
i 
 

Contents 
 

INTRODUCTION_______________________ . VII 

Aim of the Work__________________________________ . VII 

 

 

CHAPTER 1 : FLEX INDEX _______________ 1 

1.1. Definition ____________________________________ 1 

1.2. Parts of the Ski Boot ___________________________ 8 

1.2.1. Shell and Cuff ______________________________________________ 9 

1.2.2. Liner _____________________________________________________ 10 

1.2.3. Buckles ___________________________________________________ 11 

1.2.4. Strap _____________________________________________________ 12 

1.2.5. Insole ____________________________________________________ 13 

CHAPTER 2 : BOOT TERMINOLOGY ____ 15 

CHAPTER 3 : SKI BOOT - BUCKLES  _______  

 CLOSURE _________________ 17 

3.1. Ski Boot - Strap Closing _______________________ 18 



ii 
 

3.2. Forces in the Closing System __________________ 19 

3.3. Dimensioning and Verifying ___________________ 20 

3.3.1. Ansys Analysis ____________________________________________ 22 

3.3.2. Analytic analysis ___________________________________________ 28 

CHAPTER 4 : INSTRUMENTATION _______ 31 

4.1. Prosthetic Leg _______________________________ 32 

4.1.1. Prosthetic Leg Padua Silicon: PPS _____________________________ 32 

4.1.2. Prosthetic Leg Longarone (PLR - PLS) _________________________ 36 

4.1.3. Prosthetic Leg Innsbruck (PIR - PIS) ___________________________ 41 

4.2. Ski Boot ____________________________________ 43 

4.2.1. Dalbello Vantage 4L. _______________________________________ 43 

4.2.2. Dalbello Krypton PRO ______________________________________ 43 

4.2.3. Nordica Fire Arrow F2. ______________________________________ 44 

4.2.4. Nordica Hell and Back Hike Pro. ______________________________ 45 

4.2.5. Tecnica Phoenix 100 ________________________________________ 46 

4.2.6. Head Vector 120 ___________________________________________ 46 

4.2.7. Head Next Edge ___________________________________________ 47 

4.2.8. The Prototypes _____________________________________________ 48 

4.3. Work benches _______________________________ 49 

4.3.1. Torsion Unit Padua (UPT) ___________________________________ 49 

4.3.2. Fixed Unit in Padua (UPF) ___________________________________ 50 

4.3.2.1. Model of the Fixed Unit in Padua __________________________ 54 

4.3.3. Fixed Unit Longarone (UPL) _________________________________ 55 



iii 
 

4.3.3.1. Model of the Fixed Unit in Longarone _______________________ 60 

CHAPTER 5 : DYNAMICS TEST IN VIVO _ 63 

5.1. Aim of the Test ______________________________ 63 

5.2. Instrumentation _____________________________ 64 

5.2.1. The Optoelectronics System __________________________________ 64 

5.2.2. Electrogoniometer __________________________________________ 66 

5.2.3. The Dynamometric Platform __________________________________ 66 

5.2.4. Ski and ski boot ____________________________________________ 67 

5.3. Procedure __________________________________ 68 

5.4. The Foot’s Static Analysis _____________________ 69 

5.5. Dynamics Analysis ___________________________ 70 

CHAPTER 6 : TEST PROTOCOLS ________ 73 

6.1. Torsion Unit’s Protocol _______________________ 73 

6.2. Vivo Test’s Protocol __________________________ 81 

6.3. Padua Fixed Unit’s Protocol ___________________ 83 

6.4. Longarone Fixed Unit’s Protocol _______________ 92 

CHAPTER 7 : RESULT'S READING _______101 



iv 
 

CHAPTER 8 : ELABORATION DATA _____ 103 

8.1. Elaboration Data in UPT ____________________ 103 

8.2. Elaboration Data in UPF _____________________ 105 

8.3. Elaboration Data in ULF ____________________ 109 

CHAPTER 9 : STATISTICAL ANALYSIS __ 111 

CHAPTER 10 : RESULTS ________________ 123 

10.1. Prosthesis’s Influence _______________________ 128 

10.1.1. P.L.R.’s Influence _______________________________________ 135 

10.1.2. P.L.S.’s Influence _______________________________________ 137 

10.1.3. P.I.R.’s and P.I.S.’ Influence _______________________________ 139 

10.1.4. Commenting in Results ___________________________________ 141 

10.2. Work Bench’s Influence _____________________ 142 

10.2.1. U.P.F.’s Influence _______________________________________ 150 

10.2.2. U.L.F.’s Influence _______________________________________ 153 

10.2.3. Bio–Mechanics-Lab ______________________________________ 155 

10.2.3.1. Bio – Mechanics - Lab’s Influence ________________________ 160 

10.2.4. Commenting in Results ___________________________________ 162 

10.3. Load’s Influence ____________________________ 163 

10.3.1. L 40’s Influence _________________________________________ 171 

10.3.2. L 80’s Influence _________________________________________ 173 



v 
 

10.3.3. L 110’s Influence ________________________________________ 175 

10.3.4. Human weight __________________________________________ 177 

10.3.4.1. Human weight’s Influence _______________________________ 182 

10.3.5. Commenting in Results ___________________________________ 184 

10.4. Temperature’s Influence _____________________ 185 

10.4.1. Temperature TC’s Influence _______________________________ 193 

10.4.2. Commenting in Results ___________________________________ 195 

10.5. Angular Velocity’s Influence __________________ 196 

10.5.1. ω = 50[°/s] - Velocity’s Influence ___________________________ 204 

10.5.2. ω = 80[°/s] - Velocity’s Influence ___________________________ 208 

10.5.3. Commenting in Results ___________________________________ 211 

CHAPTER 11 : CONCLUSIONS __________213 

BIBLIOGRAPHY _______________________225 

ACKNOWLEDGEMENTS _______________227 

 

 



 
 

 



vii 
 

Introduction 

Padua’s Mechanical University collaborates with different manufacturing companies to 

improve ski and snowboard equipment in order to enhance the security and the 

performance of skiing. 

The part of the equipment that influences the most with its effects the quality of skiing 

is the ski boots. 

There are numerous types of ski boots in the global market with different shapes, 

number of buckles, nominal Flex Index and other objective characteristics. 

The principal feature of the ski boots is the Flex Index. It is the most commonly known 

value explicited by ski boots brands, which allows the costumer to recognize the 

stiffness of the boot. 

Thanks to the ski boots the skier is able to control his/her movements while skiing, 

because his/her weight is gradually unloaded to feet and legs, and finally to the boots. 

 

 

Aim of the Work 

The work described in this thesis focuses on the main factors influencing the ski boot’s 

behaviour. In this regards, I have analysed and described a set of ten ski boots 

characterized by different features. As far as this description is concerned, the 

independent variables considered are: 

 

 the number of the buckles; 

 the material; 

 the prosthesis; 

 the work bench; 

 the axial load; 

 the test’s velocity; 

 the extremes of the hysteresis cycle in terms of the bending moment and angle; 

 the temperature. 
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The abovementioned-underlined factors are taken into consideration in order to define 

and characterize the behaviour of the ski boot. 

As far as the previous thesis dealing with this kind of work are concerned, the test on 

the ski boots was made by positioning the angle sensors between the shell and the cuff 

and between the shell and the tibia, and they were employed on field tests. The analysed 

data and the angular extremes of the ski boot are taken as reference. In the flexion 

forward the displacement is bigger than the displacement according to the opposite way. 

Therefore, the angle’s range is defined between 15 and -5 [°] in respect to the neutral 

position. 

The velocities recorded in the field tests have different nominal values: the maximum 

flexion value is 160 [°/s], whereas along the extension the maximum is 190 [°/s]. 

In the field data only the angles, rather than the moment supported by the ski boot, are 

considered. 

The work of my thesis focuses on the use of work benches and on the development of 

different systems’ analyses. The systems’ analyses include hydraulic actuators like the 

torsion machine with swinging lever and the linear actuators. In the following steps, the 

bending moments are measured in respect to the angles, whereas the hysteresis cycles 

are defined by employing the available instrumentation. 

From a vivo test point of view, the ski boots are tested on a human tester in Padua’s 

Bio-Mechanics Laboratory. In this regards, the aim of this working section focuses on 

the attention on the standardization of a univocal protocol, which could be employed in 

field and in other laboratories. 
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Chapter 1 :   Flex Index 
 

 

 

1.1. Definition 
Flex Index [4] is a value whose goal is to quantify the applicable force that is requested 

to bend to a certain degree a definite ski boot. The force is applied to a lever simulating 

a leg inserted into a ski boot. The structural features of the boot should be able to 

modulate the stress impressed on the ski with its gambit bending flexion. In this way the 

boot is allowed to exercise an adequate control on the ski, and subsequently on the skier 

in every phase of his/her activity. 

The binomial ski boot and ski should be taken as an elastic unit, and therefore the action 

exercised by the skier is the force simultaneously applied on this unit. This elastic 

behaviour, controlled by the elastic features of ski boot, lies at the base of the dynamic 

actions exercised while skiing. 

Flex Index is to be valued by taking into account the technical level of skier. It is wrong 

to associate the Flex Index to the weight and the height of the skier. Indeed, given a 

skier's average body conditions (weight, height, training level), the higher his/her 

technical level is, the greatest is the dynamic stress affecting the skier's activity. 

Accordingly, a great technical level leads the skier in the search for an almost 

"exasperated" ski-limit and dynamic gesture, that a beginner would not be able to 

practice. 

What happens if a skier wears a typology of ski boot whose Flex Index is inferior to its 

technical features? In this case, the skier feels little support by the ski boot, which does 

not allow him/her to drive the ski in a proper way. Conversely, if the Flex Index is 

higher, the skier feels like its foot is somehow blocked. Indeed, in this case the skier is 
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not able to properly move the ankle, which enables the skier to do as many 

configurations as the different curve types. Besides, if the skier chooses a ski boot 

typology whose Flex Index is higher than his/her technical capacity, she/he would not 

be able to correctly manage the damping needed on a disconnected slope. 

There is another independent variable that influences the Flex Index, that is stiffness. 

The material building up the ski boot has its stiffness, which is inconstant as regards the 

temperature variation. The stiffness of the plastic material is given by the elastic 

modulus, which is the result of the relation between a tension imprinted on the material 

and the deformation of the same material [1], [4].  
 

 

Figure 1.1 Storage modulus of plastic employed for ski boots' shell and cuff, 

measured at 1 Hz [3].  

 

 

As the above Figure 1.1 shows, the value of the elastic modulus varies according to the 

different climate conditions. This is the reason why sometimes the skier feels 

disillusioned when trying for the first time a pair of ski boots on the slope and feeling 

they are too rigid; whereas in the shop she/he thought they suited okay. Anyway, a ski 

boot is composed by many materials according to its different parts.  

The elastic behaviour of a ski boot depend on many other parameters, such as the 

structure of the boot and the thickness of its parts. Besides, the test method employed to 

measure the Flex Index is an important parameter as it determines the Flex Index value. 
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Every brand of ski boot has its method for evaluating the Flex Index, and even 

nowadays it does not exist a standardised method to measure it. This value depends on a 

great numbers of variables and for this reason the Flex Index should  be considered only 

as a data. In this way, the Flex Index of a specific branded ski boot cannot be compared 

to that of other brands. In this regards, a brand "arbitrary" Flex Index coefficient is 

continually exploited on a commercial level to make a branded boot to look more 

attractive than its competitors.  

From a engineering point of view, the main goal is to find the true value of the Flex 

Index (eFI) as to correctly determine the value of a given ski boot. The Flex Index is the 

value of the bending moment applied to the boot hinge when a specific prosthetic leg is 

10 degrees bent forward with respect to its neutral axis (where bending moment is null).  
 

 

Figure 1.2  Hysteresis loop and Flex Index relative to forward bending 

moment. 
 

 

The Figure 1.3 below  shows the subdivision of the ski boots typologies in different 

categories based on their Flex Index: 
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Figure 1.3 Indicative Flex Index of the ski boot. 

 

 

There are different methods to analyse the Flex Index, however, this thesis is based on 

the work made employing a torsion machine and another work bench that are situated 

respectively in Padua and in Longarone, Italy.  

The torsion machine is made up by two spindles: one generates the torsion moment and 

the second one remains fixed. The generated torsion moment is converted into the 

bending moment applied to the prosthetic leg, and finally the strain is transmitted to the 

ski boot. During this process, the boot is constantly connected to a ski binding that is 

supported by the second spindle.  
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Figure 1.4 Torsion machine. 

 

 

The second and the third work benches are developed in Padua and in DolomitiCert 

(Longarone), and take its axial force from a MTS machines. Both test benches 

employed the same working principles. Thanks to a system formed be a mechanical rod 

it transfers the axial force to the prosthesis inserted into the ski boot.  
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Figure 1.5 Work bench in DolomitiCert (Longarone). 

 

 

 

Figure 1.6 Work bench in DolomitiCert (Longarone). 

 

 

The method of testing applied in both work benches session can be divided into two 

moments: 
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 in the first part, the focus is on the behaviour of the ski boot in a given 

environmental temperature (T ≈ 20°C); 

 in the second moment a booth refrigerator is employed, and it is positioned 

above the test bench. In this way, the temperature drops to the temperature of 

use of the boot (T ≈ -10 ÷ -20°C). 

 

Given the results obtained from testing different types of ski boots, the curve of 

forward/backward bending moment-angle is obtained. The curve is characterized by the 

loading and unloading phases: a complete cycle of loading and unloading defines the 

hysteresis loop.  
 

 

Figure 1.7 Loading phase (forward) and unloading phase (backward) 

 

 

In the light of the above-mentioned, it is clear that the use the Flex Index as the only 

parameter of analysis is not sufficient in order to determine the stiffness behaviour of a 

determined ski boot. 
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From the hysteresis loop two different values of bending moment relative to 10° can be 

singled out: one refers to the forward bending moment (flexion direction) and second 

one to the backward moment (extension direction). This being said, it is possible to 

characterise the ski boot according to two Flex Index coefficients.  

The conventional test procedure that is currently employed in the boot manufacturer 

laboratories accounted in this study consists in the cyclical application of flexion angles 

from +15° (forward) to -15° (backward) in respect to a neutral position of the boot. 

One of the aims of this work is to understand which method of testing is more correct in 

simulating the real motion of the skier. Accordingly, in order to analyse the behaviour 

of the ski boot in my tests I have employed the range test from +15° to -5° in respect to 

a neutral axis. 

 

 

1.2. Parts of the Ski Boot  
In recent years, ski boots have been significantly improving thanks to the new materials 

and the new designed forms.  

Ski boots are designed to transfer your movements into your skis, while supporting and 

protecting your feet, ankles, and lower legs. In order to correctly transfer the force, the 

boots have to be stiff so as to limit the movement of the ankles. Ski boots are pivotal  

parts of skiing equipment for two main reasons [2]:  

 

 they protect the tibia and the foot from the solicitations occurring while skiing 

on the slope;  

 they transfer to the skis the loads applied by the skier's body, thus enabling the 

skis to carve the snow and consequently to obtain the desired trajectory. 

  

Besides, the ski boots should satisfy minimum requirements, for instance: 

 

 they should be resistant to impacts at low temperature; 

 they should have a long-term stability as regards temperature, UV aging and 

hydrolysis; 

 they should return to their original positions after being flexed;  
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 they should have optimal viscous-elastic properties in order to obtain a 

progressive flex and an optimized rebound; 

 they should not become too stiff at low temperature. 

 

From a engineering point of view, each part of a ski boot is constructed so as to make it 

effectively work in consonance to the overall structure. Ski boots are composed by 

many parts, as shown in the Figure 1.8 : 

 

 

Figure 1.8 Parts of a ski boot. 

 

 

1.2.1.Shell and Cuff 

As far as the structural parts of the ski boot are concerned, shell and cuff are two 

essential elements [2], [3]. 

The shell is the solid outer layer of the ski boot, and it is made of two parts, the lower 

shell and the cuff. The lower shell is where your foot is contained, and the cuff is the 

part that wraps up your shin and lower leg. Shells are made of polymer plastics, often 

Polyurethane or Polyether. The function of the shell is to form the outer exoskeleton of 
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the ski boot, that is to hold everything together, to keep the ski boot attached to the ski 

binding and to provide the strength and stiffness of the boot. 

The cuff is connected to the shell through two connective elements positioned near the 

two malleoli, in lateral and medial positions. 

 

 

Figure 1.9 Structural elements: cuff and shell. 

 

 

1.2.2.Liner 

The soft part is made of the "liner" [2] [3], which is placed between the rigid part (shell 

and cuff) and the foot. It is composed of soft material so as to be modelled around the 

foot. This element varies in accordance to the different typologies of ski boot: for 

instance, a soft and thick "scarpetta" usually is designed for beginners.  

Like the shells, liners can vary a lot. The main features and properties to look for in 

liners, however, are: 

 

 liner thickness; 

 heat mouldable. 

 

The importance of these properties is due to the fact that the boot should be comfortable 

and able to insulate the foot from the cold, even though the skier will have less 

sensibility. A liner that is less thick will insure the skier more sensibility, for this reason 
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this type of boot is designed for expert athletes. Nowadays, most of the liners produced 

contain heat activated materials adapted to the skier's foot profile. 

The liner is supported by an element called "zeppa". The principal function of this 

element is to isolate the ski boot from the external temperature. "Zeppa" is often made 

of rigid plastic material.  

 

Figure 1.10 "Liner" of the ski boot. 
 

 

1.2.3.Buckles  

The closing clips are made of metal or synthetic materials, in both cases they are valid 

and resistant [2], [3]. Almost all closing clips feature a micrometric regulation: the arch 

of the lever that it is attached to the teeth of the rack enables the user close the ski boot 

in accordance to the size of his/her foot. The closing system that is commonly used 

involves an extendable arm that can be locked into one of the several hooks reached, 

and which is eventually pulled tight and latched into the correct position. The length of 

the buckles in the majority of the boots can be fine-tuned by rotating the buckle arms. 
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Figure 1.11 Movement of the buckle. 
 

 

1.2.4.Strap 

The Velcro [2], [3] strap surrounding the top of the boot helps tightening the upper part 

of the ski boot to the skier's leg. This element heightens the level of adjustability and of 

performance of the ski boot. 
 

 

Figure 1.12 Strap. 
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1.2.5.Insole 

The insole [2], [3], or footbed, is the platform that lies at the bottom of the ski boot and 

supports the skier's foot. It is really important to give support to the profile of the foot 

for the overall comfort and the power of transmission it conveys. Anyway, the insoles 

that come with the ski boots often do not provide much support. 

 

 

Figure 1.13 Insole used inside of ski boot 
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Chapter 2 :   Boot Terminology 
 

 

 

For describing the analysis of every ski boot on each work bench the same terminology 

will be used, as shown in the following Figure 2.1: 

 

 

Figure 2.1 Terminology and angles used. 

 

 

Where the angles respectively are: 

 

 φSC  the angle between the shell and the cuff; 

 φST  the angle between the shell and the tibia; 

 φCT  the angle between the cuff and the tibia. 

 

The cuff in a neutral position can be defined as the natural leg posture obtained from 

closed buckles and no bending moment applied to the cuff on the hinge. 
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The neutral position has to be considered as a static absolute angle ϑ0 between the Y 

vertical axis normal to the boot sole and a tibia reference axis. 

Any change in the inclination of the tibia reference axis from its neutral position is to be 

intended as the forward or backward flexion angle φHINGE: this is a relative angle, 

between two different positioning of the tibia axis, due to the presence of a forward net 

moment MHINGE applied on the hinge axis, which is able to move the prosthetic leg/tibia 

from its neutral position 

.  
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Chapter 3 :   Ski Boot - Buckles    

    Closure 
 

 

 

The aim of the buckles is to guarantee an easier and efficient closure of the shell and the 

cuff. As far as the quantity of buckles employed on a ski boot is concerned, it can vary, 

especially in accordance to its geometry. 

The ski boots with high performance characteristics are usually composed by four 

buckles. Two of them are positioned on the shell and the other two on the cuff. 

The ski boot with a Cabrio design has three buckles and a Micrometric adjustment 

system of the levers that is used to guarantee a more precise fit.  

The closure system of every ski boot is based on a mechanism in which an extremity of 

the hook clutches to the teeth of a rack. Accordingly, this mechanism is made out of 

metallic material (e.g. Aluminum or Aluminum alloys).  

Even tough there are different types of buckles’ and ranks' structures, the closure system 

always works in the same way. When the hook clutches to the space between two 

adjacent teeth of the rack, it generates the necessary force of closing. 
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Figure 3.1 Buckle-closure. 

 

 

3.1. Ski Boot - Strap Closing 
The strap closing system is employed in different types of ski boots; its mechanism is 

placed in the upper part of the ski boot. It guarantees a precise closing and enables a 

good contact between the tibia and the gambit so as to permit a gradual flexion of the 

shank. 

The strap system is made up by a clasp that is fixed to the upper and medial part of the 

ski boot. The strap has two extremities: one is fixed opposite to the clasp whereas the 

other passes through the hole of the clasp. The latter passing through the clasp is 

reunited to the former thus building up the strap closing system. 
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Figure 3.2 Strap-closure. 

 

 

3.2. Forces in the Closing System 
The regulation and the degree of closure of the ski boot is a personal factor depending 

on the skier. 

The user chooses his/her degree of closure basing his/her research on the comfort, the 

security and the sensitivity of the ski boot. 

From an engineering point of view, the closure system represents an important 

parameter as it can influence the behaviour and characterization of the ski boot, in 

particular the definition of the Flex Index.  

The measuring values of the closing forces, which are involved and developed in the 

buckles closing system, are useful in the analysis of their correlation with the Flex 

Index. 

Several systems of analysis can be employed in order to measure the abovementioned 

forces. This being said, in the work leading to this thesis, the chosen method of analysis 

takes into consideration the different types and brands of ski boot, and therefore varying 

geometries, structures and designs of buckles. Conversely, as far as the velcro is 
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concerned, it usually has a similar geometry so that there are little to no differences 

between the velcros of different brands. 

In order to understand the evolution and the subdivision of the force into the buckles, an 

universal measuring system for different types of buckles should be employed. The two 

types of measuring systems enhancing this kind of analysis are: 

 

 The application of a set of strain gauges on the single buckle; 

 The building of a load cell and its insertion between the rank and the buckle. 

 

The first case, that is the process of installation of the strain gauges on the buckle, 

requires lots of time and is very expensive, due mainly to the cost of the strain gauges. 

The second case is about building a load cell, as shown in the following Figure 3.3: 

 

 

Figure 3.3 Load cell and rank of the ski boot. 

 

 

3.3. Dimensioning and Verifying  
In the dimensioning and verifying analysis the maximum value of the buckle’s closing 

force is estimated at about 200 [N].  
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According to the previous Figure 3.3, the sketched load cell is positioned on the rack of 

the ski boot: the buckle passes over the rack and hooks the load cell. The closing force 

developed is transmitted to the load cell (clasp) that works in compression. 

Now, taking into analysis the clasp, it can be said that it is divided into two parts: 

 

 the stress analysis; 

 the contact analysis. 
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3.3.1.Ansys Analysis 

In this chapter, I am going to consider only the clasp (load cell) and the force, which is 

inclined of 20° ÷ 45° from the tangential line, passing through the rack. The force is 

applied in the approximated point, where the hook of the ski boot clutches to the load 

cell; this force is divided into two components, the horizontal and the vertical. 

Considering only the horizontal force thus overlooking the vertical one, the following 

values have been chosen: 

 

 horizontal component of the force: Fx=200 [N]; 

 vertical component of the force: Fy = 0 [N]. 

 

The other data of the analysis are: 

 

 the material of the load cell: Aluminium;  

 the behaviour of the material: isotropous, elastic and linear. 

 

In the following Figure 3.4, the point of application of the force and the restricted 

displacement can be seen. 

 

 

Figure 3.4 Application point of the forces Fy and Fx. 
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Besides, Ansys analysis enables to plot the deformed shape of the load cell and to 

valuatedthe hypothetical displacements along the principal directions (x and y axis). 

 

 

Figure 3.5 Deformed shape. 

 

 

The simulation has given the following maximum values of displacement in the x and y 

directions: 

 

 ux = 0.034 [mm] 

 uy = 0.035 [mm] 

 

As far as the static dimensioning of the load cell is concerned, it is performed using a 

constant value of the load, whose estimation is about 200 [N] (20 [kg]. 

The geometry of the clasp has a thickness of 10 [mm]. The complete quota of the load 

cell system is shown in the second Figure 3.7 below. The thickness value is assumed to 

be 10 [mm], since the dimensions of the rack and of the buckles depend on the different 

brands of the ski boots. 
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Figure 3.6 Dalbello Krypton’s rank and buckle forms (A), Tecnica Phnx 100 

(B), Nordica Fire Arrows and Nordica Hell&Back (C). 

 

 



25 
 

 

Figure 3.7 Dimensions of the load cell. 

 

 

In Ansys analysis the finite elements modelling, the data for the load and the material of 

the clasp are employed: 

 

o Load: 

 

 Fy = 0 [N]; 

 Fx = 200 [N]; 

 total closing force: 200 [N]; 

 inclination in respect to the horizontal line: ϑ = 0°. 

 

o Material of the clasp: 

 

 σadm = 480 [MPa]; 
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 E = 70 000 [MPa]; 

 ν = 0.33; 

 security coefficient: φs IP = 3. 

 

o Critique section closed to the carving: 

 

 b = 10 [mm] (along z-axis); 

 h = 3 [mm] (along y-axis); 

 Izz = 22.5 [mm4]. 

 

 

Figure 3.8 Von Mises stress in Ansys analysis. 

 

 

The lines of the force always take the shortest ways. In the proximity of the carving, the 

typical effect of the "carving effect" can be seen, especially where the lines of the force 

tend to get close. In this regard, the "carving effect" involves in the stressing material a 

little portion of the very material. Whereas the opposite side of the material is subjected 

to an inferior tension. 
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In the following Figure 3.9, two extremity nodes of the critical section are marked with 

two red circles. Between these two nodes, a "path operation" that shows the progression 

of the Von Mises stress has been done. 

 

Figure 3.9 Extremity nodes of the path operation. 

 

 

 

Figure 3.10 Tendency of the Von Mises stress. 

 

 



28 
 

The admissible tension is 480 [MPa], and, by considering the contacts between the hook 

and the load cell, the stressing value inferred is equal to 133,7 [MPa]. As a result, the 

load cell is finally verified according to the static dimensioning. 

The following paragraph displays another examination, which is complementary to the 

last one. As we will see, an analytic approach will be used instead of the Ansys analysis, 

because even if Anasys is a good instrument, it is not perfect. 

 

 

3.3.2.Analytic analysis 

This chapter explains and analyses only the critical part of the load cell. 

Accordingly, in the analytic analysis a simple studying model with its lever arms has 

been employed. Then the stresses of the bending moment, the axial force and the shear 

force are analysed. Finally, the resulting values of each stress are combined by using the 

Von Mises formula. The analytic verification is completed when the Von Mises tension 

is combined to the admissible tension employed. 

 

 

Figure 3.11 The forces Fh and Fv and the lever arms between the application 

point of the  forces and the middle of the critique section. 

 

 

Data of the analytic analysis: 

 Fv = 0 [N]; 

 Fh = 200 [N]; 

 bV = 6 [mm]. 
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The inferred calculation is: 

 

𝑀𝑧 = 𝐹ℎ ∗ 𝑏𝑉 = 1269 [𝑁 𝑚𝑚] 

 

𝜎𝑀𝑓 =
𝑀𝑓

(
𝑏 ∗ ℎ3

12
)

∗
ℎ

2
= 84,6 [𝑀𝑃𝑎] 

 

The axial and shear forces and their respectively tensions are: 

 

𝜎𝑁 =
𝑁

𝐴
=

𝐹ℎ

𝑏 ∗ ℎ
= 6,7 [𝑀𝑃𝑎] 

𝜏𝑇 =
3

2
∗

𝑇

𝑏 ∗ ℎ
=

3

2
∗

𝑉𝐵

𝑏 ∗ ℎ
= 4,7 [𝑀𝑃𝑎] 

 

The material employed in the analytic analysis is Aluminium and its admissible tension 

is 480 [MPa]. Again the security coefficient is to be found by correlating the admissible 

tension and the result of the Von Mises stress.  

In the critical section of the material, two points are to be found: in the first one the 

stress of the bending moment has the same verse of the axial stress; whereas, in the 

second one, the contributions of the bending moment and axial stress have reverse 

directions. 

In the first case, the Von Mises tension results in: 

 

𝜎𝑉𝑀 = √(𝜎𝑀𝑓 + 𝜎𝑁)
2

+ 3 ∗ 𝜏𝑇
2 = 91,6 [𝑀𝑃𝑎] 

 

The resulting security coefficient is bigger than the coefficient founded into Ansys 

analysis: 

𝜑𝑠 =
𝜎𝐴𝑑𝑚

𝜎𝑉𝑀
= 5,2 > 𝜑𝑠 𝐼𝑃 = 3 
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Chapter 4 :   Instrumentation  
 

 

 

The characterization of the ski boot, different instrumentation are employed. In this 

way, the study are involved: 

 

 the prosthetic leg of the Department of the Mechanical Engineering of  the 

University of Padua (PPS); 

 the prosthetic leg of the DolomitiCert with a rigid "gambit" (PLR); 

 the prosthetic leg of the DolomitiCert with a soft "gambit" (PLS); 

 the prosthetic leg of the University of Innsbruck; 

 

 the different type of the ski boots; 

 

 work bench UTP: Unit Torsion Padua (MTS locates in Padua); 

 work bench UFP: Unit Fixed Padua(MTS locates in Padua); 

 work bench UFL: Unit Fixed Longarone (MTS locates in Longarone); 
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4.1. Prosthetic Leg 
In order to simulate the mechanical behaviour of the skiing movements of the ski boot, 

four types of the prosthetic leg are employed in this analysis. 

 

 

4.1.1.Prosthetic Leg Padua Silicon: PPS 

The PPS prosthetic leg is realized in Department of Mechanical Engineering of the 

University in Padua.  

It is made up by an internal structure and an external cover. The structure is build up by 

a hinge which it has the function of the human ankle. 

The cover is made of the silicon material which it bestows the flexibility on the foot. 

Accordingly, in the upper art of the foot, there is a screw that it can screwed on a tube. 

The principal function of the tube is to allow the use of the prosthetic leg in the Unit 

Torsion Padua. This tube is interchangeable and it can used for the prosthetic legs PLR 

and PLS. 

 

 

Figure 4.1 Prosthetic leg. 
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The hardness of the material of the prosthesis is measured with two instrumentations: 

"Durometro Shore A" and the "Durometro Shore D". 

The Durometro type A is a tool for the hardness testing of the rubbers products. The 

Durometro type D is employed for the hard/moderately hard plastic. 

 

 

Figure 4.2 From the left to the right: the hardness measured with a Duromentro 

type A and with a Durometro type D. 

 

 

They are different mechanical sensor, and their forms and dimension are shown in the 

Figure 4.3 below. 
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Figure 4.3 The Durometro Shore A and Shore D. 

 

 

The hardness is valuated in different point of the prosthesis (more than six) and the 

average of the results is taken. Anyway, the result of the average defines the typology of 

the material which it can be inferred in the Tab below. 
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Table 4.1 The Hardness tab for the Shore A and D. 

 

 

The hardness of the PPS prosthetic leg is: 

 

 

Figure 4.4 The hardness of the PPS. 
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4.1.2.Prosthetic Leg Longarone (PLR - PLS) 

The second prosthetic leg is realized by DolomitiCert in Longarone.  

It is made up by two parts: the foot and the leg. 

The parts' material is different. A ankle-junction, placed between the parts, makes 

possible the relative movements between the two parts. 

 

 

Figure 4.5 The foot, the ankle-junction and the leg. 

 

 

As far as the dimensions are concerned, this prosthetic leg is short than PPS.  

In order to use the prosthesis in the all work-benches, a cylindrical connecting element 

is built: an extremity is inserted into the leg and is jointed with the ankle junction. The 

other extremity is a screw. This element can be covered with a blunt conic-rubber: one 

is rigid and the other one is soft. 
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Figure 4.6 Prosthetic leg with rigid gambit: PLR. 

 

 

 

Figure 4.7 Prosthetic leg with soft gambit: PLS. 

 

 



38 
 

 

Figure 4.8 The cylindrical connecting element. 

 

 

The blunt conic-rubbers has different hardness and they have (circa) the same 

dimensions of the PPS prosthesis: the ellipses in three/four points along the central axis 

of the leg. 

Another grasping system is used for the prosthesis of Longarone. The mentioned grasp 

is built by DolomitiCert and it is made out of a cylindrical element which it has an 

"eyelet". The eyelet enables the coupling between the prosthetic leg and a extensor 

element of the actuator. In this case the connecting rod is not employed, but a lot of the 

lubricant is used to prevent the friction action in the junction. 

In figures below, the hardness of the two parts of the prosthesis (foot and leg) and of the 

two rubbers (rigid and soft). 
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Figure 4.9 The hardness of the prosthesis's leg. 

 

 

 

Figure 4.10 The hardness of the prosthesis's foot. 
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Figure 4.11 The hardness of the rigid rubber. 

 

 

Figure 4.12 The hardness of the soft rubber. 
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4.1.3.Prosthetic Leg Innsbruck (PIR - PIS) 

The third prosthetic leg is realized by the University of Innsbruck.  

It is a prototype and it represents a mould of a real human right leg. 

The prosthesis has a metal foot which can flex the sole of the foot in prone and supine 

directions. 

The ankle is connected with the foot by a cylindrical joint and with the leg by another 

joint that it releases one degree of freedom: the flexion and the extension of the leg. 

The leg is made up by an anterior and a posterior parts. The anterior part is fixed on the 

leg, whereas the posterior one is interchangeable: there are two posterior part, one is 

built up with a rigid material, the other with a soft material. 

 

 

Figure 4.13 The prosthesis with a rigid posterior part. 
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Figure 4.14 The prosthesis with a soft posterior part. 

 

 

Anyhow, there three "red" pieces, that they are filled up the space inside the shoe of the 

ski boot. 
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4.2. Ski Boot 
In order to conduct the research, different types of the ski boot are employed. The ski 

boot used have different nominal Flex Index and are dedicated to diverse disciplines. 

 

 

4.2.1.Dalbello Vantage 4L. 

The Dalbello Vantage ski boot is for beginner to intermediate skiers. This boot has 

ratchet leg buckles which are easier to close than traditional buckles. 

It also gives a larger adjustment range around the calf. The Dalbello Vantage is 

designed for the rental market that makes them tough and durable. 

The nominal Flex Index is 60 [N m/°]. 

 

 

Figure 4.15 Dalbello Vantage 4L. 

 

 

4.2.2.Dalbello Krypton PRO 

The Dalbello Krypton PRO ski boot is for expert and complete skiers. It is versatile and 

precise. 

The ski boot has a modular insert element (between the shell and the gambit) that is 

employed while the flexion regulation. 

The closing system has three buckles and a strap in the upper part. The buckle on the 

point of the boot has an inverted closing movement. This characteristic wards off the 

damage of the buckle while the downhill and the evolution movements. 
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Other characteristic of this ski boot is the hinge between the cuff and the shell: the hinge 

is placed in a lower position than the traditional ski boots (it is shifted about 50÷70 

[mm] downwards). 

The nominal Flex Index is 130 [N m/°]. 

 

 

Figure 4.16 Dalbello Krypton PRO. 

 

 

4.2.3.Nordica Fire Arrow F2. 

The ski boot is oriented towards the expert skiers. Its performances and its technologies 

are higher than a traditional ski boot. 

The closing system is composed by a strap and three buckles with relative micrometric 

screw for a precise regolation. The nominal Flex Index is  120 [N m/°] 

 



45 
 

 

Figure 4.17 Nordica Fire Arrow F2. 

 

 

4.2.4.Nordica Hell and Back Hike Pro. 

The Nordica Hell and Back ski boot is similar to the Nordica Fire Arrow. It is a 

lightweight ski boot thanks to the its material: a polymer with high density. 

It has three buckles and a strap. A characteristic of this ski boot is the hinge between the 

shell and cuff. Anyhow, the hinge coincides with the closure of the second buckle. This 

feature enables that the flexion of the gambit is the same with the flexion of the leg. 

The flex Index is 110 [N m/°]. 

 

 

Figure 4.18 Nordica Hell and Back Hike PRO. 
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4.2.5.Tecnica Phoenix 100 

The Tecnica Phoenix 100 is for the intermediate skiers. The ski boot is made up by four 

buckles with their micrometric screws and a strap. The Air Shell technology enables the 

fitting regulation in the near of the heel. It is composed by two independent inflatable 

structures which are adjustable with a mechanism. The nominal Flex Index is 100. 

 

Figure 4.19 Tecnica Phoenix 100. 

 

 

4.2.6.Head Vector 120 

The Head Vector 120 is for expert level skiers. It is designed especially for piste and 

off-piste. The ski boot is comfortable and easy to regulate. 

The buckles are four and there is the double velcro. The function of the double velcro is 

to be the fifth and the sixth buckles improving the closure. 

The Flex Index is 120 [N m/°]. 
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Figure 4.20 Head Vector 120. 

 

 

4.2.7.Head Next Edge 

The Head Next Edge ski boot is for beginner skiers. This boot has four buckles and a 

strap in the upper. 

It is easy to wear and has a double canting. 

It is designed for the rental market that makes them tough and durable. 

The nominal Flex Index is 70 [N m/°]. 

 

 

Figure 4.21 Head Next Edge. 
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4.2.8. The Prototypes 

For the prosthetic legs comparison, two prototype of the ski boots are employed. In this 

regards, they have not yet a definitive name. One is designed for the expert skiers, 

whereas the other one is for the expert/intermediate. 

In the analysis, they are called: 

 

 Tecnica "Orange" 120; 

 Nordica "Black" 100. 

 

 

Figure 4.22 Tecnica "Orange" 120. 

 

 

 

Figure 4.23 Nordica "Black" 100. 
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4.3. Work benches 

4.3.1.Torsion Unit Padua (UPT) 

In the University of Padua labs, a servo-hydraulic torsion bench is equipped for the 

execution of the felxion test on the ski boots. 

The first work bench used is a servo-hydraulic torsion bench. This bench is adapted to 

be used for the execution of flexion test on ski-boots. In order to adapt this torsion 

bench to simulate a skiing session, it is used an mechanical-arm, that has empty 

rectangular section, which has two extremities: one is jointed with a "motor spindle" of 

torsion machine and the other one is free. On last one, find four bearings and their 

function is to allow to hook up the prosthetic leg with the mechanical-arm, like in next 

Figure 4.24. 

 

 
Figure 4.24 Mechanical arm connects with motor-spindle of torsion machine 
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The bearings drive the pole of prosthetic leg and allow small relative displacements 

during the test along pole axis.  

Therefore, torsion is converted in bending moment that is applied to the ski boot. It is 

possible to rotate together motor spindle of torsion machine and so also the mechanical 

arm using the MTS software.  

A special ski binding, realized by the University of Padua, is used to anchor a ski boot 

to the bench ground in a rigid way. It is adjustable for different size of boots and can be 

calibrated between until 30 Din. It is regulated to the maximum value available (30 Din) 

so to block all degree of freedom of the plant of the boot. 

 

 
Figure 4.25 Ski binding (A); Anterior part (B); Posterior part(C) 

 

 

4.3.2.Fixed Unit in Padua (UPF) 

The second test bench employed is the Fixed Unit of the University of Padua. The term 

“Fixed” is defined the configuration of the work bench where an extremity of the 

hydraulic actuator is fixed. Therefore, the weight of the actuator does not lie on the 

prosthesis. 

As far as this mechanical system is concerned, an analytic model is employed to study 

the relationship between the horizontal displacements and the angle of the prosthetic 

leg. Accordingly, the analytic study is applied to the crank mechanism, the measuring of 
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the lever arm (from the level of the actuator until the hinge of the ski boot) is measured 

and then the test is gone ahead. 

The actuator is positioned at the fixing height to the bench and it can moved in 

horizontal direction. 

 

 

Figure 4.26 The actuator of the Fixed Unit in Padua. 

 

 

The ski binding employed to joint the ski boot on the bench is the same used in the 

precedent test bench, the Torsion Machine. 

 

 

Figure 4.27 The ski binding employed in the UPF and in UPT. 
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The crank mechanism is made up by a connecting rod that its extremities are jointed 

with the actuator and one with the prosthesis. 

In order to impart the forces and the displacements, the rod is  composed by two 

spherical joints. In this regards the plane flexion of the prosthesis is enabled and the 

possible movements in other plane are allowed. The study is based on the plane flexion 

but the ski boot’s form is not perfect and its flexion can be directed even only for a bit 

part in other directions. 

 

 

Figure 4.28 The connecting rod and its spherical joints. 

 

 

In the second part of this analysis, a freezer room is installed on the work bench. The 

freezer employed is enabled to amount to a constant temperature T = -20 [°C]. 

 

 

Figure 4.29 The Fixed Unit of Padua into the freezer room. 
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Taken into consideration the test’s obstructions, an extension of the hydraulic ram is 

employed. In this way, the load cell is remained outside of the freezer and the 

measurements are not distorted. 

 

 

Figure 4.30 The extension of the hydraulic ram. 

 

 

The axial kinematic system has to operate into the freezer cabin. The refrigerator does 

not carry out a structural role because its material (plastic and insulation materials) 

could not support the loads inferred by the cold-tests. At the low temperature, the ski 

boot is inclined to increase its stiffness and the necessary loads for the execution of the 

test. In this regards, four cylindrical support-elements are fixed with the bench and 

pushed through the base of the cabin. Into the freezer, a structure is placed and jointed 

with the four supports. In this way, the loads are unloaded to the four support and not to 

the cabin of the freezer. 

The functions of the structure into the freezer and on the lock plate, are: 

 

 support the extension of the hydraulic ram; 

 keep an axial movement of the hydraulic ram as much as along a horizontal line; 

 escape the contact between the extension of the ram and the freezer. In particular 

on the wall of the cabin, a hole (about 20 [mm]) is made for the passage of the 

ram. The dimension of the hole is smaller for minimize the temperature loss. 
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4.3.2.1. Model of the Fixed Unit in Padua 

In order to analyse the ski boots with the UPF work bench, a analytic model is 

employed. The independent variable of the this axial mechanism is the stroke of the 

actuator 𝑥. In this regards the horizontal displacements are converted into angles 

between the tibia and ski boot’s shell 𝜃1. The last variables are the angle of the rod in 

respect to the actuator 𝜃2, the length of the rod 𝑎 and the distance between the ski boot’s 

hinge and the prosthesis’s joint 𝑏 

The model is shown in Figure 4.31 below. 

 

 

Figure 4.31 The model of the work bench UPF and the variables: X, ϑ1 and ϑ2. 

 

 

The inferred calculation is: 

 

{
𝑎 cos 𝜃1 + 𝑏 cos 𝜃2 = 𝑠
𝑎 sin 𝜃1 + 𝑏 sin 𝜃2 = ℎ

 

 

With the derivation of the equations  in respect to the time, it is obtained the velocities: 

 

{
−𝜃1̇ 𝑎 sin 𝜃1 − 𝜃2 𝑏 sin 𝜃2 = �̇�

𝜃1 ̇ 𝑎 cos 𝜃1 + 𝜃2 ̇ 𝑏 cos 𝜃2 = 0
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�̇� =  �̇� =  −𝜃1̇ 𝑎 (sin 𝜃1 −  cos 𝜃1 tan 𝜃2) 

 

The choice of the axial range has been made taking into consideration the inclination of 

the prosthesis's tibia. The system is not composed by the real axles like in the model, 

therefore the angle of the prosthetic leg ( and so the vertical range of the actuator) is 

measured with a digital lever. 

 

 

4.3.3.Fixed Unit Longarone (UPL) 

The third work bench employed for the flexion test of the ski boots is the DolomitiCert's 

Fixed Unit. 

This test unit is composed by an axial MTS machine, a ski binding and a connecting rod 

shorted than the rod employed in the Fixed Unit in Padua. 

The actuator of the axial machine is putted in vertical position and on the top of the 

actuator is installed a load cell which it measures the axial force. 

The machine can be moved along the longitudinal axis, but for the test it is clasped in a 

fixed position. 
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Figure 4.32 The actuator of the Fixed Unit 

 

The ski binding is made out of the metal material: steel and copper's alloy. It is 

composed by two blocks, one is anterior and the other one is the posterior part. The 

posterior block has a lever arm: this system simplifies the insertion of the ski boot into 

the ski binding and clamps it. The distance between the two blocks is not unmovable 

and it can be regulated it on the strength of the ski boot's size. The regulation is 

adjustable with four screws that can move upwards or downwards the above block  

The blocks are fixed with a structure which is jointed on the bench. 
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Figure 4.33 The posterior block with its closing lever arm and the screws for the 

vertical regulation. 
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Figure 4.34 The anterior block. 

 

 

The extremity of the actuator is grasped with the prosthetic leg with a short connecting 

rod. The connecting rod is shorter than the rod employed in the Fixed Unit in Padua, 

because the vertical range of the axial machine is restricted. 
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Figure 4.35 The connecting rod with the two joint: one with the prosthesis 

(above) and the second with the actuator (below). 

 

 

In the second part of this analysis, a freezer room is employed. The freezer cabin is not 

static and it  can be moved on the work bench. 

With the insulating panels, the volume around the ski boot and the axial is 

circumscribed and the temperature is measured with a thermocouple. The 

thermocouple's sensor is positioned in the near of the ski boot. 
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Figure 4.36 The ski boot into the freezer room, the insulating panels and the 

sensor of the thermocouple. 

 

 

4.3.3.1. Model of the Fixed Unit in Longarone 

In order to analyse the ski boots with the test bench in question, an analytic model is 

employed. In this regards, the crank mechanism is simplified with a model so as to 

study the relationship between the independent variables. The independent variables are 

the vertical moving of the actuator 𝑥, the angle between the ski boot's shell and the tibia 

of the prosthesis 𝜃1 and the angle between the axias of the actuator and the connecting 

rod 𝜃2. 

The other data are: the length of the prosthetic leg 𝑎 (from the ski boot’s hinge until the 

joint between the rod and the prosthesis) and the length of the connecting rod 𝑏. 

The model is shown in Figure 4.37 below. 
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Figure 4.37 The model of the work bench and the variables: X, ϑ1 and ϑ2. 

 

 

The inferred calculation is: 

 

{
𝑎 cos 𝜃1 + 𝑏 cos 𝜃2 = 𝑠
𝑎 sin 𝜃1 + 𝑏 sin 𝜃2 = ℎ

 

 

With the derivation of the equations  in respect to the time, it is obtained the velocities: 

 

{
−𝜃1̇ 𝑎 sin 𝜃1 − 𝜃2 𝑏 sin 𝜃2 = �̇�

𝜃1 ̇ 𝑎 cos 𝜃1 + 𝜃2 ̇ 𝑏 cos 𝜃2 = 0
 

 

�̇� =  �̇� =  −𝜃1̇ 𝑎 (sin 𝜃1 −  cos 𝜃1 tan 𝜃2) 

 

The choice of the axial range has been made taking into consideration the inclination of 

the prosthesis's tibia. The system is not composed by the real axles like in the model, 

therefore the angle of the prosthetic leg ( and so the vertical range of the actuator) is 

measured with a digital lever. 
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Chapter 5 :   Dynamics Test in Vivo  
 

 

 

For the experiments in both the Torsion and axial units, the same brand of ski boots 

used for the Vivo test have been used Dalbello Krypton, Nordica Fire Arrow, Nordica 

Hell&Back and Tecnica Phnx 100. 

Accordingly, this type of test enables to scrutinize the behaviour of the abovementioned 

ski boots when a human person performs forward flexion and backward extension 

movements. 

The focus is to simulate the flexion and the extension movements through the machines. 

The velocity of the motion is maintained at about 20 [°/sec] circa. 

 

 

5.1. Aim of the Test 
The data resulting from this section of the analysis of the ski boots are useful as they 

make it possible to compare them with the data obtained in the other type of the tests 

(test in vitrio and test in field). 

Accordingly, the test in vivo is takes place in Padua’s laboratory of Bio-Mechanics in 

Padua.  

The four type of ski boots are the subject matter of the research, which are tested 

through the machine: on each type of ski boot a procedure involving a great degree of 

repeatability is performed. It is pivotal to notice the importance of the repeatability, as it 

enables the comparison of the results between tests. 
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This was done by using dynamometric platform to measure the behaviour of the vertical 

force during the test, markers and optoelectronics system able to import the human 

movements during the ski-simulation, electrogoniometers to measure the angles 

between tibia-shell and shell-cuff. 

 

 

5.2. Instrumentation 
The Bio-Mechanics in Padua was fundamental in order to carry out the test in vivo as it 

provided the perfect place and the necessary tools for the experimentations to take 

place. 

Accordingly, the following tools have been used: 

 

 Optoelectronic system; 

 Electro-goniometers; 

 Dynamometric platform; 

 Ski; 

 Ski boots. 

 

 

5.2.1.The Optoelectronics System 

This system of measurement is based on infrared cameras, infrared illuminators and 

passive reflective markers. 

The passive markers are to be recognized on the basis of an initial static positioning and 

a model of anatomic arrangement. 

 

 

Figure 5.1 Marker. 
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 It is an invasive application because markers need to be applied on the subject's skin, 

besides this application can be done on a restricted volume. 

 

 

Figure 5.2 Infrared Cameras and BTS program (SmartCapture) 

 

With this technology to be able to calculate the three dimensional position of a marker, 

but only if the marker is captured by at least two cameras.  

For each camera it is possible to draw the straight line passing that passes optical centre 

of the lens and the sensor point where the marker is projected. 

The marker is located at the intersection of the two straight lines. 

Before carrying performing, it is however necessary to carry out adjust with calibration 

of the system. 

During the calibration procedure, cameras detect a set of axes which is the build up 

reference system. For each chamber, the position and orientation, as well as the focal 

length, the position of the optical center and distortion parameters are then calculated. 

With the resulting it is possible to perform three dimensional reconstruction 
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5.2.2.Electrogoniometer  

Electrogoniometers are among the first systems used for the analysis of human 

movement. These are special sensors capable of measuring the angle between two 

segments. 

The main limitations of these tools are the limited accuracy and the disturbance on the 

subject due to the impediment caused by the wires or the very presence of 

electrogoniometer’s part on the body. 

  

 

Figure 5.3 Electrogoniometer. 

 

 

5.2.3.The Dynamometric Platform 

The dynamometric platform measures the force that is applied on it. In detail, the aim of 

this system is to supply an electric signal that is proportional to the force applied. 

The principle works always as follows a force causes a deformation of the platform and 

four load cells positioned in four angles measure the three components along the X-Y-Z 

axis. 

The system allows the analysis of the static and dynamic characteristics.  

As far as the static characteristic is regarded, it can measure static stability; whereas the 

dynamic characteristic focuses on three reactions with the ground, the COP position 

(centre of pressure) and the bending moment generated by a friction coefficient of 

ground too. 
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Scheme of a dynamometric platform. 

 

 

5.2.4.Ski and ski boot 

Given a ski, it is positioned and eventually fixed on the dynamics platform with the help 

of two clamps. The ski taken into consideration are the same that have been tested in 

both the Padua’s and Longarone’s work benches. 

 

 

Figure 5.4 The ski boot wore by a tester and jointed to the ski. 
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5.3. Procedure 
The analysis of the bending moment between the tibia and the shell, is one of the 

principal parameters measured in the work this thesis focused on. 

The measurement of the moment at the human body's ankle took placed in the Bio 

Mechanics Laboratory, where a human tester has simulated a ski movements. 

Besides, considering that the optoelectronics system enables record straight the 

trajectories of the malleolus while the tester wears the ski boot. In this regards, it was 

necessary to introduce a procedure which mede possible to find the position of the 

malleolus on the software. As a result, it is applied a cluster of the markers on the 

tester's tibia was applied (three markers which are fixed on a “T” shaped Aluminium 

element, which is jointed on the tibia with some adhesive tape). 

The first step of the test are essential in order to determine the ideal dimensions of the 

Aluminium element and if its application point enable lesser movements compared with 

tibia. 

The following Figure 5.5 shows three different positioning on the “T” element. 

 

 

Figure 5.5 The three positions tested in my analysis. 

 

 

The results of this trial test demonstrate how the first position is better than the others 

and therefore it has been selected as the configuration to employ. 
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5.4. The Foot’s Static Analysis  
By employing the first configuration of the cluster, the recording of the signals of the 

optoelectronics system were possible. In addition to this configuration, two more 

markers were added one in correspondence to the medial and lateral malleulus. and one 

along the cross between the head of the fibula and the lateral malleolus. To human 

tester, it is asked to stand  into a calibration volume, thus the recording of the signal 

starts. 

Before the application of the sensor, the human tester's leg is prepared  

. Accordingly, the markers on the malleolus are fixed on the skin with some double 

adhesive tape, while the "T" element is fixed on it with additional "kinesiotape" (the 

"kinesiotape" has high perspiration resistance and is comfortable when moving). 

 

 

Figure 5.6 The executive protocol for the foot’s static analysis. 

 

 

The aim of this data acquisition is worked up to obtain with high precision the 

coordinates of the malleulos, body of the tibia and the element "T".  

This method is allowed to obtain the same coordinates in the dynamics test.  
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5.5. Dynamics Analysis 
As far as the simulation of the ski is concerned, the markers are placed on the external 

surface of the ski boot. The application points are the posterior surface, the inferior 

surface of the gambit and between the tibia and the shell. This arrangement of the 

markers allows to calculate two angles: 

 

 the angle between the gambit and the shell; 

 the angle between the tibia and the shell. 

 

The pictures below show the application points of the marker of the four ski selected 

boots. 

 

 

Figure 5.7 (A)Tecnica, Phnx 100; (B) Nordica, Hell and Back; (C) Nordica, 

Firearrow; (D) Dalbello, Krypton. Illustration of the application points of the 

markers. 
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Other two markers are positioned on the dynamometric platform on a posterior and an 

anterior points along the flexion/extension direction.  

The ski is in-built only with the dynamometric platform rather than with the ground of 

the laboratory. 

 

 

Figure 5.8 The ski fixed on the dynamometric platform 

 

 

The same procedure is employed in every test. The procedure starts when the human 

tester picks up his/her ski boot for 5 seconds. Then he/she joints the ski boot with the 

ski binding and after that remains in a in neutral position (with the his/her weight on the 

other leg). In this regards, the tester can simulate the ski movements, with 5 "soft" 

flexions of the leg, a pause of 5 second and finally 5 "strong" flexions. 
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Chapter 6 :   Test Protocols 
 

 

 

In order to be able to characterize the ski boots according to the given parameters (Flex 

Index, K5,K15 and Progression) different tests have been performed using the following 

definite protocols in accordance with the correspondent work bench. 

Accordingly, the test are: 

 

 test in Padua’s work bench (Padua Torsion Unit); 

 test in Padua’s work bench (Padua Fixed Unit); 

 test in Padua’s laboratory of Bio mechanics; 

 test in Longarone’s workbench (Longarone Fixed Unit). 

 

 

6.1. Torsion Unit’s Protocol 
In this part of the analysis, the test consists of many differentiated steps for each ski 

boot. 

The analysis is divided in two main sections. The first section takes into account the 

action of variations the weight, whereas the second one neglects this variable. 

Starting with the latter section, that ignores the weight factor, the procedure follows 

these passages: 

 

 the prosthetic leg is inserted into the ski boot; 

 the closure of the buckles is defined by a "closing code", which is kept constant, 

and a sequence of the four numbers: (1)-(2)-(3)-(4). 



74 
 

 

 

 

Figure 6.1 Sequence of the four numbers used for the definition of the "closing 

code" 

 

 

 the closing code depends on the regulation of the "micrometric-screw" (the 

closing code, mentioned below, has been employed in every work bench). 

 The "closing codes" of the six analysed ski boots are: 

 

o Dalbello Krypton: 2-3-2; 

o Nordica Fire Arrow: 2-2-3; 

o Nordica Hire&Back: 2-4-2 

o Tecnica PHNX 100: 2-2-3-2; 

o Head Vector: 2-2-4-3; 

o Head Edge: 2-3-2-1; 

o Tecnica Orange: 2-3-4-3; 

o Nordica “Black”: 2-3-5-5. 

 

The values of the abovementioned codes are equivalent to a closing force of 

about 10÷12 [kg] (circa). 
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In order to obtain this closing force and these closing codes, the number of the 

turns of the micrometric-screw (starting from the position where it is totally 

screwed in) are counted for each buckle: 

 

o Dalbello Krypton: 2-3-2 

 buckle-1: +4 turns 

 buckle-2: +1 turns 

 buckle-3: +4 turns 

 

o Nordica Fire Arrow: 2-2-3 

 buckle-1: +1 turns 

 buckle-2: +0 turns 

 buckle-3: +4 turns 

 

o Nordica Hire&Back: 2-4-2 

 buckle-1: +1 turns 

 buckle-2: +0 turns 

 buckle-3: +5 turns 

 

o Tecnica PHNX 100: 2-2-3-2 

 buckle-1: +0 turns 

 buckle-2: +1 turns 

 buckle-3: +2 turns 

 buckle-4: +0 turns 

 

o Head Vector: 2-2-4-3 

 buckle-1: +4 turns 

 buckle-2: +4 turns 

 buckle-3: +4 turns 

 buckle-4: +3 turns 

 

o Head Edge: 2-3-2-1 

 buckle-1: +0 turns 
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 buckle-2: + 0 turns 

 buckle-3: +0 turns 

 buckle-4: +0 turns 

 

o Tecnica “Orange”: 2-3-4-4 

 buckle-1: +0 turns 

 buckle-2: +0 turns 

 buckle-3: +0 turns 

 buckle-4: + 0turns 

 

o Nordica “Black” 2-3-5-5 

 buckle-1: +0 turns 

 buckle-2: + 0turns 

 buckle-3: + 0turns 

 buckle-4: + 0turns 

 

 the lever arm of the prosthetic leg is fixed with the metal arm, which is attached 

to the motor spindle of the torsion machine; 

 the ski boot is jointed to the ski binding, which is attached to the second spindle 

(the second motor spindle works like a load cell); 

 the prosthetic leg is ran to the neutral position; 

 with a function of the torsion machine ("Function Generator"), the setup of the 

artificial foot inside the ski boot is searched, thus  generating a displacement 

cycle (usually a cycle with an amplitude of the 7÷8 [°] around the initial neutral 

position and with a frequency of the 1÷2 [Hz]); 

 the prosthetic leg is ran to the definitive neutral position, or rather the position 

according to which the measuring of the bending moment on the ski boot is null; 

 the application of the procedure, with a forward flexion of 15[°] and a backward 

extension of 5[°] in respect to the neutral position, with different angular 

velocities: 

 

o 𝜔 = 20 °
𝑠𝑒𝑐⁄  

o 𝜔 = 50 °
𝑠𝑒𝑐⁄  
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o 𝜔 = 80 °
𝑠𝑒𝑐⁄  

 

 the acquisition of the data; 

 the elaboration of the data.  
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Now turning to the former section of the abovementioned analysis, the one taking into 

account the weight variable, it can be noticed how different loading conditions are 

employed. The conditions are chosen considering also the Ski-Tester’s test, which are 

carried out with a variation of loads oscillating from 50 [kg] to 140 [kg]. Having 

assumed this one vertical force of 40 [kg], one of 80 [kg] and one of 115 [kg] are 

chosen.  

 

 

Figure 6.2 The connection of the compressing air system (A), the connection of 

the pneumatic actuator with the prosthetic leg (B) and a picture of the profile of 

the system (C). 

 

 

The actuator SMC SDB 63-80 has a maximum value of the  pressure of 10 [bar] (1 

[MPa]), a bore of 63 [mm] and the stroke is 80 [mm]. 

Accordingly, the force and the section have been written as follows: 

 

𝐹1 = 40 ∗ 𝑔 = 400 [𝑁] 

𝐹2 = 80 ∗ 𝑔 = 800 [𝑁] 

𝐹3 = 120 ∗ 𝑔 = 1200 [𝑁] 

 

𝐹1 = 𝑆 ∗ 𝑝 = 400 [𝑁] 

𝐹2 = 𝑆 ∗ 𝑝 = 800 [𝑁] 

𝐹3 = 𝑆 ∗ 𝑝 = 1200 [𝑁] 
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𝑆 =
𝜋 ∗ 𝑑2

4
= 3,116 ∗ 10−3 [𝑚2] 

 

Where g is the gravity coefficient (𝑔 = 9.806 [𝑚
𝑠2⁄ ]), S is the section of the actuator, d 

is the diameter of the actuator and F is the force that the actuator has to apply on the 

prosthetic leg. 

Respectively, the values of the pressure can be inferred:  

 

𝑝1 =
𝐹1

𝑆
= 128370 [𝑃𝑎] = 1,3[𝑏𝑎𝑟] 

𝑝2 =
𝐹2

𝑆
= 256740 [𝑃𝑎] = 2,6 [𝑏𝑎𝑟] 

𝑝3 =
𝐹3

𝑆
= 385109 [𝑃𝑎] = 3,8 [𝑏𝑎𝑟] 

 

As far as the section with weight is concerned, the protocol procedes according to the 

following steps: 

 

 the prosthetic leg is inserted into the ski boot; 

 the buckles and the strap are closed according to the same "closing-code" and 

therefore with an equal closing force; 

 the lever arm of the prosthetic leg is fixed to the metal arm which is attached to 

the motor spindle of the torsion machine; 

 the ski boot is jointed to the ski binding that is attached to the second spindle 

(the second motor spindle works like a load cell); 

 the compressed air system is connected to the pneumatic actuator with a specific 

value of the pressure; 

 the prosthetic leg is ran to the neutral position; 

 with a function of the torsion machine ("Function Generator"), the setup of the 

artificial foot inside the ski boot is searched, generating a displacement cycle 

(usually a cycle with an amplitude of 7÷8 [°] around the initial neutral position 

with a frequency of 1÷2 [Hz]); 

 the prosthetic leg is ran to the definitive neutral position, or rather the position 

when the measuring of the bending moment on the ski boot is null; 
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 application of the procedure, with a forward flexion of the 15[°] and a backward 

extension of 5[°] in respect to the neutral position, and with different angular 

velocities: 

 

o 𝜔 = 20 °
𝑠𝑒𝑐⁄  

o 𝜔 = 50 °
𝑠𝑒𝑐⁄  

o 𝜔 = 80 °
𝑠𝑒𝑐⁄  

 

 the acquisition of the data; 

 the elaboration of the data. 
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6.2. Vivo Test’s Protocol 
The procedure has to be the same for each ski boot in order to obtain results that can be 

compared. 

The procedure of the test in vivo is defined in next list: 

 

 the IR cameras are arranged in the lab according to an "hexagon" disposition; 

 the three axis of the reference are positioned in the middle of the "hexagon" 

space which is formed by the cameras; 

 the volume of the space enclosed by the cameras is calibrated with a specific 

gesture of a wand axis; 

 employing some clamps, a ski is attached to a dynamometric platform; 

 the human tester wears the  ski boot, closes the buckles and joints the ski boot 

with the ski binding of the ski; 

 following a specific software protocol, the markers are applied on the subjecting 

point of the human tester; 

 

 

 

Figure 6.3 The human leg in the ski boot and the application points of the 

markers 

 

 

 the electrogoniometers are inserted in order to measure two angles: one between 

the shell and the cuff, the other between the tibia and the cuff; 
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Figure 6.4 The ski binding placed on the dynamometric platform and the 

application points of the elettrogoniometers 

 

 

 the movements of the tester are recorded (flexion and extension); 

 the software simultaneously tracks the moving trajectories with the movements 

of the tester (the 3D reconstruction of the trajectories of the markers and the 

correct association of the markers with the anatomical landmarks of the model). 

 Analysis of the acquisition data (filtering, correction and interpolation). 

 Processing data (evaluation of the kinematic / dynamics/ muscle) 
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6.3. Padua Fixed Unit’s Protocol 
The protocol of Padua Fixed Unit test bench follows a procedure which is similar to the 

one used with Longarone’s axial machine. 

However, this analysis only revolves around tests that do not taken into account the 

application of the “weight” on the prosthetic leg. 

The tests are divided into two parts: 

 

 in the first part, the analysis are performed at room-temperature ( T≈20 [°C] ); 

 in the second part, a freezer box is installed on the work bench, therefore the 

work-temperature is maintained under the threshold of 0 [°C], precisely T≈-20 

[°C]. 

 

In every section, the values of the axial velocity of the hydraulic ram are calculated so 

as to guarantee the angular velocity employied in other test benches: 20, 50 and 80 

[°/sec]. 

The protocol can be described as follows: 

 

 the prosthetic leg is inserted into the ski boot; 

 the closure of the buckles is defined according to the abovementioned "closing 

code" (the closing force of the buckles is 10 ÷12 [kg]); 

 the "closing code" of the six ski boot analyzed are: 

 

o Dalbello Krypton: 2-3-2; 

o Nordica Fire Arrow: 2-2-3; 

o Nordica Hire&Back: 2-4-2 

o Tecnica PHNX 100: 2-2-3-2; 

o Head Vector: 2-2-4-3; 

o Head Edge: 2-3-2-1; 

o Tecnica Orange: 2-3-4-3; 

o Nordica “Black”: 2-3-5-5. 

 

 the ski boot is attached to the ski binding (the ski binding used in the torsion test 

bench); 
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Figure 6.5 The "Ski binding" employed in Padua’s axial work bench 

 

 

 the position of the ski binding can vary for each ski boot. And can therefore be 

modified according the regulation of the support of the ski binding. The support 

is clutched with the bench through four "mobile constrains". 

 

 

Figure 6.6 The mobile constrains" used for fixing the "Ski binding". 
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 the hydraulic ram is connected to the connecting rod; 

 

 

Figure 6.7 The connecting rod, which is attached to the hydraulic actuator (the 

extremity on the left) and to the prosthetic leg (the extremity on the right). 

 

 

 the connecting rod is connected to the prosthetic leg; 
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Figure 6.8 From the left to the right: hydraulic ram, the rod and the prosthetic 

leg into the ski boot. 

 

 

 with the function of the MTS axial machine called "Manual-Command: Force-

control", the actuator is brought the position where the force is null (this neutral 

position is not definitive); 

 with the function of the MTS machine called "Function Generator", the setup of 

the artificial foot inside the ski boot is looked for a displacement cycle (usually 

10  cycles with an amplitude of ±20 mm [°] around the initial neutral position 

with a frequency of 1÷2 [Hz]); 

 with the "Manual Command: Force-control" the actuator is brought to the 

definitive neutral position; 

 the procedure used is defined by a flexion of +15 [°] and an extension of -5 [°] 

in respect to the neutral position. The angular velocities and the angles are 
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translated in the axial machine’s strake and they are calculated for the different 

conditions (the conditions are normalized to the neutral position): 

 

1. with the prosthetic leg PPS, the parameters are: 

 

𝑥0 = 0 [𝑚𝑚]; 

𝑥+ 𝑓𝑙𝑒𝑥𝑖𝑜𝑛 = +88 [𝑚𝑚]; 

𝑥− 𝑒𝑥𝑡𝑒𝑛𝑠𝑖𝑜𝑛 = −30 [𝑚𝑚]; 

 

𝜔𝐴 = 20 °
𝑠𝑒𝑐⁄  → 𝑥1 = 138[𝑚𝑚/𝑠]; 

𝜔𝐵 = 50 °
𝑠𝑒𝑐⁄  → 𝑥2 = 330 [𝑚𝑚/𝑠]; 

𝜔𝐶 = 80 °
𝑠𝑒𝑐⁄  → 𝑥2 = 526 [𝑚𝑚/𝑠]; 

 

 

2. with the prosthetic legs PLR and PLS, the parameters are 

 

𝑥0 = 0 [𝑚𝑚]; 

𝑥+ 𝑓𝑙𝑒𝑥𝑖𝑜𝑛 = +88 [𝑚𝑚]; 

𝑥− 𝑒𝑥𝑡𝑒𝑛𝑠𝑖𝑜𝑛 = −30 [𝑚𝑚]; 

 

𝜔𝐴 = 20 °
𝑠𝑒𝑐⁄  → 𝑥1 = 138 [𝑚𝑚/𝑠]; 

𝜔𝐵 = 50 °
𝑠𝑒𝑐⁄  → 𝑥2 = 330 [𝑚𝑚/𝑠]; 

𝜔𝐶 = 80 °
𝑠𝑒𝑐⁄  → 𝑥2 = 526 [𝑚𝑚/𝑠]; 

 

 the acquisition of the data (with a sample-frequency: 1 [kHz]; 

 the elaboration of the data. 

 

In the second part of this analysis, a freezer room is installed on the work bench. the 

freezer employed is set to amount to a constant temperature T = -20 [°C]. 

The procedure performances in this section is the same, other than the conditioning of 

the ski boot. In this analysis, the principal parameter is the temperature and the 

conditioning process has needed to a specific time. Accordingly, the ski boot is placed 

into the freezer room for the whole night and in the morning it is tested. The 
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temperature of the  ski boot's parts has to be constant and the thermal gradient between 

the external surfaces and the prosthetic leg has to be null The thermocouple is inserted 

into the ski boot, between the prosthetic leg and the boot, thus the temperature is 

measured. 

The procedure of this protocol can be described as follows: 

 

 the prosthetic leg is inserted into the ski boot; 

 the closure of the buckles is defined according to the abovementioned "closing 

code" (the closing force of the buckles is closed to 10 ÷12 [kg]); 

 the "closing code" of the six analysed ski boots are: 

 

o Dalbello Krypton: 2-3-2; 

o Nordica Fire Arrow: 2-2-3; 

o Nordica Hire&Back: 2-4-2 

o Tecnica PHNX 100: 2-2-3-2; 

o Head Vector: 2-2-4-3; 

o Head Edge: 2-3-2-1; 

o Tecnica Orange: 2-3-4-3; 

o Nordica “Black”: 2-3-5-5. 

 

 the ski boot is attached to the ski binding (the ski binding used in the torsion test 

bench); 

 the position of the ski binding can vary for each ski boot, and can therefore be 

modified according the regulation of the support of the ski binding. The support 

is clutched with the bench four "mobile constrains". 

 the hydraulic ram has a cylindrical-extension which goes through the cabin of 

the freezer. The extension element is connected to the connecting rod; 

 the connecting rod is connected to the prosthetic leg; 
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Figure 6.9 The extension of the hydraulic ram, the connecting rod and the ski 

boot in the freezer room. 

 

 

 the filament of the thermocouple is inserted into the freezer room and its sensor 

is positioned between the prosthetic leg and the ski boot; 
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Figure 6.10 The thermocouple. 

 

 

 the freezer is closed and it is necessary to wait for the conditioning process of 

the ski boot (approximatively the whole night); 

 with the function of the MTS axial machine called "Manual-Command: Force-

control", the actuator is brought to the position where the force is null (this 

neutral position is not definitive); 

 with the function of the MTS machine called "Function Generator", the setup of 

the artificial foot inside the ski boot is looked for a displacement cycle (usually 

10  cycles with an amplitude of ±20 mm [°] around the initial neutral position 

with a frequency of 1÷2 [Hz]); 

 with the "Manual Command: Force-control" the actuator is brought to the 

definitive neutral position; 

 the procedure performed on the other work bench is defined by a flexion of +15 

[°] and an extension of -5 [°] in respect to the neutral position. The angles are 

translated into strake of the axial machine: 

 

o the flexion of +15 [°] corresponds to +88 [mm] in respect to the 

neutral position; 

o the extension of -5 [°]corresponds to -30 [mm] in respect to the 

neutral position; 
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 The axial velocity �̇� is defined in [Hz] and for tests, the results of the angular 

velocities of the prosthetic leg are: 

 

{
𝜔1 = 𝜃1̇ = 17,4 [°/ sec]

�̇�1 = 0,5 [𝐻𝑧]
  

 

{
𝜔2 = 𝜃2̇ = 34,8 [°/ sec]

�̇�2 = 1 [𝐻𝑧]
  

 

{
𝜔3 = 𝜃3̇ = 69,8 [°/ sec]

𝑥3̇ = 2 [𝐻𝑧]
 

 

 Acquisition of the data (with a sample-frequency: 1 [kHz]); 

 Elaboration of the data. 
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6.4. Longarone Fixed Unit’s Protocol 
The behaviour of the ski boots is valued according to another type of analysis. This 

system concerns in an axial machine (MTS).  

The procedure develops according the following steps: 

 

 the "ski binding", which is composed by two blocks characterized by a high 

stiffness (the two block are made up by Aluminium and Aluminium’s alloy ), is 

fixed on the principal structure. The anterior block is kept in stationary position 

with two clamps and a thickness piece that is made up by wood, and two 

clamps;  

 

 

 

Figure 6.11 The anterior block (in the first picture) and backward block (second 

picture). 
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 the prosthetic leg is inserted into the ski boot; 

 the ski boot is attached with the "ski binding"; 

 the closure of the buckles is defined according to the abovementioned "closing 

code" (the closing force of the buckles is closed to 10 ÷12 [kg].); 

The "closing code" of the six analysed ski boots are: 

 

o Dalbello Krypton: 2-3-2; 

o Dalbello Vantage: 4-5-12-10; 

o Head Vector: 2-2-4-3; 

 

The closing force of any buckle is measured through a manual load cell. 

 

 

Figure 6.12 The manual load cell employed in measuring of the closing force of 

single buckle. 

 

 

 an extremity of the rod is attached with an extremity of the axial machine 

(MTS); 
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Figure 6.13 In the part below of the figure the extremity of the axial machine 

that is jointed with the rod through a junction. 

 

 

 the other extremity is connected to the extremity of the prosthetic leg; 
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Figure 6.14 The other extremity of the rod is jointed with the prosthetic leg by 

another junction. 

 

 

 the bench of the axial machine is on fixed and the gap between the centre of the 

axial machine and the hinge of the ski boot can be measured; 
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Figure 6.15 The lever arm between the centre of the axial machine and the hinge 

of the ski boot. 

 

 

 with the function of the MTS axial machine called "Manual-Command: Force-

control", the actuator is brought in the position where the force is null (this 

neutral position is not definitive); 

 with the function of the MTS machine called "Function Generator", the setup of 

the artificial foot inside the ski boot is looked for a displacement cycle (usually 

10  cycles with an amplitude of ±20 mm [°] around the initial neutral position 

with a frequency of 1÷2 [Hz]); 

 with the "Manual Command: Force-control" the actuator is brought to the 

definitive neutral position; 

 the procedure used is defined by a flexion of +15 [°] and an extension of -5 [°] 

in respect to the neutral position. The angular velocities and the angles are 
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translated in the axial machine’s strake and they are calculated for the different 

conditions (the conditions are normalized to the neutral position): 

 

1. with the prosthetic leg PPS, the parameters are: 

 

𝑥0 = 0 [𝑚𝑚]; 

𝑥+ 𝑓𝑙𝑒𝑥𝑖𝑜𝑛 = +88 [𝑚𝑚]; 

𝑥− 𝑒𝑥𝑡𝑒𝑛𝑠𝑖𝑜𝑛 = −30 [𝑚𝑚]; 

 

𝜔𝐴 = 20 °
𝑠𝑒𝑐⁄  → 𝑥1 = 138[𝑚𝑚/𝑠]; 

𝜔𝐵 = 50 °
𝑠𝑒𝑐⁄  → 𝑥2 = 330 [𝑚𝑚/𝑠]; 

 

𝑙𝑒𝑣𝑒𝑟 𝑎𝑟𝑚 = 385 [𝑚𝑚]; 

 

2. with the prosthetic legs PLR and PLS, the parameters are 

 

𝑥0 = 0 [𝑚𝑚]; 

𝑥+ 𝑓𝑙𝑒𝑥𝑖𝑜𝑛 = +88 [𝑚𝑚]; 

𝑥− 𝑒𝑥𝑡𝑒𝑛𝑠𝑖𝑜𝑛 = −30 [𝑚𝑚]; 

 

𝜔𝐴 = 20 °
𝑠𝑒𝑐⁄  → 𝑥1 = 138 [𝑚𝑚/𝑠]; 

𝜔𝐵 = 50 °
𝑠𝑒𝑐⁄  → 𝑥2 = 330 [𝑚𝑚/𝑠]; 

 

𝑙𝑒𝑣𝑒𝑟 𝑎𝑟𝑚 = 385 [𝑚𝑚]; 

 

 



98 
 

 

Figure 6.16 The Neutral position (F=0), the boundary values of the maximum 

flexion (+88 [mm]) and maximum extension (-30 [mm]); 

 

 

 

1. with the prosthetic legs PIR and PIS, the absolute neutral position 

𝑥0, the absolute maximum and minimum values which they 

correspond to the maximum flexion and extension (+15 [°] and -5 

[°] in respect to the neutral position) are: 

 

𝑥0 = 0 [𝑚𝑚]; 

 𝑥+ 𝑓𝑙𝑒𝑥𝑖𝑜𝑛 = 148 [𝑚𝑚]; 

𝑥− 𝑒𝑥𝑡𝑒𝑛𝑠𝑖𝑜𝑛 = −50 [𝑚𝑚]; 

 

𝜔𝐴 = 20 °
𝑠𝑒𝑐⁄  → 𝑥1 = 224 [𝑚𝑚/𝑠]; 

𝜔𝐵 = 50 °
𝑠𝑒𝑐⁄  → 𝑥2 = 500 [𝑚𝑚/𝑠]; 

 

𝑙𝑒𝑣𝑒𝑟 𝑎𝑟𝑚 = 630 [𝑚𝑚]; 
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Figure 6.17 The lever arm between the centre of the axial machine and the hinge 

of the ski boot. 

 

 

 the test of any ski boot are repeated three times and for each angular velocity 

(for the repeatability); 

 the acquisition of the data (with a sample-frequency: 1 [kHz]); 

 the elaboration of the data. 

 

In the second part of this test, the ski boot and the axial MTS system are placed into a 

freezer room. 
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Figure 6.18 The ski boot inside the freezer room and the filament of the 

thermocouple 

 

 

The freezer has a digital thermostat which make it possible to regulate the temperature 

inside the cabin. In this regards, a thermocouple is employed for a accurate 

measurement of the temperature and its sensor is placed near of the ski boot. 

The tests are repeated for two temperature’s steps by putting inside the freezer-room: 

 

o TA = ambient temperature (≈ 22 ÷ 25 [°C]); 

o TC = -20 [°C]. 

 

 the acquisition of the data (with a sample-frequency: 1 [kHz]); 

 the elaboration of the data. 
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Chapter 7 :   Result's Reading 
 

 

 

In order to simplify the reading of the diagrams, the lettering is agreed upon as it can be 

seen in the  following list: 

 

I. The typology of the ski boot: 

 

 Dalbello Vantage: DLB-V. 

 

II. The test bench: 

 

 Longarone’s Fixed Unit: UFL. 

 

III. The prosthetic leg: 

 

 the prosthetic leg of Padua’s University of Mechanical Engineering:PPS; 

 the prosthetic leg with rigid rubber of Longarone’s DolomitiCert:PLR; 

 the prosthetic leg with soft rubber of Longarone’s DolomitiCert:PLS; 

 the prosthetic leg with rigid calf of Innsbruck University:PIR; 

 the prosthetic leg with rigid calf of Innsbruck University:PIS. 

 

IV. The closing code: 

 

 the closing code 𝑆1 𝑎𝑛𝑑 S2  of the each buckle is: 

 

o buckle 1: maximum value of closure; 
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o buckle 2: maximum value of closure; 

o buckle 3: a closing force value of 10÷11 [kg]; 

o buckle 4: a closing force value of 10÷11 [kg]. 

 

 

Figure 7.1  Index of each buckle. 

 

 

V. The angular velocity: 

 

 𝜔 = 20 [°/𝑠] : 20°𝑠𝑒𝑐; 

 𝜔 = 50 [°/𝑠] : 50°𝑠𝑒𝑐; 

 𝜔 = 80 [°/𝑠] : 80°𝑠𝑒𝑐. 

 

VI. The range of the angles: 

 

 +15 [°] and -5 [°] from the neutral angle: +15° − 5°. 

 

VII. The temperature of the test: 

 

 the temperature between 20 and 24 [°C]: 𝑇𝐴 

 

VIII. The vertical load applied to the prosthetic leg (to simulate the human 

weight): 

 

 the zero value of the load: 𝐿0 
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Chapter 8 :   Elaboration Data 
 

 

 

The elaboration of the data is an important phase of the protocol because it is the step 

where the results are defined. 

The output data of the different test benches are: 

 

 in the Torsion MTS machine, the data are the angle between the Tibia and the 

Shell (𝜗𝑇𝑖𝑏𝑖𝑎/𝑆ℎ𝑒𝑙𝑙 [°]) and the torque measured by the load cell 

(𝑀𝑜𝑚𝑒𝑛𝑡 [𝑁 𝑚]); 

 in the axial MTS machine in Longarone, the data are the stroke of the hydraulic 

ram (𝑆 [𝑚𝑚]) and the axial force meausred by the load cell along the actuator 

(𝐹 [𝑁]); 

 in the axial MTS machine in Padua, the data are the stroke of the hydraulic ram 

(𝑆 [𝑚𝑚]) and the axial force meausred by the load cell along the actuator 

(𝐹 [𝑁]). 

 

 

 

8.1. Elaboration Data in UPT 
The measuring values of the 𝜗𝑇𝑖𝑏𝑖𝑎/𝑆ℎ𝑒𝑙𝑙 are the absolute angles. They are normalized to 

the "neutral" angle. 

The measuring of the torque moment is the bending moment that is applied to the 

prosthetic leg and so therefore the ski boot. 
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The diagram between these two parameters that can be inferred is shown in the Figure 

8.1 below. 

 

 

Figure 8.1 The hysteresis cycle obtained in the Torsion MTS machine. 

 

 

By assuming an error value of ± 2 [°], the average of all the values of the bending 

moment between 12 [°] and 8 [°] defines the engineering Flex Index (from neutral 

position: 10 [°] + 2 [°] and 10 [°] - 2 [°]). 

With equal criteria (an error value of ± 2 [°]) the parameters K5 and K15 are defined. 

The K5 and the K15 define the shape of the curve in the loading segment ( these values 

are shown in the Figure 8.1 above through "red" and "green" segments). 

The relationship between the K15 and the K5 is the Progression. 

The hysteresis area included between the loading and unloading segment of the cycle, is 

implemented in the Matlab-Program. The program makes a subtraction between the 

area below the "loading segment" and the area below the "unloading segment". 
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8.2. Elaboration Data in UPF 
The elaboration of the data is an important phase of the protocol because it is the stage 

where the results are defined and compared. 

The output data of the Fixed Unit in Padua : 

 

 the stroke of the hydraulic ram (𝑆 [𝑚𝑚]); 

 the axial force measured with the load cell along the actuator (𝐹 [𝑁]); 

 

 

The measuring of the hydraulic ram's stroke is converted into the prosthesis's angle 

𝜗𝑇𝑖𝑏𝑖𝑎/𝑆ℎ𝑒𝑙𝑙  with a conversion factor (CF). For instance, the inferred conversion factor 

can be: 

 

I. neutral position (absolute stroke and absolute angle):  

 

 𝑥0 = 0 [𝑚𝑚]; 

 𝜃0 = 17 [°]; 

 

II. maximum flexion's position (+15 [°] from neutral position): 

 

 𝑥+ = −89 [𝑚𝑚]; 

 𝜃+ = 32 [°]; 

 

 

III. minimum extension position (-5 [°] from neutral position): 

 

 𝑥− = +29 [𝑚𝑚]; 

 𝜃− = 12 [°]; 

 

𝑪𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏 𝑭𝒂𝒄𝒕𝒐𝒓 (𝑪𝑭) =  
|𝜃+| − |𝜃0|

|𝑥+| − |𝑥0|
=  

|𝜃0| − |𝜃−|

|𝑥−| − |𝑥0|
= 6,1 

 

𝜽𝑻𝒊𝒃𝒊𝒂/𝑺𝒉𝒆𝒍𝒍𝒊
=  𝐶𝐹 ∗ 𝑥𝑖   



106 
 

where the 𝑥𝑖 is the instantaneous measuring of the actuator's stroke and 𝜃𝑇𝑖𝑏𝑖𝑎/𝑆ℎ𝑒𝑙𝑙𝑖
is 

the instantaneous measuring of the angle between the tibia and the shell. 

Taking into consideration the measuring of the moment applied to the ski, the distance 

between the ski boot's hinge and the actuator's vertical axis are measured. This 

parameter is the lever arm of the force measured with the actuator's load cell. 

For the different prosthetic legs, the lever arms are: 

 

1. with the prosthetic leg PPS the lever arm is: 

 

 𝑙𝑃𝑃𝑆 = 385 [𝑚𝑚]; 

 

2. with the prosthetic legs PLR and PLS the lever arm is: 

 

 𝑙𝑃𝐿𝑅/𝑃𝐿𝑆 = 385 [𝑚𝑚]; 

 

In order to compare the different diagrams, all the moments are normalized. The 

hysteresis cycle is pushed through the zero (the centre of the diagram between the 

moment and the angle). 

The diagram that can be inferred from these two parameters in shown in the following 

Figure 8.2: 
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Figure 8.2 The hysteresis cycle obtained in Fixed Unit in Padua. 

 

 

By assuming an error value of ± 2 [°], the average of all the values of the moment 

measured between 12 [°] and 8 [°] defines the engineering Flex Index (from a neutral 

position: 10+2 [°] and 10 - 2 [°]). 

With an equal criteria (an error value of ± 2 [°]) the parameters K-5, K0, K5 and K15 are 

defined. The Ki coefficients define the shape of the curve in the loading segment of the 

cycle and in the proximity of a prearranged angle ( these values are shown in the Figure 

8.2 above according to the "light blue-segment" (K-5), the "green-segment" (K-0), the 

"orange-segment" (K5)  the "red" and the "red-segment" (K15)). 

 

The relationship between the K15 and the K5 is the Progression: 

 

𝑃𝑟𝑜𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛 =
𝐾15°

𝐾5°
 

 

The relationship between the K0 and the K-5 is the Progression 𝑃𝑟𝑜𝑔0°/−5°: 

 

𝑃𝑟𝑜𝑔0°/−5° =
𝐾0°

𝐾−5°
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The relationship between the K5 and the K0 is tre Progression 𝑃𝑟𝑜𝑔5°/0°. 

 

𝑃𝑟𝑜𝑔5°/0° =
𝐾5°

𝐾0°
 

 

The hysteresis area included between the loading and unloading segments of the cycle, 

is implemented through Matlab-Program. The program makes a subtraction between the 

area under the "loading segment" and the area under the "unloading segment". 

Accordingly, the result of the subtraction is the energy which is absorbed by the ski 

boot during the test. 

 

Figure 8.3 The hysteresis area. 
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8.3. Elaboration Data in ULF 

The output data of the Fixed Unit in Longarone : 

 

 the stroke of the hydraulic ram (𝑆 [𝑚𝑚]); 

 the axial force measured with the load cell along the actuator (𝐹 [𝑁]); 

 

 

The measuring of the hydraulic ram's stroke is converted into the prosthesis's angle 

𝜗𝑇𝑖𝑏𝑖𝑎/𝑆ℎ𝑒𝑙𝑙  with a conversion factor (CF). For instance, the inferred conversion factor 

can be: 

 

IV. neutral position (absolute stroke and absolute angle):  

 

 𝑥0 = 0 [𝑚𝑚]; 

 𝜃0 = 17 [°]; 

 

V. maximum flexion's position (+15 [°] from neutral position): 

 

 𝑥+ = −90 [𝑚𝑚]; 

 𝜃+ = 32 [°]; 

 

 

VI. minimum extension position (-5 [°] from neutral position): 

 

 𝑥− = +30 [𝑚𝑚]; 

 𝜃− = 12 [°]; 

 

𝑪𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏 𝑭𝒂𝒄𝒕𝒐𝒓 (𝑪𝑭) =  
|𝜃+| − |𝜃0|

|𝑥+| − |𝑥0|
=  

|𝜃0| − |𝜃−|

|𝑥−| − |𝑥0|
= 6 

 

𝜽𝑻𝒊𝒃𝒊𝒂/𝑺𝒉𝒆𝒍𝒍𝒊
=  𝐶𝐹 ∗ 𝑥𝑖   
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where the 𝑥𝑖 is the instantaneous measuring of the actuator's stroke and 𝜃𝑇𝑖𝑏𝑖𝑎/𝑆ℎ𝑒𝑙𝑙𝑖
is 

the instantaneous measuring of the angle between the tibia and the shell. 

Taking into consideration the measuring of the moment applied to the ski, the distance 

between the ski boot's hinge and the actuator's vertical axis are measured. This 

parameter is the lever arm of the force measured with the actuator's load cell. 

For the different prosthetic legs, the lever arms are: 

 

3. with the prosthetic legs PIR and PIS the lever arm is: 

 

 𝑙𝑃𝐼𝑅/𝑃𝐼𝑆 = 630 [𝑚𝑚]; 

 

4. with the prosthetic leg PPS the lever arm is: 

 

 𝑙𝑃𝑃𝑆 = 385 [𝑚𝑚]; 

 

5. with the prosthetic legs PLR and PLS the lever arm is: 

 

 𝑙𝑃𝐿𝑅/𝑃𝐿𝑆 = 385 [𝑚𝑚]; 

 

6. with the prosthetic legs PLR and PLS and the Longarone's grasping, the lever 

arm is: 

 

 𝑙𝑃𝐿𝑅/𝑃𝐿𝑆_𝐿𝑂𝑔𝑟𝑎𝑠𝑝 = 360 [𝑚𝑚]; 

 

The procedure of the comparison, the normalization of the bending moment and the 

calculation of the dependent variables follows the same step employed in the 

elaboration data of the UPF.  
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Chapter 9 :   Statistical Analysis 
 

 

 

As far as the statistical analysis is concerned, the parameters of the characterization of 

the ski boot and the prosthesis are studied from a different point of view. The statistical 

analysis evaluates a single test which is composed by 25 consecutive cycles. For every 

cycle applied to the ski boot, the analysis evaluates: 

 

 the engineering Flex Index; 

 the K5 coefficient; 

 the K15 coefficient; 

 the Progression; 

 the maximum value of the moment;  

 the minimum value of the moment. 

 

The aim of this analysis is to find the average value and the standard deviation of every 

parameter. Furthermore, the Chauvenet criterion is applied to find if a given data can be 

eliminated from the analysis. 

The analysis below is concerned with the PPS prosthetic test. 
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Table 9.1 The result’s tab of the eFI, the maximum and minimum of the moment. 
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Table 9.2 The result’s tab of the K5, the K15 and Progrssion. 
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In the next tab, the Chauvenet criterion is employed for the n experimental data. Taken 

a series of n experimental data, the values that show a distancing from the average value 

are to be eliminated from the analysis. The probability of a distancing from the average 

value is less than 1

2 𝑛
. 

The procedure is concerned with the calculation of: 

 

 the parameter average; 

 the standard deviation; 

 the parameter deviation 𝑠𝑖. 

 

Taken into a probability 𝑝 = 1 −
1

2∗𝑛
, 𝑧 is found from the 𝐹(𝑧) =

𝑝+1

2
 Table 9.3. 

When |𝑠𝑖| > 𝑧𝑙𝑖𝑚 the data can be rejected. 

 

 

Table 9.3 The 𝑭(𝒛) table (confidence: 95 [%]). 
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Table 9.4 The Chauvenet’s criteria. 

 

 

In the Chauvenet Table 9.4, the first cycle cannot be considered, whereas the other 

cycles are very similar and their deviation is little.  

The frequency diagram evidences a Gauss’ trend of the data, with a high frequency of 

the data in the middle of the curve. 
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Diagram 9.1 The frequency’s diagram of the engineering Flex Index. 

 

 

The measurement of the eFI is: 

 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = 0,9 

 

𝑒𝑟𝑟𝑜𝑟 = 0,192 [𝑁 𝑚] → 0,2 [𝑁 𝑚] 

 

𝑒𝐹𝐼 = 81,4 ± 0,2 [𝑁 𝑚] 
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Diagram 9.2 The frequency’s diagram of the maximum moment. 

 

 

The measurement of the maximum of the moment is: 

 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = 0,99 [𝑁 𝑚] 

 

𝑒𝑟𝑟𝑜𝑟 = 0,221 [𝑁 𝑚] → 0,2 [𝑁 𝑚] 

 

𝑀𝑚𝑎𝑥 = 107,0 ± 0,2 [𝑁 𝑚] 
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Diagram 9.3 The frequency’s diagram of the minimum moment. 

 

 

The measurement of the minimum moment is: 

 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = 0,87 [𝑁 𝑚] 

 

𝑒𝑟𝑟𝑜𝑟 = 0,196 [𝑁 𝑚] → 0,2 [𝑁 𝑚] 

 

𝑀𝑚𝑖𝑛 = −129,8 ± 0,2 [𝑁 𝑚] 
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Diagram 9.4 The frequency’s diagram of the K5 coefficient. 

 

 

The measurement of the K5 coefficient is: 

 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = 0,15 [𝑁 𝑚/°] 

 

𝑒𝑟𝑟𝑜𝑟 = 0,104 [𝑁 𝑚] → 0,1 [𝑁 𝑚] 

 

𝐾5 = 7,8 ± 0,1 [𝑁 𝑚] 
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Diagram 9.5 The frequency’s diagram of the K15 coefficient. 

 

 

The measurement of the K15 coefficient is: 

 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = 0,09 [𝑁 𝑚/°] 

 

𝑒𝑟𝑟𝑜𝑟 = 0,022 [𝑁 𝑚] → 0,1 [𝑁 𝑚] 

 

𝐾15 = 2,9 ± 0,1 [𝑁 𝑚] 

 



121 
 

 

Diagram 9.6 The frequency’s diagram of the Progression coefficient. 

 

 

The measurement of the Progression coefficient is: 

 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = 0,01 

 

𝑒𝑟𝑟𝑜𝑟 = 0,002 → 0,1 

 

𝑃𝑟𝑜𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛 = 0,37 ± 0,1  
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Diagram 9.7 The frequency’s diagram of the Hysteresis Area. 

 

 

The measurement of the Hysteresis Area is: 

 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = 1457,18 

 

𝑒𝑟𝑟𝑜𝑟 = 318 [𝑁 𝑚°] → 320 [𝑁 𝑚°] 

 

𝑃𝑟𝑜𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛 = 1524 ± 320 [ 𝑁 𝑚 °]  
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Chapter 10 :   Results 
 

 

 

The ski boots are tested according to different independent variables: 

 

 the work bench; 

 the temperature; 

 the prosthesis; 

 the angular velocity; 

 the vertical load (to simulate the weight of a given person). 

 

In order to understand the influence of these parameters, the hysteresis cycle of each ski 

boot is analysed and the different coefficients are extrapolated. 

The analysis of each cycle concerns the following comparisons: 

 

 the engineering Flex Index; 

 

 the maximum value of the bending moment 𝑀𝑚𝑎𝑥; 

 the minimum value of the bending moment 𝑀𝑚𝑖𝑛; 

 the relationship of the minimum and maximum moments 𝑅; 

 

 the shape of the "loading-segment" of the hysteresis cycle in the proximity of the 

angle  𝜃 = −5 [°]: 𝐾−5; 

 the shape of the "loading-segment" of the hysteresis cycle in the proximity of the 

angle  𝜃 = 0 [°]: 𝐾0; 
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 the shape of the "loading-segment" of the hysteresis cycle in the proximity of the 

angle  𝜃 = +5 [°]: 𝐾+5; 

 the shape of the "loading-segment" of the hysteresis cycle in the proximity of the 

angle  𝜃 = +15 [°]: 𝐾+15; 

 

 the progression between the angles 𝜃 = −5 [°] and 𝜃 = 0 [°] ∶  𝑃𝑟𝑜𝑔𝑟0/−5; 

 the progression between the angles 𝜃 = 0 [°] and 𝜃 = +5 [°] ∶  𝑃𝑟𝑜𝑔𝑟5/0; 

 the progression between the angles 𝜃 = +5 [°] and 𝜃 = +15 [°] ∶  𝑃𝑟𝑜𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛; 

 the progression between the angles 𝜃 = −5 [°] and 𝜃 = +5 [°] ∶  𝑃𝑟𝑜𝑔𝑟5/−5; 

 the progression between the angles 𝜃 = −5 [°] and 𝜃 = +15 [°] ∶  𝑃𝑟𝑜𝑔𝑟15/−5; 

 the progression comparison between the angles 𝜃 = 0 [°] and 𝜃 = +15 [°] ∶

 𝑃𝑟𝑜𝑔𝑟15/0; 

 

 the hysteresis area. 

 

 

In addition to the ski boot’s analysis, this work is concerned with the influence of the 

different independent variables. 

Firstly, a principal Table 10.1 featuring a vertical and a horizontal axis is defined. On 

the vertical axis there are all the ski boots taken into consideration, whereas on the 

horizontal one the independent variables with their variations are displayed. 
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Table 10.1 Indicative table. 
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Table 10.2 The work benches’ table: UPT, UPF and ULF. 
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It is interested to notice that there are infinite combinations between the principal 

independent variables and the underneath categories. For instance, taking into 

consideration the work bench principal variable, the different loads (L0, L40, L80, 

L110), prosthesis (PPS, PLR, PLS, PIR and PIS), temperature (T0 and T1) and angular 

velocities (are employed for each work unit , 50 and 80 [°/s) are employed. 

In this regards, initially the Table 10.2 has been carefully observed and the focus was 

shifted on the statistical analysis. For instance, carry on with the last example of the 

work bench, only the ski boots analysed in all the work benches are taken into account: 

in this case, the statistical analysis includes the ski boots tested without load, at the 

ambient conditions, using two angular velocities (20 and 50 [°/s]) and with PPS and 

PLR prosthesis.  

Therefore, a configuration is chosen as reference, whereas the others are normalized in 

accordance with the reference. As a result, a distancing percentage between the different 

configurations can be noticed. 
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10.1. Prosthesis’s Influence 
In order to study the effects of the five prosthetic legs, the Prosthesis’s Table 10.3 below 

shows that all the prosthesis are analysed only through the ULF work bench, at ambient 

temperature and without the vertical load’s application.  

The angular velocities employed are only 20 [°/s]. Both Innsbruck’s prosthesis have a 

bigger lever arm and their hysteresis cycles in the test with 50 [°/s] evidence a “loud” 

signal. For the other prosthesis both velocities are employed. 

Accordingly, by maintaining a constant work bench (that is, its load and its 

temperature), the analysis can be divided into two sections: 

 

1. the first section takes into account the 20 [°/s] and the analysed prosthesis (PPS, 

PLR, PLS, PIR and PIS); 

2. the second section takes into consideration the 50 [°/s] and the analysed 

prosthesis with this value of the velocity. 

 

Each section has its reference configuration and the results are finally included into a 

final total comparison between the reference prosthesis and the others. 

In this last comparison, the distancing percentage with the reference configuration is 

valued, and the influence of every independent variables are always defined with 

average value percentage with their errors. 
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Table 10.3 The distancing percentage between the PPS and the other prosthesis. 
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Table 10.4 Prosthesis’ Table. 
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Table 10.5 Hysteresis cycles of every prosthesis. 
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In the above Figure 10.5 the hysteresis cycles of the each prosthesis employed are 

shown. The reference cycle is the one close to the PPS (black cycle). 

In the figures below, the absolute values and the influence of the prosthetic leg for each 

parameter can be seen. 
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Table 10.6 Total absolute results. 
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Diagram 10.1  Total absolute results. 
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10.1.1. P.L.R.’s Influence 

The reference configuration has been defined as follows: 

 

 the reference work bench: ULF; 

 the reference temperature: TA; 

 the reference load: L0; 

 the reference velocity: 20 and 50 [°/s]; 

 the reference prosthesis: PPS. 

 

In this regards, the influence of the PLR in respect to the PPS involves different trends 

for every parameter. Here, as follows, the inferred results: 

 

 

Table 10.7 eFI’s and R’s results. 
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Table 10.8 K5’s and K15’s results. 

 

 

 

Table 10.9 Progression’s and Hysteresis Area’s results. 
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10.1.2. P.L.S.’s Influence 

The reference configuration has been defined as follows: 

 

 the reference work bench: ULF; 

 the reference temperature: TA; 

 the reference load: L0; 

 the reference velocity: 20 and 50 [°/s]; 

 the reference prosthesis: PPS. 

 

In this regards, the influence of the PLS in respect to the PPS involves different trends 

for every parameter. Here, as follows, the inferred results:. 

 

 

Table 10.10 eFI’s and R’s results. 
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Table 10.11 K5’s and K15’s results.  

 

 

 

Table 10.12 Progression’s and Hysteresis Area’s results. 
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For the two prosthetic legs of University of Innsbruck, the data of the 25 consecutive 

cycles applied for every test are assumed. According to the statistical analysis of 

Chapter 8, the error of every parameter results at about 1 [%]. In this cases, the error is 

increased to 10 [%]. and to 50 [%] for the hysteresis area. 

 

 

10.1.3. P.I.R.’s and P.I.S.’ Influence 

The reference configuration has been defined as follows: 

 

 the reference work bench: ULF; 

 the reference temperature: TA; 

 the reference load: L0; 

 the reference velocity: 20 [°/s]; 

 the reference prosthesis: PPS. 

 

In this regards, the influence of the PIR in respect to the PPS involves different trends 

for every parameter. 

 

 

Table 10.13 PIR’s results. 
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Table 10.14 PIS’s results. 
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10.1.4. Commenting in Results 

It is possible to notice that the repeatability of the effective Flex Index, R and K5 is less 

than 20 [%], whereas the other variables are included between 40 and 80 [%]. 

Taking into account both the Longarone’s prosthesis, the Flex Index, the relationship 

between the moments and the K5 are increase of 5 ÷10 [%]. The Innsbruck’s prosthesis 

tend to decrease these variables. 

The K15, the Progression and the Area are always bigger than the reference prosthetic 

leg, and their distancing percentages are over the 80 [%] 

The hysteresis cycles of the PLR and PLS do not present any pronounced difference. 

The hardness of the rubber has no influence. 

The cycles of PIR and PIS have an equal flexion, whereas, in the extension, the PIR is 

further stressed. This effect can be associated to the hardness of the calf. 
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10.2. Work Bench’s Influence 
Taken into consideration the work bench factor, the work benches’ Table 10.16 for this 

parameter is defined. In this regards, confronting the table and the available data, a 

configuration was designed as a reference for evidencing the work bench effect. 

The Table 10.16 below shows that the PPS and the PLR are tested at room temperature 

in every work bench, while always employing two values of angular velocity (20 and 50 

[°/s]). 

The analysis is kept constant at room temperature (TA) and without any vertical weight 

(L0). 

In particular, the analysis is divided into two underneath categories: the PPS use and the 

PLR use. 

For both categories, the two values of velocity are considered for every combination the 

tests in every work bench. 

 

 

Figure 10.1 Sketch of the scheme employed for the work bench’s analysis. 
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Every combination has the UPT as the reference. For instance, the comparison between 

the ski boots tested with all work benches, with 20 [°/s] and the PPS, has the following 

reference: 

 

 respectively, ski boot analysed with the PPS, 20 [°/s] and with the UPT work 

bench. 

 

The comparison between the ski boots tested with all work benches, with 50 [°/s] and 

with PPS has the following references: 

 

 respectively, ski boot analysed with the PPS, 50 [°/s] and with the UPT work 

bench. 

 

The comparison between the ski boots tested with all work benches, with 20 [°/s] and 

with the PLR has the following reference: 

 

 respectively, ski boot analysed with the PLR, 20 [°/s] and with the UPT work 

bench. 

 

The comparison between the ski boots tested with all work benches, with 50 [°/s] and 

the PLR has the following reference: 

 

 respectively, ski boot analysed with the PLR, 50 [°/s] and with the UPT work 

bench. 

 

 

The results of every comparison are collected into an single comparison that evidences 

the distancing percentage between the reference condition and the work bench’s effects. 

In the next Table 10.15 the total results with the UPT, as the reference work bench, are 

shown. 
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Table 10.15 The distancing percentage between the UPT and the other work benches. 
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Table 10.16 Work benches’s table. 
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Figure 10.2 Hysteresis cycles in every work bench. 
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In the Figure 10.2 above are shown an example of the hysteresis cycles employing the 

different work benches. The reference cycle is that about the UPT (black cycle). 

In the figures below, for each parameter the absolute values and the influence of the 

work bench are shown. 
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Figure 10.3 Total absolute results. 
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Figure 10.4 Total absolute results. 
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10.2.1. U.P.F.’s Influence 

The reference configuration is defined as follows: 

 

 the reference work bench: UPT; 

 the reference temperature: TA; 

 the reference load: L0; 

 the reference velocity: 20 and 50 [°/s]; 

 

 

Table 10.17 eFI’s and R’s results. 
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Table 10.18 K5’s and K15’s results. 
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Table 10.19 Progression’s and Hysteresis Area’s results. 
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10.2.2. U.L.F.’s Influence 

The reference configuration is defined as follows: 

 

 the reference work bench: UPT; 

 the reference temperature: TA; 

 the reference load: L0; 

 the reference velocity: 20 and 50 [°/s]; 

 

 

Table 10.20 eFI’s and R’s results. 

 

 

 

Table 10.21 K5’s and K15’s results. 
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Table 10.22 Progression’s and Hysteresis Area’s results. 
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10.2.3. Bio–Mechanics-Lab 

In the vivo analysis, four ski boots (Dalbello Krypton, Nordica FireArrow, Nordica Hell 

and Back, Tecnica Phnx) are tested through a human tester. These boots are analysed by 

using both Padua’s Units, UPT and UPF. Therefore, in the following comparison the 

absolute tendency of the dependent variables of only the UPT, the UPF and the 

Biomechanics laboratory is shown. 

The Table 10.23 below explains the correlations between the singular ski boot and the 

independent variables. 

The comparison between the ski boots tested with all work benches, at the room 

temperature, has the following reference: 

 

 respectively, ski boot analysed with PPS, 20 [°/s] and with UPT work bench. 

 

The results of each comparison are collected into an unvocal comparison that evidences 

the distancing percentage between the reference condition and the work bench’s effects. 
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Table 10.23 Work benches’ table. 
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In the figures below, for each parameter the absolute values and the influence of the 

work bench are shown. 
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Figure 10.5 Total absolute results. 
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Figure 10.6 Total absolute results. 
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10.2.3.1. Bio – Mechanics - Lab’s Influence 

The reference configuration is defined as follows: 

 

 the reference work bench: UPT; 

 the reference temperature: TA; 

 the reference load: L80; 

 the reference velocity: 20 [°/s]; 

 

 

Table 10.24 eFI’s and R’s results. 

 

 

 

Table 10.25 K5’s and K15’s results. 
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Table 10.26 Progression’s and Hysteresis Area’s results. 
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10.2.4. Commenting in Results 

It is possible to notice that the repeatabilities of respectively the effective Flex Index, R, 

K5, K15 and of the Progression are lesser than 35 [%], also the hysteresis area is 

included between 10 and 25 [%]. 

By taking into account both the Fixed Units in Padua, their distancing percentages from 

the reference are not excessive (30 [%]) except for the variable Area. 

It can be noticed how the work benches’ cycles are more different than the cycle of the 

test in vivo. The form of the latter is not similar, but considering the values of the 

dependent variable, the distancing is not so different (5 ÷20 [%]). A principal difference 

between the tests made by using the machines and those made by using the tester is the 

moment’s application, which is always constant in the units, whereas the human tester 

does not allow the application of a constant value of the stress. 
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10.3. Load’s Influence 
As far as the study of the effects of the vertical weight is concerned, the loads’ Table 

10.28 of this comparison is defined. The Table 10.28 shows how the “weight” load is 

employed only in the Unit Padua Torsion (UPT) work bench. The other axial benches 

are not predisposed to this application. 

Therefore, the UPT is taken into account as the reference test bench as a consequence of 

the room temperature (TA). 

As far as the prosthesis and the angular velocity are concerned, respectively the 

prosthesis are two (PPS and PLR), whereas the velocity employed are 20, 50 and 80 

[°/s]. 

The configurations of the loads applied are: 

 

 without the load: L0; 

 with 40 [N]: L40; 

 with 80 [N]: L80; 

 with 110 [N]. 

 

In particular, the analysis is divided into two subcategories: the use of the PPS and the 

use of the PLR. The PPS is tried on all the ski boots, whereas the other prosthesis on 

only two ski boots. The first category is chosen as the principal. 

Two values of velocity are considered and four load’s combinations are analysed. 

 

 

Figure 10.7 Sketch of the scheme employed for the load’s analysis. 
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Every combination has the UPT as the reference. For instance, the comparison between 

the ski boots tested with UPT work benches, with 20 [°/s] and with PPS has the 

following reference: 

 

 respectively, ski boot analysed with PPS, 20 [°/s] and without load (L0). 

 

The comparison between the ski boots tested with the UPT work benches, with 50 [°/s] 

and with PPS has the following reference: 

 

 respectively, ski boot analysed with PPS, 50 [°/s] and without load (L0). 

 

The results of every comparison are collected into an unvocal comparison that 

evidences the distancing percentage between the reference condition and the vertical 

load’s effects. 

In the next Table 10.27 are shown the total results with the L0 configuration as the 

reference load condition. 
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Table 10.27 The distancing percentage between the L0 and the other load’s conditions. 
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Table 10.28 Loads’ table. 
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Figure 10.8 Hysteresis cycles with the different loading conditions. 
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In the Figure 10.8 above the hysteresis cycles of the each load employed are shown. 

The reference cycle is the one about the L0 condition (black cycle). 

In the figures below, for each parameter the absolute values and the influence of the 

“weight load” are shown. 
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Figure 10.9 Total absolute results. 
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Figure 10.10 Total absolute results. 
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10.3.1. L 40’s Influence 

The reference configuration is defined as follows: 

 

 the reference work bench: UPT; 

 the reference temperature: TA; 

 the reference load: L0; 

 the reference velocity: 20 and 50 [°/s]; 

 the reference prosthesis: PPS. 

 

In this regards, the influence of the L40 condition in respect to the L0 involves different 

trends for every parameters. Here, as follows, the inferred results: 

 

 

Figure 10.11  eFI’s and R’s results. 
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Figure 10.12  K5’s and K15’s results.  

 

 

 

Figure 10.13 Progression’s and Hysteresis Area’s results. 
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10.3.2. L 80’s Influence 

The reference configuration is defined as follows: 

 

 the reference work bench: UPT; 

 the reference temperature: TA; 

 the reference load: L0; 

 the reference velocity: 20 and 50 [°/s]; 

 the reference prosthesis: PPS. 

 

In this regards, the influence of the L80 condition in respect to the L0 involves different 

trends for every parameters. Here, as follows, the inferred results: 

 

 

Figure 10.14 eFI’s and R’s results. 
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Figure 10.15 K5’s and K15’s results. 

 

 

 

Figure 10.16 Progression’s and Hysteresis Area’s results. 
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10.3.3. L 110’s Influence 

The reference configuration is defined as follows: 

 

 the reference work bench: UPT; 

 the reference temperature: TA; 

 the reference load: L0; 

 the reference velocity: 20 and 50 [°/s]; 

 the reference prosthesis: PPS. 

 

In this regards, the influence of the L110 condition in respect to the L0 involves 

different trends for every parameters. Here, as follows, the inferred results: 

 

 

Figure 10.17 eFI’s and R’s results. 
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Figure 10.18 K5’s and K15’s results. 

 

 

 

Figure 10.19 Progression’s and Hysteresis Area’s results. 
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10.3.4. Human weight 

In order to study the effect of the tester’s weight in respect to the loads applied in the 

torsion unit in Padua, an indicative Table 10.29 is defined and observed. Accordingly, 

the aim is to find the trends percentage of each dependent variable. 

Starting from the Table 10.29, this one explains the correlations between the single ski 

boot and the independent variables. 

The comparison between the ski boots tested with the UPT work bench, at the room 

temperature, has the following reference: 

 

 respectively, ski boot analysed with PPS, 20 [°/s] and with L0 load condition. 

 

The results of every comparison are collected into an unvocal comparison that 

evidences the distancing percentage between the reference condition and the load’s 

effects. 
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Table 10.29 Work benches’ table. 
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In the figures below, for each parameter the absolute values and the influence of the 

human’s weight are shown. 
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Figure 10.20 Total absolute results. 
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Figure 10.21 Total absolute results.  
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10.3.4.1. Human weight’s Influence 

The reference configuration is defined as follows: 

 

 the reference work bench: UPT; 

 the reference temperature: TA; 

 the reference load: L0; 

 the reference velocity: 20 [°/s]; 

 the reference prosthesis: PPS. 

 

In this regards, the influence of the tester’s weight condition in respect to the L0 

involves different trends of every parameters. Here, as follows, the inferred results: 

 

 

Figure 10.22 eFI’s and R’s results. 
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Figure 10.23 K5’s and K15’s results. 

 

 

 

Figure 10.24 Progression’s and Hysteresis Area’s results. 
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10.3.5. Commenting in Results 

It is possible to notice that the repeatabilities of respectively the effective Flex Index, R, 

K5, K15 and Progression are lesser than 30 [%]. The hysteresis area is included between 

15 and 30 [%]. 

The abovementioned analysis shows that there are not particular differences between 

the reference variable and the others.  

In the vivo test, a tester having a weight of 70 [kg] (700 [N]) is employed. The flexion 

is characterized by a portion of the cycle that is parallel to the others cycles. In the 

opposite direction, the distancing is clearly noticeable. This divergence can be 

associated to the different procedures employed: one by using of the prosthesis and one 

by using the real foot. The latter is covered by the muscles that have a notable influence 

on the forces and therefore on the bending moments. 
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10.4. Temperature’s Influence 
The study of the temperature’s effect is based on the relative temperature’s Table 10.31. 

As far as the TA temperature’s condition is concerned, all the ski boots are tested on all 

the work benches; whereas the TC temperature’s condition was possible only on the 

axial benches. 

The prosthesis tested with two temperature’s steps, are the PPS, PLR and PLS as a 

consequence of the load condition: the axial units have the L0 configuration in 

common. 

The analysis is divided in three subcategories depending on three prosthesis and on the 

work bench employed. 

 

 

Figure 10.25 Sketch of the scheme employed for the load’s analysis. 

 

 

Every prosthesis’s combination has the L0 and the 20 [°/s] as the references. For 

instance, the comparison between the ski boots tested without load (L0), with the 

prosthesis PPS and with the UPF has the following reference: 

 

 respectively, ski boot analysed with the PPS, the same work bench (UPF) and 

the room temperature TA. 
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The comparison between the ski boots tested without load (L0), with the prosthesis PPS 

and with the ULF has the following reference: 

 

 respectively, ski boot analysed with the PPS, the same work bench (ULF) and 

the room temperature TA. 

 

The comparison between the ski boots tested without load (L0), with the prosthesis PLR 

and with the ULF has the following reference: 

 

 respectively, ski boot analysed with the PLR, the same work bench (ULF) and 

the room temperature TA. 

 

The comparison between the ski boots tested without load (L0), with the prosthesis PLS 

and with the ULF has the following reference: 

 

 respectively, ski boot analysed with the PLS, the same work bench (ULF) and 

the room temperature TA. 

 

The results of every comparison are collected into an univocal comparison that 

evidences the distancing percentage between the reference condition and the 

temperature’s effect. 

  



187 
 

 

Table 10.30 The distancing percentage between the TA and the TC conditions. 



188 
 

 

Table 10.31 Temperature’s Table. 
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Figure 10.26 Hysteresis cycles of the TA and TC temperature. 
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In the Figure 10.26 above the hysteresis cycles of the each step of the temperature 

employed are shown. The reference cycle is that about the TA (black cycle). 

In the figures below, for each parameter the absolute values and the influence of the 

prosthetic leg are shown. 
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Figure 10.27 Total absolute results. 
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Figure 10.28 Total absolute results. 
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10.4.1. Temperature TC’s Influence 

The reference configuration is defined as follows: 

 

 the reference work bench: UPF; 

 the reference temperature: TA; 

 the reference load: L0; 

 the reference velocity: 20; 

 the reference prosthesis: PPS. 

 

In this regards, the influence of the TC condition in respect to the TA involves different 

trends for every parameter. Here, as follows, the inferred results:  

 

 

Figure 10.29 eFI’s and R’s results. 
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Figure 10.30 K5’s and K15’s results. 

 

 

 

Figure 10.31 Progression’s and Hysteresis Area’s results. 
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10.4.2. Commenting in Results 

It is possible to notice that the repeatabilities of all the dependent variables is included 

between 10 and 30 [%]. 

In respect to the reference configuration, the second condition (TC) is characterized by a 

sensible variation. The low temperature induces the stiffening of the ski boot’s material 

and this is the principal reason of the change of the hysteresis cycle. 

As far as the results are concerned, the effective Flex Index, the shapes in the near of 5 

and 15 [°] and the area are increased. Only the relationship between the maximum and 

the minimum bending moment is decreased. 

Taken into account the diagrams, the middle portion is characterized by the same 

tendencies both in the loading segment as in the unloading segment. About this 

behaviour, in that portion the ski boots are going through the neutral angle (where the 

bending moment applied is null) and the temperature’s effect has not the influence. 

The bigger influence is shown in the extremes of the range, where the material is so 

stressed. As a consequence that other than the neutral interval the shapes are increased. 
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10.5. Angular Velocity’s Influence 
The last independent variable is the test’s velocity. This effect is studied choosing three 

different values of it. 

In order to focus the analysis, the Velocity’s Table 10.33 is defined and valued. 

In the Table 10.33, the three values of the velocity is employed for every ski boot, every 

prosthesis and in every work bench except for the ULF (only 20 and 50 [°/s]) can be 

observed. 

The analysis is divided into three categories relative to the prosthesis. Each prosthesis is 

again subdivided into three categories that are relative to the three work benches. 

The analysis’s model adopted is shown in Figure 10.32 below. 

 

 

Figure 10.32 Sketch of the scheme employed for the velocity’s analysis. 

 

 

Every velocity’s combination has the L0 and the TA as the references. For instance, the 

comparison between the ski boots tested without load (L0), with the prosthesis PPS and 

with the UPT has the following reference: 
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 respectively, ski boot analysed with the PPS, the same work bench (UPT) and 20 

[°/s]. 

 

The comparison between the ski boots tested without load (L0), with the prosthesis PPS 

and with the UPF has the following reference: 

 

 respectively, ski boot analysed with the PPS, the same work bench (UPF) and 20 

[°/s]. 

 

The comparison between the ski boots tested without load (L0), with the prosthesis PPS 

and with the ULF has the following reference: 

 

 respectively, ski boot analysed with the PPS, the same work bench (ULF) and 20 

[°/s]. 

 

The same procedure is always adopted for each prosthesis. 

The results of every comparison are collected into an univocal comparison that 

evidences the distancing percentage between the reference condition and the angular 

velocity’s effect. 
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Table 10.32 The distancing percentage between the 20 [°/s] and the other conditions 50 and 80 [°/s]. 
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Table 10.33 The angular velocity’s table: 20, 50 and 80 [°/s]. 
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Figure 10.33 Hysteresis cycles of every prosthesis. 
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In the Figure 10.32 above the hysteresis cycles of the each value of the velocity 

employed are shown. The reference cycle is that about the 20 [°/s] (black cycle). 

In the figures below, for each parameter the absolute values and the influence of the 

angular velocity can be saw. 
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Figure 10.34 Total absolute results. 
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Figure 10.35 Total absolute results. 
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10.5.1. ω = 50[°/s] - Velocity’s Influence 

The reference configuration is defined as follows: 

 

 the reference temperature: TA; 

 the reference load: L0; 

 the reference velocity: 20 [°/s]. 

 

In this regards, the influence of 50 [°/s] in respect to 20 [°/s] involves different trends 

for every parameters. Here, as follows, the inferred results: 
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Figure 10.36 eFI’s and R’s results. 
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Figure 10.37 K5’s and K15’s results.  

 

 



207 
 

 

Figure 10.38 Progression’s and Hysteresis Area’s results. 
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10.5.2. ω = 80[°/s] - Velocity’s Influence 

The reference configuration is defined as follows: 

 

 the reference temperature: TA; 

 the reference load: L0; 

 the reference velocity: 20 [°/s]. 

 

In this regards, the influence of 80 [°/s] in respect to 20 [°/s] involves different trends 

for every parameters. Here, as follows, the inferred results: 

 

 

Figure 10.39 eFI’s and R’s results. 
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Figure 10.40 K5’s and K15’s results.  
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Figure 10.41 Progression’s and Hysteresis Area’s results. 
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10.5.3. Commenting in Results 

It is possible to notice that the repeatabilities of respectively the effective Flex Index, R, 

K5, K15 and Progression are lesser than 20 [%], whereas the hysteresis area is included 

between 30 and 60 [%]. 

This independent variable has not a significantly influence, looks like the load. 

The Flex Index is almost the same for each condition. The shapes have a slowly 

increase with the increase of the angular velocity. 

Taken into consideration the diagrams, the three cycles have different effective angles’ 

range. this problem is associated to the not perfect working of the unit. The samples’ 

frequency is not sufficient high to measure all the points of the cycle. Therefore with the 

increase of the velocity, the points measured are always smaller, as a consequence the 

decreasing of the hysteresis and the increasing of the distancing percentage on the 

strength of the reference. 

In this regards, the cycles are similar. 
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Chapter 11 :   Conclusions 
 

 

 

As a conclusion, it can be noticed how different factors can influence the ski boot’s 

behaviour. My study has been applied to different ski boots with different 

characteristics, brands and nominal Flex Index. 

The focus was on the closure of the buckles in order to determine a standard convention 

for their closure. The force that stresses the buckles during the test is not constant and 

its trend does not follow a linear function. 

Three work benches have been employed: one with swinging arm featuring two 

spindles (one applying and measuring the angle and the other one the moment); the 

other test benches feature two axial benches with relative linear hydraulic actuator 

having an extremity fixed. In these cases, the hysteresis curves depend on the setting of 

the machines. The conversion stroke/angle is possible only after the analysis of the 

kinematicism. 

On the swing arm test bench it was possible to apply an axial load along the Tibia’s 

axis, which simulated the human body’s weight. The system employed was adjusted 

according to a pressure gauge from 0 [bar] to 3,5 [bar], that is equivalent to 110 [kg]. 

The axial load does not contribute to the bending moment because the lever arm of the 

force in respect to the rotation centre is null. The linear work benches are not suitable 

for this type of effect (Axial-Load). Both axial work benches are composed by a 

hydraulic actuator connected to a rod that is jointed to the prosthesis. The axial units 

allow the study of the temperature’s effect because they were enclosed by a freezer 

room.  

The main boot characteristics that were studied, are: 

 

 the effective Flex Index; 
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 the tangent stiffness K5; 

 the Progression (the relationship between two tangents of the stiffness at two 

different angles to understand the behaviour of the curve between the points 

considered); 

 the hysteresis area AHyst. 

 

The closure of the buckles was controlled and kept constant using the same closing-

code (the positions of the buckles) and the same micrometric adjustments. In this 

regards the influence of this factor is eliminated or at least reduced. 

In this regards, to describe the behaviour of the ski boot, the independent variables 

(influencing factors) I took into consideration are: 

 

 the Tibia angular velocity; 

 the temperature; 

 the axial load. 

 the prosthesis; 

 the work bench; 

 

The velocity was increased starting from 20 [°/s] to 80 [°/s]. 

By taking into account the temperature, the effect is evidenced in the proximity of the 

extremities of the cycle. 

The prosthetic legs employed are one in fee of the University of Padua (with two ankle 

degrees of freedom), one in fee of DolomitiCert ( 1 DOF with two variants depending 

on the rubber’s hardness) and the last one in fee of the University of Innsbruck (an 

articulate foot 1 DOF with two architectures depending on the calf’s hardness). 

The other effects regard the work bench and the axial load.  

The depending characteristics analysed (eff. Flex Index, K5, Progression and Area) are 

chosen as the main useful parameters in order to express the ski boot’s behaviour and 

therefore to support its choice of development. In this regards, the following diagrams 

report the average results of all ski boots. For instance, by taking into consideration the 

ski boot, the parameter eFI is set to 100 % both in the cases in which the boot has a high 

Flex Index or a small one.  

Considering the variable’s influence, a configuration is taken as reference in order to 

compare the others. For instance, when the reference work bench is the Torsion unit, the 
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data of a ski boot tested with this machine have a reference of (100 %). The data of the 

same ski boot (while maintaining the other variable i.e. the prosthesis, load, temperature 

and velocity constant) tested with one of the other units is compared with the UPT. 

Each ski boot has a different behaviour and the singular variable’s influence more or 

less can vary. In this regards, the effect of the factor “work bench” is an average of all 

the results of each ski boot. The same procedure is employed for each factor. 

 

The effects of the independent factors on the effective Flex Index are displayed in the 

following Diagram 11.1. 

At the intersection of two principal axis, the reference configuration for the work bench 

is the UPT, the ambient temperature TA, for the velocity of 20 [°/s], null load L0 for the 

axial load and PPS for the prosthesis. 

As far as the temperature is concerned, the average effect on the eFI is noticeable (the 

effective Flex Index increases at about 70 [%]). The axial load and the velocity effects 

are respectively of 20 [%] and 4 [%]. The class of the prosthesis is characterized by a 

similarity between the two types of prosthetic legs of DolomitiCert and a similar 

behaviour between the prosthesis of Innsbruck. 

 

The influence of the K5 is shown below in Diagram 11.2. 

The evolution of the K5 diagram is close to the eFI’s. This result indicates that there is a 

strong correlation (Diagram 11.5) between the two factors. Diagram 11.3 evidences a 

low sensitivity with respect to the axial load and velocity, whereas the temperature’s, 

work bench’s and prosthesis’ sensitivities are important. 

 

The same representations are employed for the Progression and Hysteresis Area. 

In Diagram 11.4 the temperature has a lower effect, whereas the ski boots have high 

sensitivity with respect to the load and velocity  

As far as the last parameter, the hysteresis area, is concerned, the main influencing 

factors are the temperature, the velocity and the load. 

 

These diagrams can be useful for future developments, as they can set a standard work 

bench and an univocal protocol. 
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Diagram 11.1  Influence of the Effective Flex Index. 
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Diagram 11.2  Influence of the K5. 
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Diagram 11.3  Influence of the Progression. 
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Diagram 11.4  Influence of the Hysteresis Area. 
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Diagram 11.5  Correlation between Stiffness K5 and effective Flex Index. 
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Diagram 11.6  Correlation between the nominal Flex Index and the effective Flex Index. 
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In terms of the possible improvements, to obtain a good quality in the results of the 

data, the form of the velocity’s function has to be changed with a new equation, which 

has to feature the following requirements: 

 

 a forward linear “ramp” with the flexion velocity measured in field tests (160 

[°/s]; 

 a time interval with the motion is stationary; 

 a backward linear “ramp” with the extension velocity measured in field tests (-

192 [°/s]). 

 

The prosthetic leg has to be composed by a foot in order to obtain an accurate closure 

of the ski boot, and by at least two degrees of freedom of the ankle. This is due to the 

fact that the tibia can move in both the sagittal and frontal planes. 

The calf has to display similar profile and consistency of diverse human part. The 

dimension of the prosthesis can be classified according to the strength of the people 

(with gender distinctions) and to the characteristics of the different sizes. The front part 

of the leg has to be studied because its hardness is different in respect to the back side. 

As far as the temperature of the body is concerned, between the external surface of the 

ski boot and the foot’s surface there is a gradient temperature. The temperature has a 

notable effect on the behaviour of the ski boot and therefore the study of this condition 

is to be considered very important. As regards the closure of the buckles of the ski boot 

and the micrometric screw, it is necessary to have a standardised and repeatable 

procedure. The lever of the buckle can vary for each type of ski boot. The forces (the 

force is not constant but has a non-linear behaviour) can be measured with a small clip 

that works like a load cell. (Chapter 3). 

This being said, the axial load is an important factor and its value has to change 

according to the strength of the size of each individual. 

It would be interesting to value the backward stiffness. In this work the stiffness is 

valued at a minimum angle of the range ( -5[°]) and at a neutral angle. 
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When I started the work that lead to the composition of this thesis, in September 2014,  

my knowledge on ski boots was only limited to their usage.  

For this reason, all the experience I have done has been interesting and useful to me in  

many ways. First and foremost, by taking for granted that ski boots are used during the  

winter season by loads of people as the principal part of their winter equipment, we still  

have to face the problem of how to recognize a high-quality boot from another.  

My motivation started from this issue, that is, the lack of an objective characterization 

of the ski boot, which is still to be developed.  

Another triggering aspect was the use of different systems of analysis for the 

characterization of the ski boot. I think that an institution such as the Department of  

Mechanical Engineering has the necessity to implement its previous studies and move  

forward in the research, because, in my opinion, only practice can pave the way for the  

development of important notions in this field.  

The work and the analysis at the core of this dissertation took place in the laboratory of  

the Department of Mechanical Engineering of the University of Padua and in 

DolomitiCert (LO). The time I spent in DolomitiCert 

was useful to me in understanding and adapting to a real working environment and by a 

cknowledging the differences between such setting and the working atmosphere of  

the University.  

The work was correlated with an important project, Interreg Project Nr. 6602-21, which 

focuses on the ski boot’s behaviour. The resu 

lts acquired from this work has been appraised by the ski boots’ companies present at 

the Montebelluna meeting, which was held on March, 30th 2015.  
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