical idea about how steep is a slope of 100%. In 
Figure 125 (left) is shown the simple model which allows the computation of the forces effectively 
acting on the springs when the vehicle is moving uphill. By the way, the case of moving downhill 
on the same slope would be the same case than the one considered in this paragraph; the only 
difference is about the springs most compressed, which will be the ones in the front instead of the 
ones in the back of the vehicle.   

 

Figure  125. Vehicle facing a 100% slope (left) and schema of the different forces acting on 
frontward and backward springs in this situation (right). 

In the spring design the mass has been assumed equally split on the four springs; in other words, 
the centre of gravity is equally far from each spring. Referring to Figure 125 (right) the previous 
sentence can be translated into the following formula 

 

 To establish the magnitude of FA and FB the following system of equations has to be solved 

∗ 0      (77) 

∗ ∗ cos 45° ∗ ∗ ∗ cos 45° m ∗ g ∗ c ∗ sin	 45° 0  (78) 

where m is half of the overall mass of the vehicle and c is estimated to be around 500 [mm] 
according to evaluations made on the 3D CAD space; the reason why it is not possible to give a 
highly precise value is that it depends on how the load is distributed, the kind of load and so forth.  
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The results of the system of equations are the forces due to the weight acting on each front spring 
and on each back one.  

939	  

15404	  

The negative sign in front of the values is due to the direction of the forces chosen in the sketch of 
Figure 125. 

In order to get the extra-force, in respect to the rest condition, which is acting on the spring, it is 
necessary to subtract the pre-load force which is assumed to be equal to the force acting on each 
spring at rest. This force is then just due to weight of the empty vehicle, equally split on the four 
springs. The pre-load force is then equal to 9153	  

The effective force, which compresses the spring, is equal to 6251 [N].  

When FB is applied on the spring, the resulting compression of the latter is 65 [mm]. Furthermore 
the load over the front springs is lower than in design condition; the springs, in fact, are extended in 
respect to that situation. The difference between the force acting on the front spring in design 
condition and the same in the case studied in this paragraph is equal to 8214 [N]. The extension of 
the front spring is then equal to 86 [mm].  

Basically the chassis is not parallel to the ground anymore, but it is reclined of a further 8%. 
Basically it means that from the chassis point of view the vehicle is tackling a slope of 108% (47 
[deg]) while the ground is 100%.  

This behaviour is very dangerous for the stability of the vehicle since the risk of overturning 
increases. In the condition estimated, where the distance, along an axis normal to the ground, 
between the centre of gravity of the vehicle and the pin of the spring is 500 [mm], such that the 
same parameter between the centre of gravity and the ground is 1136 [mm], the steepest slope the 
vehicle can face (assuming null the variation in springs compression) without overturning is 39 
[deg]. By the way, the maximum slope could be even less since it depends mainly on the effective 
torque available on the traction wheel to move the vehicle up as well as the traction between the 
tracks and the ground, mainly related to the characteristics of the latter. 39 [deg] is the maximum 
slope that can be overcome according to geometrical limits. 

The main outcome of this paragraph is that the load transfer impacts on the behaviour of the 
vehicle: on a slope of 100% the effect of the load transfer is around 8%.  

A possible solution to the issues explained in the previous indent is given in the next paragraph. 

6.7 The active suspension 
An active suspension system typically uses actuators in order to rise up and lower the height of the 
vehicle. Applied to the Speed-Book, the primary objective of this system is to counteract the load 
transfers studied in the previous paragraph.  

The idea adopted by the designer is the application of hydraulic cylinders, one per spring, which 
can move the point where the spring is hinged to the chassis. A render of the proposed solution is 
shown in Figure 126.  
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Figure 126. Render showing the linear actuator and the rails where the spring tip moves. These 
components represent the hardware of the active system (the hardware of the control system is 

missed). 

The design of linear actuators has been done according to the space available; the solution has to be 
robust and effective and it has to occupy a little space as well. According to these criteria the first 
step has been the drawing of a CAD model in order to check the feasibility of the solution in term 
of space required; when an optimal configuration is found, a check is made in order to evaluate the 
benefits of this solution in respect to the counteraction of the issue due to load transfers. 

i) Uphill motion. 

In moving uphill the counteraction of the load transfer requires a rising of the vehicle in the back 
and a lowering of the same in the front. According to the design constraints, the vehicle can be 
raised up, at most, of 181 [mm] in the back while in the front it can be lowered of 128 [mm]. Figure 
127 shows what is going on in the situation considered. 

The overall maximum height is then 309 [mm] which corresponds to the opportunity of tilting 
forward the vehicle of 17%. 

The performances of the vehicle are better than requested. The tilt angle which has to be 
counteracted when a slope of 100% is faced is 8%.  
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Figure 127. Direction of displacement of the spring tips when the active system is working on uphill 
motion. 

ii) Downhill motion. 

The same computation can be made in the case of moving downhill. In this situation, however, the 
front springs are the most loaded such that the vehicle has to be raised up in the front and lowered 
in the back. Figure 128 shows the directions of displacement of the components. The front of the 
vehicle can be raised up at most of 120 [mm] while the lowering of the back is limited to 200 
[mm]. The vehicle can be tilted forward of 17.5%. 

   

Figure 128. Direction of displacement of the spring tips when the active system is working on uphill 
motion. 

The active system which has been designed in order to overcome the issues related to the load 
transfers on a steep slope is employable for another scope as well. In particular it can be used to 
keep the vehicle horizontal when the load which is carried on risks to fall down when the vehicle is 
moving uphill or downhill. When the vehicle is used to move poles, for example, they have to be 
fixed somehow, otherwise the risk to lose all of them when a small slope is faced is very likely; an 
active system could be a solution and, since it is available on the vehicle, it is worthy to be used. 
The design of the control system of the linear actuators and the devices, as the gyroscope, 
necessary to build an active system, is out of the scopes of this work.  

6.8 The structural robustness 
It is well known that the forces acting on a tracked vehicle when it is steering, in particular in skid-
steering, have a strong impact on the design of the structure as well as the transmission system. 
These forces depend on the geometry of the vehicle, on its load, on the turning radius and on the 
properties of the ground and the tracks.  

It is usually possible to distinguish between three kind of skid-steering: steering at low speed, if 
inertial accelerations are negligible, steering at high speed, if the contribution of inertial forces is 
not negligible, and counter-rotation, if the vehicle is rotating against an axis perpendicular to the 
ground and coincident with its geometrical centre (also called “pivot steering”).  

Among the three situations depicted, the latter is the worst one in term of solicitation of the frame 
of the vehicle. In fact, if the vehicle moves at high speed, the inertial forces act reducing the turning 
moment due to the resistance given by the skidding of the tracks on the ground. On the other hand, 
when moving at low speed, the magnitude of the forces is inversely proportional, on the same 
ground, to the turning radius. Accordingly to the explanations given, the counter-rotation is the 
most soliciting condition for the structure of the vehicle.  
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i) Terrain-track interaction  

When the vehicle is steering, a moment of turning resistance arises. It is due both to the 
characteristics of the ground and to the design of the track. Over soft terrain, in particular, the 
vehicle sinks into the ground such that the lateral resistance originated is due to the lateral 
displacement of the soil and to the sliding of the tracks on the surface. The resistance opposed by 
both effects is usually represented by a lateral resistance coefficient (μr) which multiplies the 
expression of the weight force.  

The value of μr considered corresponds to the interaction between a rubber track and grass. For 
safety reasons, the maximum value of the lateral resistance coefficient is taken into account. μr is 
then equal to 1.14 and it is considered constant in respect to the relative speed between the track 
and the terrain.   

In Figure 129 the forces acting on tracks in the pivot steering are represented. Furthermore the 
inertial force due to the rotation of the vehicle has to be considered as well; it acts on the same 
direction of the resistance moment.  

The weight of the vehicle is assumed to be equally distributed on the tracks. The length of the tread 
(l) can be gotten from the CAD model of the vehicle; l is equal to 1632 [mm]. The weight force per 
unit length (Wl) is given by the weight of the full loaded vehicle (W) over the sum of the lengths of 
the two tracks. W is equal to 21039 [N/m]. 

The moment of turning resistance is represented by the following equation [19] 

4 ∗ μ ∗
∗
∗ x	dx

μ ∗ ∗/
     (79) 

Mr is equal to 31940 [Nm].  

About the maximum reachable speed in pivot steering, the vehicle is assumed to complete 360 [°] 
in 5 [s] such that the rotational speed is 1.25 [rad/s]. The maximum speed is assumed to be reached 
in 2.5 [s]. The angular acceleration is then equal to 0.5 [rad/s2].  

The mass is assumed to be equally distributed over a rectangle which dimensions are the length of 
the tread (l) and the width (w) of the vehicle. The moment of inertia of a rectangle around its centre 
of mass is computable by the following formula 

∗       (80) 

I is equal to 3824 [kg*m2] such that the moment due to the inertia is equal to 1912 [Nm]. 

The overall moment of turning resistance is equal to the sum of the two contributions computed 
above and it is equal to 33852 [Nm].  
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Figure 129. Sketch of the forces acting on tracks, and the structure as well, when the vehicle is in a 
pivot steering condition. 

ii) Track tension 

Since the value of the torque acting on the structure, and on tracks as well, has been computed, it is 
possible to check about the pre-tension of the track. The track manufacturer suggested the 
application of a load of 50000 [N] (5 [t]); however the only issue pointed out in the questionnaires 
was that tracks threw off.  

According to the previous computation the resulting moment, due to ground resistance, acting on 
each track is equal to 15970 [Nm] which has to be neutralised by the torque due to the gripping 
ability between the tracks and the idler and traction wheel. Since the arm of the latter torque is 
higher than the one of the former, the gripping force which has to be generated between the idler 
wheel (and traction wheel as well) and the track is rounded up to 20000 [N].  

Considering a friction coefficient between the traction wheel and the track of 1 (typical of tyres on 
dry asphalt so that it is an underestimation of the real one between PVC and rubber) a tensioning 
load of 20000 [N] is supposed to be enough to prevent the track in throwing off. 

The possible reasons why tracks threw off are the following.  

The first, in pivot steering the vehicle impacted against a fixed but short obstacle, e.g. a step; the 
height of the obstacle had to be close to the thickness of the track such that the constraining force 
opposed by the former was acting just on the track, necessary condition to decouple the track and 
the wheels.   

The second is related to the hydraulic linear actuator which provides the force to tension the track. 
As soon as the established level of pressure is reached in the delivery line of the linear actuator, the 
distributor (valve) closes. However all the hydraulic components have leakages: the linear actuator 
and the distributor as well. The latter, in fact is basically made by two coaxial cylinders moving one 
in respect to the other such that a small, but not null, clearance is necessary between them in order 
to allow a relative motion. Small leakages generate a decreasing of pressure in the linear actuator 
up to a value which is not enough to prevent the derailment of the track.  
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The solution to the first possible reason could be a further increase of the tension or, simply, a more 
cautious use of the vehicle.  

The solutions to the second possible reason could be an automatic system to keep the pressure on 
the linear actuator constant at the desired value. Basically it implies a pressure sensor which 
provides a feedback to the electronic control unit; the latter compares the current value of pressure 
and the desired one and establishes if do not intervene or, otherwise, it commands the distributor 
and the pump in order to increase the level of pressure in the linear actuator.  

Another possible solution is simpler and does not require a closed loop control system. It implies 
the application of an accumulator after the distributor. The accumulator keeps a certain level of 
pressure almost constant for some time (the time depends on the amount of leakages and on the 
dimension of the accumulator). Periodic re-charging of the accumulator and the piston are 
necessary by manually actuating the distributor and providing flow from the pump.  

The first proposed solution is more complex and more expensive in respect to the second one but it 
accomplishes the goal (keeping constant the level of pressure in the linear actuator) in a better way. 
In particular the user does not have to care about the tensioning of the track since it is an automatic 
operation.   

After having discussed with the manufacturer of the Speed-Track about the problem faced by the 
user, he told that it is aware about it and he described the configuration adopted on the current 
prototype, which is basically the second solution proposed above. According to him the reason why 
the track threw off was due to the accumulator, too small, in comparison with the amount of 
leakages through the hydraulic linear actuator and the distributor. The accumulator mounted would 
have required a frequent manual intervention to keep the value of pressure to the desired level; 
since the users did not do it, the pressure decreased until the derailment of the track.  

The immediate and simplest solution to solve the issue of track derailment is changing the actual 
accumulator with a bigger capacity one.  

Though the problem of track derailment has nothing to do with the suspension system and the 
robustness of the structure (although the tensile force acting along the track does affect the stresses 
along the crawler), it has been decided to discuss this problem for two main reasons. The first, the 
prototype has been made to be tested such that his behaviour has to be well studied and all the 
problems have to be solved before commercialization. The second, the consequences of a stop of 
the vehicle due to the derailment of the track are dramatic; if the vehicle stands in the mud and in 
the middle of a forest, an operation, like assembling the track, which is simple in a workshop, 
becomes extremely complicated.  

The second reason, mainly, gave high priority to the issue such that it had been decided to discuss 
the problem in the present work.  

iii) Analysis of the structure. 

The last step of the present work is the analysis of the new frame. The focus is on stresses and 
displacements.  

Designers and manufacturers of tracked vehicles who enable machines to do pivot steering, have to 
consider the values of stresses and displacements that the structure has to withstand in this 
situation. Pivot steering is, in fact, known to be very stressful for the frame. 

The computation of stresses and displacements on the structure when the vehicle is steering has 
been done through a simulation with Comsol. 

The structure is assumed to be fixed in the violet painted surfaces represented in Figure 130, where 
the structure itself is linked to the chassis. On the frame the torque computed in the previous 
paragraph is assumed to be applied.  
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Figure 130. The violet surfaces represented the connection between the structure represented in the 
figure and the chassis. In the following simulations a fixed constraint has been applied to those 

surfaces. 

The result of the analysis is shown in Figure 131. The maximum value of stresses is 377 [MPa] but 
it is not such a meaningful value since it is due to a concentration of stresses on sharp edges. The 
latter are present in the model used for simplicity in running the simulation, while in the real model 
sharp edges are fillets instead.  

The maximum displacement of the structure due to the application of the torque is 3 [mm]. This 
value is reached in the backside of the vehicle, where the structure appears too weak to withstand 
the forces applied.  

For this reason the structure has to be reinforced. The improvement does not affect the geometry of 
the vehicle but it is supposed to increase the stiffness. The modification basically focuses on the 
application of ribs, as shown in Figure 132. As indicated, ribs are applied on the transversal arms 
with the exception of the one on the middle since the force it has to face is lower and the effect of 
ribs on it would be negligible. This solution has been adopted in order to reduce the displacement 
due to bending moment applied on the transversal tubular bars. 

The result of the improvement is a maximum stress of 250 [MPa], value affected, as the previous 
one, by the stress increase around sharp edges. The average value of stresses, in the structure, is 
close to the previous one and it is lower than 50 [MPa]. In term of displacement, the maximum 
value is reached in the backside of the vehicle, as in the previous case, and it is 2.6 [mm].   
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Figure 131. Stresses along the structure. This is the outcome of the simulation performed on the first 
designed frame. 

 

Figure 132. The red arrows indicate the ribs which have been added to the first frame designed. They 
have been put on both sides. 

The improvement proposed does not affect the peak of displacement as much as expected. A more 
effective improvement is necessary. In order to better understand where the most critical point of 
this structure is, the designer decides to plot the deformation of the structure, dramatically 
increasing the scale factor by 100. Figure 133 shows the result. In particular it is possible to notice 
a high bending of the tubular steel bar which supports the road wheels. However the most critical 
aspect is the part of the structure which is mounted cantilevered on the back, where the supports of 
the hydraulic motors and traction wheels are fitted.  
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Figure 133. Outcome, in terms on displacement, of the simulation performed on the structure 
reinforced by ribs. To better get the behavior of the structure itself a scale factor equal to 100 has 

been applied. 

The former issue due to the bending of the longitudinal tubular steel component can be solved by 
increasing the number of transversal bars. The latter, due to the bending of the backside frame can 
be solved by applying ribs and tubular reinforcements.  

The improvements proposed do not affect the geometrical key parts of the frame but they are just 
supposed to make the structure stiffer. Figure 134 shows the new configuration proposed.  

 

Figure 134. Final design of the structure. The number of transversal tubular bars has been increased 
and the backward has been reinforced by ribs. 

The maximum value of displacement is 2.1 [mm]. It is reached on the tip of the transversal tubular 
steel bar which is on the backside of the vehicle, as usual.  
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The distribution of stresses is more uniform in respect to the original configuration and the 
structure is 30% stiffer. Furthermore the improvements adopted dramatically reduce the twist of the 
main frame on the backside and its consequent deformation.  

Finally the frame fulfils the criterion set at the beginning about the need of a robust structure. The 
work is over.     

 

 



 

134 

 

7 CONCLUSIONS 

A discussion of the results and the conclusions that the authors have drawn during the Master of 
Science thesis are presented in this chapter. The conclusions are based from the analysis with the 
intention to answer the formulation of questions that is presented in Chapter 1.  

The presented work has been performed by Dietrich Kevin Dongue Dongue and Lorenzo Grosso. It 
is the thesis carried out at the end of their Master Programme in Mechanical Engineering. 

The work mainly focused on a prototype of tracked vehicle, the Speed-track, which has been built 
in 2011 by the Italian company Hydro-mec s.r.l.  

The report as well as the entire process, has been subdivided into four main sections.  

The first one was about a deeper knowledge of the actual scenario. Accordingly information about 
the state of the art of tracked vehicles in agricultural and earthmoving sectors have been gathered; 
information have been looked for on websites as well as the fair Bauma 2013, one of the European 
most important exhibitions about earthmoving machines and construction equipment. In addition, 
the robotic and military sectors have been explored in order to figure out the most complete picture 
about possible solutions adopted on tracked vehicles. Furthermore a frequent communication with 
entrepreneurs and employees, mainly operating in the agricultural sector, allowed understanding 
needs and expectations from this kind of machine. Finally, feedbacks from users of the Speed-
Track have been collected in order to get feelings, points of views and comparisons with already on 
the market vehicles, in order to have an order of magnitude of the performances of the prototype, 
besides numerical values, and to highlight some directions of improvements.  

The following three sections are technical and the author’s mechanical background is reflected on 
them. 

First of all the performances, in terms of effectiveness, of the current prototype from the suspension 
system and the transmission points of view have been evaluated. Simulative analysis have been 
performed for the evaluation of the suspension system, while an analytical approach, based on 
datasheets and experimental data, have been adopted for the evaluation of the transmission. As far 
as the transmission is concerned, the assessment has required first of all the study of the interaction 
vehicle – terrain for off-road vehicles, and specifically tracked vehicles, which is in most cases the 
limiting factor of their performance. This study has enabled to compute the performance of the 
Speed-Track on three different types of soils (sand, sandy loam and clay) where it has been 
possible to determine the maximum weight a specific soil can support as well as all the motion 
resistances that the vehicle has to overcome (compaction resistance, internal resistance, grade 
resistance, aerodynamic resistance). Then, the second part of the analysis of the performance of the 
transmission has focused on the system itself with an evaluation of the various efficiencies and the 
thrust-speed characteristic. This second analysis has enabled to discover some weaknesses of the 
current prototype. 

The outcomes of the previous step has been the input for the next phase, where improvements have 
been designed in order to strengthen some aspects of the Speed-Track, limit or solve weaknesses 
and extend the scopes of the vehicle as well. A significant improvement is represented by the 
adoption of a bogie configuration for the road wheels, such that a weakness (the decay of polymer 
material properties) has been solved. About the transmission system, the improvement regards 
mainly the differentiation of the applications of the vehicle with the proposal of changing some 
design parameters to significantly alter the performance of the Speed-Track especially increase the 
maximum speed.  
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As far as the suspension system is concerned, a new solution has, then, been designed. It is part of 
the third phase. The new configuration proposed makes a difference in respect to the benchmark 
and the current prototype as well, since it adopts an active suspension system. This solution allows 
the vehicle to compensate the load transfers on slopes, which cause a difference in compression of 
forward and backward springs. Furthermore it can be used to automatically control the grade of the 
vehicle, up to a certain speed and a certain slope, when the chassis has to be kept horizontal. The 
last proposed solution aims to establish a new reference, in terms of performance, about tracked 
vehicles. Unfortunately, no new solution has been proposed for the transmission system. The 
authors, however, remain strongly confident that the hydrostatic transmission adopted for the 
Speed-Track is a brilliant solution and far away the most suitable for a tracked-vehicle because of 
the limited space required allowing the vehicle to have a significant clearance from the ground (this 
prevent the vehicle to encounter “belly resistance” when driving on soft terrains). 

 The four steps of the thesis presented above allowed the authors to develop multi-disciplinary 
skills. For sure they strengthen their competence and knowledge about tracked vehicles. Moreover 
they got in contact with experienced engineers (e.g. from Bosch-Rexroth Group) as well as users of 
tracked vehicles with a limited technical knowledge about these machines, such that they have been 
forced to adapt their level of technical language according to the situation; the latter aspect has 
been challenging but extremely useful.  

Last, but not least, authors more than once adopted a sort of “McGyver approach”. The authors, 
when young, were used to watch a TV series where the protagonist, McGyver, was able to obtain 
results starting from poor tools and materials, through engineering processes. This is basically what 
happened in the evaluation of performances of the actual prototype, where the available material 
was a poor performance laptop (according to nowadays standards) and a .step file of the current 
prototype. However a meaningful and useful analysis of the suspension system has been performed. 
Another example comes from the acceleration profile due to the impact against a step: it has been 
used as input to design the new solution. This kind of data is usually collected through on site 
experiments but the company did not have data and setting up tests to get them would have been 
too expensive since all the necessary equipment had to be bought. An innovative and unusual but 
correct method was, then, applied according to a flexible and versatile approach (the “McGyver 
approach”) which, according to the authors, should identify all engineers.  
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8 RECOMMENDATIONS AND FUTURE WORK 

In this chapter, recommendations on more detailed solutions and/or future work in this field are 
presented.  

8.1 Recommendations 
Referring to the analysis of the suspension system, one of the aspects which have been highlight in 
the previous chapter is the shortage of data and devices in order to perform the best possible 
simulations. Simplified models have been adopted instead of the real CAD ones. The better the 
simulations, the closer are the results in respect to real behavior of the vehicle. A recommendation 
is to gather, whenever possible, experimental data from the prototype in order to compare them 
with the outcomes of the simulations and then evaluate the quality and the reliability of simulations 
themselves.  

About the evaluation of performances related to the transmission, fortunately the whole circuit had 
been tested by engineers from Bosch-Rexroth Group, which gathered data and wrote technical 
reports on it. Furthermore those gentlemen have been available for exchanging information, such 
that the reliability of data, on which analysis are based, is very high. A certain error due to 
assumptions and dependence of data from boundary and environmental conditions have to be 
considered anyway, such that a gap between theoretical and, eventually, experimental data 
collected through future tests has to be considered. 

8.2 Future work 
The presented work aimed to design really feasible solutions which can give raise to a new era in 
terms of employment of tracked vehicles. The aim has been fulfilled. However the gap between the 
design phase and the commercialization of the product is still big. A detailed description of what 
still needs to be done is written below.  

As far as the suspension system configuration is concerned, it is necessary to design more complete 
CAD models where all the components (engines, components of the transmission, actuators and so 
on) are fitted such that possible interferences and collisions between parts can be pointed out and 
solved. Later on it will be necessary to figure out how to link components (welding, bolts, rivets 
and so on) of the structure, dimension the links and evaluate their effect on the distribution of 
stresses in the material as well. This phase has to be done very accurately and each link has to be 
properly sized. After that technical drawings has to be prepared where geometrical dimensioning 
and tolerances have to be set up very carefully since they have a strong impact on the quality of the 
assembly as well as on time and cost of it. Finally the organization of the manufacturing process 
has to be designed in order to make it as efficient as possible; the production of vehicles on low 
scale and the Italian cost of labor require a very effective manufacturing process in order to keep a 
competitive price for the vehicle.  

As far as the transmission is concerned, there is still room for future work on the Speed-Track. First 
of all, the calculations made about the interaction vehicle-terrain interaction are approximated 
because of the assumptions made: uniform distribution of pressure beneath the track, no 
consideration of the effects of repetitive loading of the soil by the road wheels during motion of the 
vehicle and also the characteristics of the soil used for the calculations (shear resistance, cohesion 
factor, …) has to be determined in loco using the bevameter technique in order to have accurate 
values and target effectively the sizing of the vehicle. Secondly, a future work on the Speed-Track 
can assess completely different alternatives especially the series electric hybrid configuration 
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(series-HEV) with the electric motors directly linked to the sprocket). This can be in future the way 
to go if the batteries get better and lighter and are able to have a higher power density which is 
crucial and fundamental for an earthmoving machine. 

Finally, the design and engineering phase has to be placed side by side by the commercial one. 
Marketing is a very tricky aspect but it has to be taken into account. The best product, with 
outstanding performances, is completely useless if no one is buying it. Marketing policies have a 
surprisingly powerful influence on potential customers, in particular in relation to mass products 
but not only for them.  
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APPENDIX A: RISK ANALYSIS 

Appendix A presents in form of a table the analysis of risks in project development. The likelihood 
of each risk and the entity of consequences are graded. A possible solution is also suggested in 
order to limit damages due to the occurrence of the forecasted risk.  

 

Risk  Likelihood  Consequences  Solution 

Strict time scheduled  8 6 Increase working hours, e.g. week‐
ends 

Solidworks does not work  4 5 Learn and use SolidEdge

Comsol does not work  7 3 No stress detailed analysis

Adams does not work  6 5 No dynamic analysis

Extra work for ASP project  5 3 Delay in ASP project

Speed‐Track won’t be realized  4 4 Find new sources of motivation

Colleague stuck in his work  3 6 Help in solving issues

Colleague without motivation  5 6 Planned work together

Students’ health issues  2 8 Changing the goals

Quarrel between colleagues  2 6 Let’s agree! 

No feedbacks from supervisor  5 3 Plan meetings 

Supervisor’s scepticism  4 3 Trade‐off between points of view

Interviews with companies  4 2 Little change in the schedule

Dropbox crash 3 10 Daily back‐ups on USB or Hard Disk

Students’ laptops crash  3 6 Laptop recovery 

Poor new solutions  5 4 Changing the project outcomes
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APPENDIX B: ITALIAN LEGISLATION AND ISO NORM 

In Appendix B is shown the Italian legislation on vehicles and the ISO normative with specific 
focus on earthmoving machines.  

 
Italian Legislation 

Norm code Content 
D. Lgs. 09/04/2008 n. 81: 2008 Attuazione 
dell'articolo 1 della legge 3 agosto 2007, n. 

123 

Health and Safety in workplaces 

D. Lgs. 04/12/1992 n. 475: 1992 Attuazione 
della direttiva 89/686/CEE del Consiglio del 

21 dicembre 1989 

Uniformity in legislation of UE countries 
about personal protective equipment 

D. Lgs. 02/01/1997 n. 10. 1997 Attuazione 
delle direttive 93/68/CEE, 93/95/CEE e 

96/58/CE 

Personal protective equipment 

D. Lgs. 06/11/2007 n. 194 Attuazione della 
direttiva 2004/108/CE 

Uniformity in legislation of UE countries 
about electro-magnetic compatibility 

D. Lgs. 30/04/92 n. 285: 1992 New Highway code 
DPR 16/12/1992 n. 495: 1992 Application of the New Highway Code 

Direttiva 2006/42/CE del Parlamento Europeo 
e del Consiglio del 17 maggio 2006 

Upgrading of the previous 95/16/CE about 
vehicles 

D. Lgs. 27/01/2010 n. 17  Attuazione della 
direttiva 2006/42/CE 

Upgrading of the previous 95/16/CE about lift 
devices 

Direttiva 2006/95/CE del Parlamento Europeo 
e del Consiglio del 12 Dicembre 2006 

Electrical components which have to operate 
below a certain limit of voltage 

D. Lgs. 04/09/2002 n. 262 (come modificato 
dal Decr. 24 luglio 2006). Attuazione della 

Direttiva 2000/14/CE 

Noise emission of vehicle operating in open 
spaces 
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ISO Normative 
UNI EN ISO 12100: 2010 Safety of vehicles. General principles and risk 

evaluation 
UNI EN ISO 13857: 2008 Safety of vehicles. Minimum distances from 

the vehicle to avoid getting in contact with 
dangerous parts 

UNI EN 349: 2008 Safety of vehicles. Minimum distances from 
the vehicle to avoid crushes of parts of the 

body 
EN 953: 2009 Safety of vehicles. General norms for fixed 

and movable protections 
UNI EN ISO 4413: 2012 Fluid power systems. General norms for the 

safety of components 
UNI EN 614-1: 2006 Safety of vehicles. Ergonomic design 

principles (part 1) 
UNI EN 614-2: 2009 Safety of vehicles. Ergonomic design 

principles (part 2) 
EN CEI 60204-1 (CEI 44:5): 2006 Safety in operating conditions. Electrical 

equipment (part 1) 
UNI EN ISO 11204: 1997 Noise emissions. Sound pressure in the 

workplace and other specific positions 
UNI EN ISO 14121-1: 2007 Safety of vehicles. Risk evaluation 

UNI EN 474-1: 2009 Earth moving machines. Safety, general 
principles 

UNI EN 474-6: 2009 Earth moving machines. Safety, principles for 
dumpers 

UNI EN ISO 14122-1: 2010 Safety of vehicles. Permanent access means to 
the vehicle between 2 different levels 

UNI EN ISO 14122-2: 2010 Safety of vehicles. Permanent access means to 
the vehicle. Platforms and corridors 

UNI EN ISO 14122-3: 2010 Safety of vechicles. Permanent access means 
to the vehicle. Stairs and guards 

UNI EN ISO 14122-4: 2010 Safety of vechicles. Permanent access means 
to the vehicle. Fixed stairs 

UNI EN ISO 3449: 2009 Earth moving machines. Devices for 
protections against falling objects. 
Experimental tests and requisites 

UNI EN ISO 3471: 2008 Earth moving machines. Devices for 
protections against overturning. Experimental 

tests and requisites 
UNI ISO 5006: 2008 Earth moving machines. Visual field for the 

user. Experimental test and requisites 
UNI ISO 6016: 2008 Earth moving machines. Methods to measure 

overall mass of the vehicle and of components 
UNI EN ISO 6682: 2009 Earth moving machines. Comfort and 

accessibility to control devices 
UNI ISO 10263-2: 2008 Earth moving machines. User workplace. Air 

filter test 
UNI ISO 10263-4: 2008 Earth moving machines. User workplace. 

Heating, cooling and ventilation 
UNI ISO 10268: 2008 Earth moving machines. Braking systems for 
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foldable components 
UNI ISO 10968: 2008 Earth moving machines. User controls 
UNI ISO 12509: 2008 Earth moving machines. Lights, signal devices 

and reflective stickers 
UNI ISO 13333: 2008 Earth moving machines. Supports for foldable 

bucket and/or foldable cabin 
UNI EN ISO 3450:2012 Earth moving machines. Braking systems for 

wheeled vehicles or high performance tracked 
vehicles. Experimental tests and methods 

UNI ISO 10265:2008 Earth moving machines. Braking systems for 
tracked vehicles. Experimental tests and 

methods. 
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APPENDIX C: CUSTOMER QUESTIONNAIRE SAMPLE 

Appendix C reports the questionnaire which has been submitted to users of the prototype. The 
questionnaire is written in Italian language in accordance to users’ mother tongue.  
          
 

QUESTIONARIO SPEED-TRACK 
 

Leggere attentamente quanto segue prima di procedere alla compilazione 
 
Il presente questionario è rivolto a coloro che abbiano utilizzato il prototipo di veicolo cingolato, 
denominato Speed-Track, realizzato dalla ditta Hydro-mec s.r.l. 
 
Lo scopo del questionario è di ottenere un feed-back da parte di utenti, abituali o saltuari, di veicoli da 
cantiere, tipo dumper, e che abbiano avuto modo di utilizzare il prototipo Speed-Track.  
 
I dati raccolti verranno utilizzati per individuare i requisiti che un veicolo di questo tipo deve rispettare al 
fine di soddisfare le esigenze degli utenti, base di partenza per un progetto di tesi sviluppato presso il 
Politecnico di Torino e l’università svedese KTH. Nel medio termine il progetto porterà alla realizzazione 
del veicolo stesso. 
  
Ti chiediamo pertanto di compilare il questionario con attenzione, il tuo contributo è per noi prezioso 
ed il tuo giudizio ritenuto altamente affidabile.  
 
Alcune regole preliminari che ti chiedo di seguire sono elencate di seguito: 
 

- Compila il questionario prestando molta attenzione alla domanda e leggendo le possibili alternative 
prima di assegnare una risposta. 
 

- Compila il questionario in tranquillità, concentrandoti su di esso. 
 

- Compila il questionario SENZA consultarti con i tuoi colleghi; questo questionario è stato 
consegnato a te e deve contenere solo la tua opinione.  

 
Il questionario è in forma del tutto anonima e il suo contenuto verrà utilizzato esclusivamente per i fini di cui 
sopra. 
 
La compilazione del questionario richiederà circa 15’.  
 
Ti ringrazio fin d’ora per il tempo dedicato! 
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1)  Quale materiale trasporti principalmente su veicoli movimento terra (tipo 
 dumper)?................................................................................................. 

2)  Su quale tipo di terreno ti trovi ad operare per l’80% del tempo di utilizzo del veicolo?  
 (ammissibili più risposte) 
 

 Strada asfaltata 

 Terreno duro e pietroso/ghiaioso (e.g. strada di montagna) 

 Terra battuta con pochi avvallamenti (e.g. strada campagnola) 

 Terreno battuto con molti avvallamenti (e.g. strada boschiva) 

 Terreno sabbioso soffice e cedevole 

 Terreno molto duro e fortemente irregolare (e.g. pietraia) 

 Terreno vergine con pochi avvallamenti 

 Altro:………………………………………….. 
 

3)  Mentre eri alla guida di un veicolo tipo dumper, ti sei mai trovato nell’esigenza di superare 
 ostacoli di altezza superiore ai 50 [cm]? 
 

 SI 

 NO 
 
3.a)  Se alla domanda 3) hai risposto SI, come valuteresti il livello di esperienza che avevi alla  guida di 
quel veicolo in una scala da 1 a 10? (1=lo stavo usando per la prima volta; 10 =ero  un esperto 
nell’utilizzo di quel veicolo)……… 
 
3.b) Se alla domanda 3) hai risposto SI, alla guida di quale veicolo eri in quell’occasione? 
 …………………………………………………………………………………………………… 
 
3.c) Se alla domanda 3) hai risposto SI, sei riuscito a superare l’ostacolo… 
 

 con grande difficoltà; ho dovuto pensare a lungo a come fare e ho temuto di non riuscirci. 

 con media difficoltà; è stata una manovra inusuale ma non particolarmente complessa. 

 facilmente; non ho avuto problemi nel superare l’ostacolo. 
 

3.d) Se alla domanda 3) hai risposto SI, che tipo di forma aveva l’ostacolo? 
 

 Cilindrica (e.g. tronco d’albero, tubo in cemento, ecc.) 

 Fortemente irregolare e compatta (e.g. masso) 

 Fortemente irregolare e distribuita (e.g. cumulo di macerie, cumulo di ghiaia) 

 Altro:……………. 
 

4) Mentre eri alla guida di un veicolo tipo dumper, ti sei mai trovato nell’esigenza di superare 
 avvallamenti (e.g. fosso) di profondità superiore a 50 [cm]? 
 

 SI 

 NO 
4.a) Se alla domanda 4) hai risposto SI, come valuteresti il livello di esperienza che avevi alla  guida di 
quel veicolo in una scala da 1 a10? (1=lo stavo usando per la prima volta; 10 =ero  un esperto 
nell’utilizzo di quel veicolo)……… 
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4.b) Se alla domanda 4) hai risposto SI, alla guida di quale veicolo eri in quell’occasione? 
 …………………………………………………………………………………………………… 
 
4.c) Se alla domanda 4) hai risposto SI, sei riuscito a superare l’avvallamento… 
 

 con grande difficoltà; ho dovuto pensare a lungo a come fare e ho temuto di non riuscirci. 

 con media difficoltà; è stata una manovra inusuale ma non particolarmente complessa. 

 facilmente; non ho avuto problemi nel superare l’avvallamento. 
 

4.d) Se alla domanda 4) hai risposto SI, che tipo di forma aveva l’ostacolo? 
 

 A gradino 

 Buca classica (profonda ma dalle pareti poco ripide) 

 Altro:……………. 
 

4.e) Se alla domanda 4) hai risposto SI, l’avvallamento… 
 

 Ha interessato ruote/cingoli di un solo lato del veicolo 

 Ha interessato ruote/cingoli di entrambi i lati del veicolo 
__________________________________________________________________________________ 
 

Speed-Track, prototipo di veicolo cingolato realizzato da Hydro-mec s.r.l. 
 

Prestazioni 
 

 Coppia e potenza a disposizione sono risultate sufficienti in tutte le situazioni affrontate. 

 La coppia è risultata sufficiente ma la potenza scarsa (bassa velocità raggiungibile) in situazioni di 
forte pendenza e con il veicolo a pieno carico. 

 La coppia è risultata sufficiente ma la potenza scarsa in tutte le situazioni affrontate. 

 Coppia e potenza a disposizione sono risultate scarse. 
 
 
 

 La velocità massima raggiunta dal veicolo è risultata sufficiente in tutte le situazioni affrontate. 

 La velocità massima raggiunta dal veicolo è risultata scarsa in situazioni di forte pendenza e con il 
veicolo a pieno carico. 

 La velocità massima raggiunta dal veicolo è risultata scarsa in tutte le situazioni affrontate. 
 
Indicare il maggior punto di forza del veicolo in termini di prestazioni, valutandone il livello di importanza 
in una scala da 1 a 10 (1=poco importante, 10=fondamentale) …………………………… 
Indicare il maggior punto di debolezza del veicolo in termini di prestazioni, valutandone il livello di 
importanza in una scala da 1 a 10 (1=poco importante, 10=fondamentale) …………………………… 
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Comfort (sobbalzi e vibrazioni al conducente ed al carico) 
 

 Il livello di comfort, rispetto ad altri veicoli di simile scopo, è risultato soddisfacente in tutte le 
situazioni affrontate 

 Il livello di comfort, rispetto ad altri veicoli di simile scopo, è risultato scarso solo in presenza di 
terreni con forti ostacoli e avvallamenti (e.g. pietraie) 

 Il livello di comfort, rispetto ad altri veicoli di simile scopo, è risultato scarso anche in presenza di 
terreni con ostacoli e avvallamenti modesti (e.g. terreno vergine e poco dissestato) 
 

Indicare il maggior punto di forza del veicolo in termini di comfort, valutandone il livello di importanza in 
una scala da 1 a 10 (1=poco importante, 10=fondamentale) …………………………… 
 
Indicare il maggior punto di debolezza del veicolo in termini di comfort, valutandone il livello di importanza 
in una scala da 1 a 10 (1=poco importante, 10=fondamentale) ……………………………. 
 
 

Guidabilità del veicolo 
 

 La guida del veicolo è facile e intuitiva, alla portata di ogni operatore. 

 La guida del veicolo richiede un po’ di tempo per prendere confidenza. 

 La guida del veicolo richiede un periodo di istruzione e apprendistato. 
 
Indicare il maggior punto di forza del veicolo in termini di guidabilità, valutandone il livello di importanza 
in una scala da 1 a 10 (1=poco importante, 10=fondamentale) ……………………………. 
 
Indicare il maggior punto di debolezza del veicolo in termini di guidabilità, valutandone il livello di 
importanza in una scala da 1 a 10 (1=poco importante, 10=fondamentale) ……………………………. 
 
 

Consumi 
 

 La quantità di carburante consumato dal veicolo è molto inferiore rispetto a veicoli di simile scopo 
in situazioni simili 

 La quantità di carburante consumato dal veicolo è inferiore rispetto a veicoli di simile scopo in 
situazioni simili 

 La quantità di carburante consumato dal veicolo è uguale rispetto a veicoli di simile scopo in 
situazioni simili 

 La quantità di carburante consumato dal veicolo è superiore rispetto a veicoli di simile scopo in 
situazioni simili 

 La quantità di carburante consumato dal veicolo è molto superiore rispetto a veicoli di simile scopo 
in situazioni simili 

Affidabilità 
 
Si sono verificati ripetuti malfunzionamenti del veicolo? 

 SI  

 NO 
 

Se SI, che tipo di malfunzionamento ripetuto si è presentato?.................................................. 



 

148 

 

 
 
Si sono verificati inconvenienti al veicolo? 

 SI 

 NO 
 

Se SI, che tipo di inconveniente/i si è presentato?................................................................... 
 
 
 

Nel complesso, quale voto in una scala da 1 a 10 attribuiresti al veicolo?  
(1=insoddisfacente, 10=eccellente)……………………………………………………………………... 
 
Quale è il miglior veicolo, appartenente alla stessa categoria, che tu abbia mai 
utilizzato?............................................................................................................................................. 
 
Nel complesso, quale voto in una scala da 1 a 10 attribuiresti al miglior veicolo, appartenente alla stessa 
categoria, che tu abbia mai utilizzato?  
(1=insoddisfacente,10=eccellente)………………………………………………………………............ 
 
 

Prezzo 
 
 Quale è la cifra (in euro) che saresti disposto a spendere per acquistare un veicolo di questo 
 tipo?......................................................................................................................................... 
__________________________________________________________________________________ 

 
1) Da quanti anni utilizzi veicoli per movimento terra tipo dumper?......................................................... 
 
2) Quanti giorni alla settimana usi, in media, veicoli tipo dumper?........................................................... 
 
3) Quante ore al giorno usi, in media, veicoli tipo dumper?...................................................................... 
 

 
Il questionario è finito! 
Ti ringrazio nuovamente per il tempo che hai voluto dedicare alla sua compilazione. 
Cordialmente, 
Lorenzo Grosso 
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APPENDIX D: HYDROSTATIC TRANSMISSION. 
COMPLETE SCHEMA. 
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APPENDIX E: TRACTIVE EFFORT SPEED-TRACK 

Appendix E reports tractive efforts on different terrains against the weight and the speed of the 
vehicle.  

 
Terrains Dry sand Sandy loam Clay 

Vehicle 
weight [kg] 

Slip[%] Vehicle speed 
[km/h] 

Drag 
resistance [N] 

Thrust 
[kN] 

Drawbar 
pull [kN]

Thrust 
[kN] 

Drawbar 
pull [kN] 

Thrust 
[kN] 

Drawbar 
pull [kN]

 
 
 
 

3500 

0.13 19.97 59.49 0.98 0.02 1.17 0.37 1.28 0.56 

0.2 19.96 59.41 1.48 0.52 1.75 0.95 1.90 1.18 

0.5 19.90 59.05 3.43 2.47 3.89 3.10 4.10 3.38 

5 19.00 53.83 14.76 13.80 12.92 12.13 11.55 10.83 

10 18.00 48.31 17.12 16.17 14.17 13.39 12.37 11.67 

20 16.00 38.17 18.35 17.41 14.80 14.03 12.79 12.09 

40 12.00 21.47 18.97 18.04 15.11 14.36 13.00 12.31 

60 8.00 9.54 19.17 18.26 15.22 14.47 13.06 12.39 

75 5.00 3.73 19.25 18.35 15.26 14.52 13.09 12.43 

 
 
 
 

5250 

0.15 19.97 59.47 1.60 0.01 1.82 0.55 1.84 0.75 

0.2 19.96 59.41 2.17 0.58 2.45 1.18 2.47 1.38 

0.5 19.90 59.05 5.03 3.44 5.47 4.20 5.33 4.25 

5 19.00 53.83 21.64 20.06 18.15 16.88 15.01 13.93 

10 18.00 48.31 25.11 23.53 19.91 18.65 16.09 15.01 

20 16.00 38.17 26.91 25.34 20.79 19.54 16.63 15.56 

40 12.00 21.47 27.81 26.26 21.23 20.00 16.90 15.85 

60 8.00 9.54 28.11 26.57 21.38 20.16 16.99 15.95 

75 5.00 3.73 28.23 26.70 21.44 20.23 17.02 15.99 

 
 
 
 

7000 

0.16 19.97 59.45 2.33 0.01 2.58 0.74 2.49 0.99 

0.2 19.96 59.41 2.86 0.54 3.16 1.31 3.04 1.54 

0.5 19.90 59.05 6.63 4.31 7.05 5.20 6.56 5.06 

5 19.00 53.83 28.51 26.20 23.38 21.54 18.48 16.98 

10 18.00 48.31 33.09 30.78 25.65 23.81 19.80 18.32 

20 16.00 38.17 35.46 33.16 26.79 24.96 20.47 18.99 

40 12.00 21.47 36.65 34.37 27.36 25.55 20.80 19.34 

60 8.00 9.54 37.05 34.78 27.55 25.75 20.91 19.46 

75 5.00 3.73 37.20 34.94 27.62 25.83 20.95 16.51 
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APPENDIX F: EFFICIENCY OF THE TRANSMISSION  

 

Case 1: Lowest efficiency 

Diesel speed 
[rpm] 

Pump displacement 
[cc] 

Motor displacement 
[cc] 

Δp 
[bar] 

ηtransmission 
[%] 

ηdiesel 
[%] 

ηtot 
[%] 

Vehicle speed 
[km/h] 

1200  0  26 400 16.83 0.34  5.78  0

1200  12  26 400 16.83 0.34  5.78  1.7

1600  12  26 400 20.83 0.36  7.41  2.5

1800  12  26 400 22.62 0.36  8.05  2.8

2000  12  26 50 21.51 0.36  7.65  4.6

2400  12  26 50 21.51 0.33  7.01  5.6

2600  12  26 50 21.63 0.31  6.77  6.0

2600  16  26 50 22.57 0.31  7.07  8.1

2600  24  26 50 32.52 0.31  10.18  12.1

2600  32  26 50 36.62 0.31  11.46  16.2

2600  40  26 50 37.44 0.31  11.72  20.2

Case 2: Best efficiency 

Diesel speed 
[rpm] 

Pump displacement 
[cc] 

Motor displacement 
[cc] 

Δp 
[bar] 

ηtransmission 
[%] 

ηdiesel 
[%] 

ηtot 
[%] 

Vehicle speed 
[km/h] 

2600  0  55 200 53.56 0.31  16.77  0

2600  12  55 200 53.56 0.31  16.77  2.7

2600  16  55 200 59.18 0.31  18.53  3.6

2000  24  55 321 61.03 0.36  21.71  4.0

2000  26  55 296 62.60 0.36  22.27  4.3

2000  30  55 257 70.56 0.36  25.10  5.2

2000  34  55 226 71.78 0.36  25.53  5.9

2000  38  55 203 76.25 0.36  27.12  6.7

2000  40  55 192 76.25 0.36  27.12  7.1

2000  40  52 192 76.25 0.36  27.12  7.5

2000  40  41 192 72.93 0.36  25.94  9.4

2000  40  26 192 71.69 0.36  25.50  13.6

2400  40  33 200 69.84 0.33  22.77  14.0

2400  40  26 200 64.74 0.33  21.11  17.6

2600  40  26 200 64.19 0.31  20.09  19.1
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Case 3: Efficiency of the transmission at the maximum power delivered by the Diesel engine 

Diesel speed 
[rpm] 

Pump displacement 
[cc] 

Motor displacement 
[cc] 

Δp 
[bar] 

ηtransmission 
[%] 

ηdiesel 
[%] 

ηtot 
[%] 

Vehicle speed 
[km/h] 

2600  0  55 420 41.56 0.31  13.01  0

2600  8  55 420 41.56 0.31  13.01  1.5

2600  15  55 420 46.45 0.31  14.54  3.0

2600  16  55 400 46.45 0.31  14.54  3.1

2600  20  55 320 54.79 0.31  17.15  4.2

2600  24  55 266 66.09 0.31  20.69  5.4

2600  26  55 246 68.22 0.31  21.36  5.8

2600  30  55 213 72.37 0.31  22.66  6.9

2600  34  55 188 74.14 0.31  23.21  7.8

2600  38  55 168 73.04 0.31  22.87  8.9

2600  40  55 160 71.51 0.31  22.39  9.4

2600  40  45 160 68.80 0.31  21.54  11.5

2600  40  38 160 68.06 0.31  21.30  13.4

2600  40  34 160 67.32 0.31  21.07  15.3

2600  40  30 160 61.97 0.31  19.40  17.0

2600  40  26 160 55.76 0.31  17.45  19.4

Case 4: Efficiency in the condition of best fuel consumption and diesel speed of 2000 rpm 

Diesel speed 
[rpm] 

Pump displacement 
[cc] 

Motor displacement 
[cc] 

Δp 
[bar] 

ηtransmission 
[%] 

ηdiesel 
[%] 

ηtot 
[%] 

Vehicle speed 
[km/h] 

2000  0  55 420 37.05 0.36  13.18  0

2000  11  55 420 37.05 0.36  13.18  1.4

2000  16  55 420 42.81 0.36  15.23  2.3

2000  18  55 420 49.24 0.36  17.51  2.7

2000  24  55 321 61.03 0.36  21.71  4.0

2000  26  55 296 62.60 0.36  22.27  4.3

2000  30  55 257 70.56 0.36  25.10  5.2

2000  34  55 226 71.78 0.36  25.53  5.9

2000  38  55 203 76.25 0.36  27.12  6.7

2000  40  55 192 76.25 0.36  27.12  7.1

2000  40  52 192 76.25 0.36  27.12  7.5

2000  40  41 192 72.93 0.36  25.94  9.4

2000  40  26 192 69.23 0.36  24.63  14.6
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Property Test Method Units Value 

Identification 

Resin Identification 

Part Marking Code 

 

ISO 1043 

 
 

 

TPC-ET 

Mechanical 

Stress at Break 

Strain at Break 

Tensile Modulus 

Tensile Stress 

@ 10% Strain 

Flexural Modulus 

-40°C (-40°F) 

23°C (73°F) 

100°C (212°F) 

Notched Izod Impact Strength 

-40°C (-40°F) 

Notched Charpy Impact Strength 

-30°C (-22°F) 

Tear Strength 

Parallel

 

ISO 527 (1BA bar) 

ISO 527 (1BA bar) 

ISO 527 

ISO 527 (1BA bar) 

ISO 178 

 

 

 

ISO 180/1A 

ISO 179/1eA 

 

MPa (kpsi) 

% 

MPa (kpsi) 

MPa (kpsi) 

 
MPa (kpsi) 

 

 

 
 

kJ/m2
 

 

 

 

 

9.7  (1.4) 

240 

23  (3.3) 
 

 

2.5  (0.4) 
 

 

50  (7.2) 

32  (4.6) 

7.0  (1.0) 

NB 

N

APPENDIX G: DUPONT™ HYTREL® G3548L [31] 

Appendix D reports the properties of the material Hytrel G3548L produced by DuPont. It has been 
assumed to be the polymeric compound by which the track is made.  

Hytrel®  G3548L 
 

 
Hytrel®  G3548L is a low modulus grade with nominal hardness of 35D. It contains non-discoloring stabilizer. It can 
be processed by many conventional thermoplastic processing techniques like injection molding and extrusion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Contact DuPont for Material Safety Data Sheet, general guides and/or additional information about ventilation, handling, purging, drying, etc. 
Unless otherwise stated, ISO Mechanical properties measured at 4.0mm, ASTM properties measured at 3.2mm, and test temperatures are 23°C. 

 
Copyright © 2013 DuPont. The DuPont Oval Logo, DuPont™, The miracles of science™ and Hytrel® are trademarks or registered trademarks of 
E.I. du Pont de Nemours and Company or its affiliates. All rights reserved. 

 

The information set forth herein is furnished free of charge and is based on technical data that DuPont believes to be reliable and falls within the normal range of properties. It is 
intended for use by persons having technical skill, at their own discretion and risk.  This data should not be used to establish specification limits nor used alone as the basis of design. 
Handling precaution information is given with the understanding that those using it will satisfy themselves that their particular conditions of use present no health or safety hazards. 
Since conditions of product use and disposal are outside our control, we make no warranties, express or implied, and assume no liability in connection with any use of this 
information. As with any product, evaluation under end-use conditions prior to specification is essential. Nothing herein is to be taken as a license to operate or a recommendation to 
infringe on patents. Caution: Do not use in medical applications involving permanent implantation in the human body.  For other medical applications, discuss with your DuPont 
customer representative and read Medical Caution H-50103-4. 
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Hytrel®  G3548L 
 

Property Test Method Units Value 

Thermal 

Melting Temperature 

10°C/min 

Melt Viscosity 

1000s-1,190°C 

CLTE, Parallel 

-40 - 23°C (-40 - 73°F) 

23 - 55°C (73 - 130°F) 

CLTE, Normal 

-40 - 23°C (-40 - 73°F) 

23 - 55°C (73 - 130°F) 

55 - 120°C (130 - 248°F) 

Vicat Softening Temperature 

10N, 50°C/h 

 

ISO 11357-1/-3 
 

 

 

 

 

ISO 11359-1/-2 

 

 
 

ISO 11359-1/-2 
 

 

°C (°F) 

Pa s 

E-4/C (E-4/F) 

 

 
 

E-4/C (E-4/F) 
 

 

 

 

 
 

154  (309) 
 

 

130 
 

 

2.4  (1.33) 

1.8  (1.0) 

 

 

2 2 (1 22)
Rheological 

Melt Mass-Flow Rate 

190°C, 2.16kg 

 

ISO 1133 

 

g/10 min 

 

 
 

Electrical 

CTI 

3.0mm 

 

UL 746A 

 

V 

 

 
 

Flammability 

Flammability Classification 

1.5mm 

3.0mm 

Flammability Classification 

1.5mm 

3.0mm 

 

IEC 60695-11-10 

 

 
 

UL94

  

 
 

HB 

HB 

 

Contact DuPont for Material Safety Data Sheet, general guides and/or additional information about ventilation, handling, purging, drying, 
etc. Unless otherwise stated, ISO Mechanical properties measured at 4.0mm, ASTM properties measured at 3.2mm, and test temperatures 
are 23°C. 

 

Copyright © 2013 DuPont. The DuPont Oval Logo, DuPont™, The miracles of science™ and Hytrel® are trademarks or registered trademarks of 

E.I. du Pont de Nemours and Company or its affiliates. All rights reserved. 

 

The information set forth herein is furnished free of charge and is based on technical data that DuPont believes to be reliable and falls 
within the normal range of properties. It is intended for use by persons having technical skill, at their own discretion and risk.  This data 
should not be used to establish specification limits nor used alone as the basis of design. Handling precaution information is given with 
the understanding that those using it will satisfy themselves that their particular conditions of use present no health or safety hazards. 
Since conditions of product use and disposal are outside our control, we make no warranties, express or implied, and assume no liability 
in connection with any use of this information. As with any product, evaluation under end-use conditions prior to specification is 
essential. Nothing herein is to be taken as a license to operate or a recommendation to infringe on patents. Caution: Do not use in medical 
applications involving permanent implantation in the human body.  For other medical applications, discuss with your DuPont customer 
representative and read Medical Caution H-50103-4. 
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Hytrel®  G3548L 
 

Property Test Method Units Value 

Temperature Index 

RTI, Electrical 

1.5mm 

3.0mm 

RTI, Impact 

1.5mm 

3.0mm 

RTI, Strength 

1.5mm 

3.0mm 

 

UL 746B 

 

 
 

UL 746B 

 

 

 

°C 

 

 
 

°C 

 

 

 

 
 

50 

50 
 

 

50 

50 

 

Other 

Density 

Hardness, Shore D 

15s 

Maximum 

Water Absorption 

Immersion 24h 

Molding Shrinkage 

Normal, 2.0mm 

Parallel, 2.0mm 

Brittleness Temperature 

 

ISO 1183 

ISO 868 

 

 
 

ISO 62 
 

 

ISO 294-4 

kg/m3  (g/cm3) 
 

 

 

 

 

% 
 

 

%

 

 

1150  (1.15) 
 

 

26 

35 
 

 

5 
 

Processing - Injection Molding 

Melt Temperature Optimum 

Mold Temperature Range 

Mold Temperature Optimum 

Drying Time, Dehumidified Dryer 

Drying Temperature 

  

°C (°F) 

°C (°F) 

°C (°F) 

h 

 

 

190  (375) 

30-40  (115-130) 

40  (105) 

2-3 

Contact DuPont for Material Safety Data Sheet, general guides and/or additional information about ventilation, handling, purging, drying, 
etc. Unless otherwise stated, ISO Mechanical properties measured at 4.0mm, ASTM properties measured at 3.2mm, and test temperatures 
are 23°C. 

 

Copyright © 2013 DuPont. The DuPont Oval Logo, DuPont™, The miracles of science™ and Hytrel® are trademarks or registered trademarks of 

E.I. du Pont de Nemours and Company or its affiliates. All rights reserved. 

 

The information set forth herein is furnished free of charge and is based on technical data that DuPont believes to be reliable and falls 
within the normal range of properties. It is intended for use by persons having technical skill, at their own discretion and risk.  This data 
should not be used to establish specification limits nor used alone as the basis of design. Handling precaution information is given with 
the understanding that those using it will satisfy themselves that their particular conditions of use present no health or safety hazards. 
Since conditions of product use and disposal are outside our control, we make no warranties, express or implied, and assume no liability 
in connection with any use of this information. As with any product, evaluation under end-use conditions prior to specification is 
essential. Nothing herein is to be taken as a license to operate or a recommendation to infringe on patents. Caution: Do not use in medical 
applications involving permanent implantation in the human body.  For other medical applications, discuss with your DuPont customer 
representative and read Medical Caution H-50103-4. 
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Hytrel®  G3548L 
 

Property Test Method Units Value 

Processing - Injection Molding 

Processing Moisture Content 

Snake Flow 

  

% 

mm (in) 

 

 

<0.08 
 

 

104  (4.1) 

457  (18) 

Inject press 62MPa(9000psi), 1mm (0.040in) 

Inject press 62MPa(9000psi), 2.5mm (0.100in) 

Inject press 83MPa(12,000psi), 1mm (0.040in) 

Inject press 83MPa(12,000psi), 2.5mm (0.100in) 

Processing - Extrusion Melt 

Temperature Range Melt 

Temperature Optimum 

Drying Time, Dehumidified Dryer 

Drying Temperature 

Processing Moisture Content 

  

°C (°F) 

°C (°F) 

h 

°C (°F) 

 

 

170-185  (340-365) 

180  (355) 

2-3 

80  (175) 

Contact DuPont for Material Safety Data Sheet, general guides and/or additional information about ventilation, handling, purging, drying, 
etc. Unless otherwise stated, ISO Mechanical properties measured at 4.0mm, ASTM properties measured at 3.2mm, and test temperatures 
are 23°C. 

 
Copyright © 2013 DuPont. The DuPont Oval Logo, DuPont™, The miracles of science™ and Hytrel® are trademarks or registered trademarks of 

E.I. du Pont de Nemours and Company or its affiliates. All rights reserved. 

 

The information set forth herein is furnished free of charge and is based on technical data that DuPont believes to be reliable and falls within the normal range of properties. It is 
intended for use by persons having technical skill, at their own discretion and risk.  This data should not be used to establish specification limits nor used alone as the basis of 
design. Handling precaution information is given with the understanding that those using it will satisfy themselves that their particular conditions of use present no health or 
safety hazards. Since conditions of product use and disposal are outside our control, we make no warranties, express or implied, and assume no liability in connection with any 
use of this information. As with any product, evaluation under end-use conditions prior to specification is essential. Nothing herein is to be taken as a license to operate or a 
recommendation to infringe on patents. Caution: Do not use in medical applications involving permanent implantation in the human body.  For other medical applications, discuss 
with your DuPont customer representative and read Medical Caution H-50103-4.
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APPENDIX H: MECHANICAL PROPERTIES AISI 4340 

Appendix F reports mechanical properties of AISI 4340, the steel which is supposed to be 
employed to manufacture the chassis of the new configuration proposed.[33]  
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