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Preface

This Master’s thesis in Engineering Design and Tribology is carried out at the Department of En-

gineering Design and Materials (IPM) in collaboration with the Department of Civil Engineering

and Transport (BAT). It is a part of the study program Engineering Design and Manufacturing at

NTNU. It was carried out during the second half of the fall semester 2015 and the first half of the

spring semester 2016. The project was first an assignment for "Olympiatoppen" (OLT), as a part

of the research project "Ski 2018". Later, BAT and "Statens Vegvesen" got involved and included

the project in the research center "Forskningssenter Vinterdrift". During the project there has

been an ongoing communication with both OLT and BAT.

OLT came up with the idea of making a ski-tribometer, for measuring the exact friction on

skis gliding on snow. A theoretical pre-masters project was carried out on the subject during the

fall of 2014. In 2015, BAT and Statens Vegvesen started a large scale friction track project. The

ski-tribometer project was then changed into a more general tribometer project where the goal

was to measure friction on various materials gliding on snow and ice. Hence, minor changes

to the title and content of the thesis has been applied since the project started in october. This

project will be in the interest of not only OLT but also BAT and Statens Vegvesen.

Trondheim, 2016-02-28

temperature range considered. However, it should be men- 
tioned here that the prerolling of the ice surface leads to 
many difficulties in obtaining reproducible results. This 
was due to the change in the structure of ice crystals when 
subjected to external pressure 6. The results were found to 
have a large degree of scatter. 

Effect of specimen shape 

Different shapes of cross sectional area of the specimen - 
square, rectangle, circles of different diameter - were used 
in the experiments. It was observed that the shape of the 
specimen had no significant influence on the frictional 
characteristics; other workers having made similar obser- 
vations 6. 

CONCL USI ONS 

The following conclusions can be drawn from the above 
investigations; 

1 The coefficient of sliding friction of rubber on ice sur- 
face depends on load (normal pressure). With increasing 
pressure the friction decreases; this confirms the findings 
of reference 3. Also, the experiments indicate that the 
friction of rubber on ice follows the law 

l / y=A 1 + Rp/L~o 

2 The coefficient of friction increases with decrease of tem- 
perature. However, it must be mentioned that it was not 
possible to conduct the tests around 0°C because of the 
melting of the ice surface and consequent formation of 
hydrodynamic water film. The extrapolation of results to 
0°C is not considered valid since there appears to be a 
sharp discontinuity around O°C 4 

3 The chemical composition of rubber plays a significant 
role in controlling its frictional characteristics. The co- 
efficient of friction generally increases with increase in 
the softener content. 'Aging' of rubber appears to affect 
the frictional behaviour considerably. Some controlled 
tests are under progress and the results of these tests will 
be made available soon. 

4 The coefficients of friction does not appear to be affected 
by the shape of the test specimen. 

The experimental setup provides a simple, reliable labora- 
tory test rig for the study of the frictional characteristics 
of rubber. 
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Summary and Conclusions

A mobile, linear tribometer for studying frictional characteristics on various materials gliding on

snow and ice has been developed. The tribometer has the ability to adjust the normal force on

the specimen to simulate realistic sports/transport conditions. Results from initial testing indi-

cates that the tribometer can distinguish very small differences in friction forces. The friction

of a set of rubber blocks sliding on ice has been tested, and the results indicates that increased

rubber hardness leads to friction reduction, as expected from theory.

The tribometer is planned to run friction tests outdoors on snow and ice, and is also going

to be used in the coming friction track at the BAT, to run experiments with more controlled

environmental parameters.
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Sammendrag

Et mobilt, lineært tribometer har blitt bygget for å undersøke friksjonskarakteristikk av forskjel-

lige materialer som glir på snø og is. Tribometeret kan justere utøvet normalkraft på testprøvene

for å simulere realistiske sport/transport forhold. Resultater fra initielle tester indikerer at tri-

bometeret kan måle svært små forskjeller i friksjonskrefter. Glidefriksjon har blitt målt på et sett

med gummiklosser med varierende hardhet som glir på is, og resultatene indikerer at hardere

gummi gir lavere friksjon, noe som gjenspeiler teorien.

Tribometeret kan gjøre friksjonsmålinger utendørs på snø og is, og skal også brukes i frik-

sjonsbanen i den nye snølaben på BAT, for å kjøre eksperimenter med mer kontrollerte miljø-

parametre.
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Chapter 1

Introduction

1.1 Background & Motivation

Measuring friction is a difficult task in almost any discipline of engineering. Friction depends

on many factors such as load, speed, materials in contact, temperature, environment, etc. How-

ever, friction is an important parameter to know in many engineering applications, but also

in sports. Winter sports such as cross-country skiing or speed skating are very dependent on

finding the optimal friction for achieving the best performance, while road vehicles depend on

optimal friction to keep the wheels on the road.

Therefore, being able to measure friction between different materials and snow or ice would

be a great step forward designing new materials and thus achieving full performance in winter

sports. It would also be very useful for road safety research, as it can help designing new tire

materials.

A tribometer is a device that can, among other physical contacting properties, measure fric-

tion forces. Different cases of friction require different types of tribometers, e.g. some are built

to measure friction in bearings, others measures the rolling friction between an icy road and a

tire.

Fenre (2014) concluded in a pre-master project that a new tribometer in Norway "can fur-

ther improve knowledge and understanding about ski friction phenomena, and in time facilitate

more top performances in winter sports such as cross-country skiing." In the report, different

methods of measuring friction on snow and ice were compared and evaluated. People from the

2
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ski-racing business stated their opinions regarding existing field test methods. Existing labo-

ratory test methods were also studied and evaluated. The report concluded that the research

results that were most useful to outdoor ski racing were the ones obtained using ski specific pa-

rameters. Therefore, if a new ski tribometer is going to be built, it should be able to recreate the

environment encountered in outdoor ski courses.

In the summer of 2015, the building of a new snow lab started at NTNU. With a controlled

climate it can keep temperatures within ±0,5◦C between 0◦C and -25◦C, thus allowing experi-

ments to be performed on stable snow and ice. A 9 meter test track, a railing system, a cable

and a powerful electrical motor makes makes it possible to drag specimen across the snow or

ice track. To measure the frictional forces between the snow/ice track and the materials that are

dragged along it, a measuring device must be developed and built.

Figure 1.1: The red box indicates where the friction meter will be placed.

The purpose of the snow lab project was initially to measure traction of rotating wheels on

winter conditions. Later, there was an agreement that in addition to measure rotating frictional

forces, the lab also should have the functionality to measure sliding frictional forces, and that

this could be an advantage of both winter sport- and traffic research. The snow lab has 3 dif-

ferent rooms. A control room, a snow production room and the experimental room where the

actual snow/ice track is located. A 45 kW electrical motor, a belt and a trolley guided by two steel
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(a) (b)

Figure 1.2: a) Snow lab control room b) Test track railings laying in the test room. Photos are
shot on November 20th, 2015.

railings offers linear motion along the test track. The motor offers an estimated acceleration of

36m/s2. With an acceleration phase and braking phase of 3 meters each, we are left with 2 me-

ters of constant velocity. The estimated top testing velocity is estimated to be around 15 m/s.

Early stage photos of the snow lab are shown in figure 1.2.

This thesis covers the development of the linear friction meter that is planned to be placed

between the trolley and the test track (see figure 1.1).
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1.2 Goal and Objectives

The goal of this project is to develop, construct and perform initial tests on a device that can

measure frictional forces on materials sliding on snow or ice with realistic parameters. The nor-

mal force on the test specimen should be adjustable in order to recreate real sports/transport

conditions. The tribometer should be able to perform friction measurements outside on snow

and ice, and in laboratories, such as the new snow lab at BAT. The reach this goal, the following

objectives will be completed:

1. Determine device requirements, based on real sports/transport conditions.

2. Evaluate different concepts and solutions to satisfy device requirements.

3. Create complete 3d models of the chosen concept.

4. Physically build a high velocity linear tribometer.

5. Perform initial tests on the tribometer for validation.

1.3 Thesis Outline

This master’s thesis presents the development of the tribometer in this order:

1. Present theory of snow/ice tribology.

2. Determine device requirements.

3. Evaluation of different concepts and solutions to satisfy device requirements.

4. Present the final concept of the tribometer.

5. Perform initial tests on the tribometer for validation.

6. Discuss test results.

7. Discuss strengths and weaknesses of the design.

8. Draw general conclusions from the project.
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Tribology on Snow and Ice

Tribology can be described as "the interaction between surfaces that are put together and slide

one over another" . More precise, tribology is known as the study of "Friction", "Lubrication"

and "Wear". These three concepts are so closely related that they are almost impossible to study

independently.

In the special case of tribology on snow and ice, the interaction between different materials

and ice or snow is investigated. The theory part of this thesis is mostly based on literature from

the research of skis sliding on snow or ice.

2.1 State of the Art

The nature of snow and ice, and the coefficient of friction between materials like wood, poly-

mers or metals and snow or ice has been subject to numerous studies. It is more than 150 years

ago that Faraday (1859) put two ice cubes in contact, and they instantly froze together. He con-

cluded that the ice surface was covered by a thin water layer. Almost 100 years later, Bowden

and Hughes (1939) looked at model scale sliders on ice and snow, and found that the low fric-

tion was due to frictional melting of the snow or ice surface. Bowden (1952), did further studies

that supported the frictional heating theory. Later, this theory has been tested and supported

by Ambach and Mayr (1981); Glenne (1987); Colbeck (1992, 1994); Lind and Sanders (1997) and

Bäurle (2006).

6
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Sturesson (2008) performed experiments on a spinning disk ski tribometer with small ski-

sole specimen. Relations between the coefficient of friction, velocity, load and temperature were

found. Fauve et al. (2006) found very good agreement when comparing results from ski fric-

tion field testing and laboratory ski friction testing with a spinning disk ski tribometer. Takeda

et al. (2010) tested the effect different snow grain sizes and temperatures had on ski friction.

Hasler et al. (2014) did experiments on a full scale linear ski tribometer where a dependency

between different surface structures and the effect of racing wax was determined. Schindelwig

et al. (2014) mounted temperature sensors in skis, and found a relation between ski pressure

distribution and snow heating under a gliding ski, utilizing a full scale linear ski tribometer.

2.2 Sliding Friction on Snow and Ice

The kinematic friction coefficient (µ), defined as:

µ= FT

FN
(2.1)

where FT is the frictional force and FN is the normal force, between most plastically deforming

materials, can be assumed to be independent of normal force, velocity (ν) and apparent area of

contact (Aa). Results from many experiments though, like the ones performed by Bäurle (2006)

show that the classical friction laws does not hold for materials sliding on ice or snow. Actually,

when a material is sliding on ice or snow, the coefficient of friction is apparently very much

dependent on the above parameters.

2.2.1 Frictional Heat and Lubricated Friction

Bäurle (2006) agrees with Bowden and Hughes (1939); Bowden (1952); Ambach and Mayr (1981);

Glenne (1987); Colbeck (1992, 1994); Lind and Sanders (1997), and others, in that the low friction

discovered when materials are sliding on ice or snow is due to a thin film of water between the

surfaces, created by frictional heat. The amount of frictional heat generated can be expressed

as:

P =µ·FN ·ν= FT ·ν (2.2)
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Figure 2.1: Relation between the water film thickness and the real contact area (Ac ). Melting of
ice corresponds to a slicing-off, and leads to the growth of existing contacts, and the formation
of new contacts. (Adapted from Bäurle (2006))

Accordingly, the heat flux
(
q

′′)
through the slider with area A can be written as q

′′ = P/A.

At low velocities and cold temperatures, the frictional heat produced will melt little or no ice

to create a lubricating water film, leading to high friction. At this point, we are close to the "dry

friction" regime. Adhesive bonds will be created between the surfaces, and the frictional force

can be explained as the force needed to shear adhesive bonds between the ski surface and the

ice/snow surface:

FT = τc · Ac (2.3)

where τc is the shear strength of the adhesive bonds created between the surfaces. Ac is the

real area of contact between the surfaces, meaning the sum of all the small contact areas where

surface asperities meet. We see that a larger Ac leads to a higher frictional force. As suggested

by Bowden (1952), Ac , is directly proportional to the applied load (FN ) and the hardness (H)

of the softer material. Bäurle (2006), suggests that Ac increases with increased heat flux. As

the frictional heat from the slider melts ice, causing a thicker water film, the slider slices off

the asperities according to the water film thickness, leading to an increase in contact area (i.e.

bearing ratio). This relation is illustrated in figure 2.1.

The high friction at low temperatures can also be described by adhesive ploughing. A hard

ski sole material will deform the less hard snow or ice, and create friction.

On ice, real dry friction is very rare. Petrenko (1997) shows that ice has, even at very low

temperatures, a thin liquid like film that lubricates the surface. The film has a thickness of only

a few molecular layers.
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Figure 2.2: Contact area (dashed line, left axis) and friction (solid line, right axis) vs. water film
thickness (Bäurle (2006)).

When the velocity or temperature rise, the surfaces will experience increased frictional heat.

The friction force is no longer only dependent on the shearing of adhesive bonds or ploughing

between the surfaces. A lubricating film is generated, leading to lower friction. Assuming τc is a

constant, the frictional force can now be expressed as:

FT = η·ν· Ac

h
(2.4)

where η and h represents the kinematic viscosity of water at 0◦C and the thickness of the lubri-

cating water film, respectively. By introducing the relative real contact area, r elRC A = Ac /Aa ,

we get:

FT = η·ν· Aa
r elRC A

h
(2.5)

A higher heat flux can lead to both increased h, which will lead to lower friction, and it can lead

to a larger Ac , which leads to higher friction. The balance between them is dependent on the

surface roughness of the slider. From Bäurle (2006), the relation between the friction coefficient

and the water film thickness is described like this:

"I. Increase in film thickness leads to a sub-proportional growth of the real contact area; overall

friction decreases. II. Increase in film thickness leads to an over-proportional growth of the real
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contact area, overall friction increases. III. Real area of contact reaches 100%, other processes limit

water-film thickness (pressing out, self-balanced film thickness: even thicker films lead to less

heat available from shearing, in turn leading to thinner films and so on). Thicker films leading to

again lower friction are therefore not expected." As illustrated in figure 2.2.

In other words, at low temperatures (T ≤ −10◦C ), we have "dry friction, or boundary fric-

tion", or a badly lubricated system with high friction. At intermediate temperatures (−10◦C <
T < −1◦C ) we expect thicker water films and lower friction. This is also called the "mixed fric-

tion" regime. At temperatures close to the melting point (T >−1◦C ), we experience wet lubrica-

tion and high friction, due to largely increased contact area.

Remark: The model made by Bäurle (2006) is one of the most complete models made when it comes to

ski friction. Trends seen in laboratory measurements though, are not always obeyed in real skiing. This

is probably due to the experiments leading to this model was carried out on ice, rather than snow.

2.3 Skis and Snow

The modern cross-country racing ski is a result of many years of technological evolution. The

advanced mechanical ski construction and the high-tech materials of the ski-sole both con-

tribute to the low friction experienced when skis glide on snow.

2.3.1 Ski Base Materials

Ski-soles are usually made of a plastic material. Different varieties of ultra high molecular weight

polyethylene (UHMWPE) is the material choice for competition cross-country ski-soles. UHMWPE

is a suitable material for ski soles because of its low friction properties and good wear resistance.

For different snow and weather conditions, different varieties of UHMWPE are chosen. In an

earlier research project, Haaland (2013) tested 8 varieties of UHMWPE used in ski soles, and

discovered different values of molecular weight and different additives in the tested materials.

Some of the additives found includes carbon black and PTFE (teflon). The additives are added

to the material to improve different properties, such as friction, hardness and wear resistance.
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TEC KNOW-HOW

A structured tread is better on old and wet snow in order 
to reduce the friction points. Air space between the tread 
and snow hinders the “suction effect”.

New snow
Nysnö
Nysnø

Old snow / Wet snow
Gammal snö / Blötsnö
Gammel snø / Våt snø

Artificial snow 
Konstsnö 
Kunstsnø 

On cold, crystalline snow the tread should be as flat as 
possible in order to keep the friction points as narrow as 
possible.

Vid gammal- och blötsnö är en strukturerad glidyta bättre 
för att reducera friktionsytor. Luft mellan glidyta och snö 
förhindrar »sugeffekten«.

En strukturert såle er bedre ved gammel og våt snø med 
tanke på reduksjon av friksjonspunkter. Luftlommer mellom 
såle og snø hindrer «sugevirkningen». 

Vid kall kristallsnö skall glidytan vara så slät som möjligt för 
att hålla friktionsytorna så små som möjligt.

Sålen skal være så glatt som mulig ved kald og kornet snø 
for å få minst mulig friksjonspunkter.

FAKTORER SOM PÅVERKAR VALET 
AV VALLA

Det finns många parametrar som påverkar valet av rätt valla. Med 
hjälp av dessa parametrar och vallatabellen kan du välja rätt valla 
och vallahårdhet. För motionären räcker dock snötemperaturen 
för att välja rätt valla.

Snötemperatur. Med snötermometern mäter du enkelt den 
exakta temperaturen på snöns ytskikt. Denna parameter är väldigt 
viktigt för valet av valla. Mät snötemperaturen på ytan (stick inte 
ner termometern för djupt i snön).

Snötyp. Bedömningen av snötyp är också en viktig parameter. 

Luft. Vid hög luftfuktighet (dimma) är kristallerna mjukare. Det är 
lättare att forma snön. Extremt torr luft gör snön hårdare. Den här 
snön låter sig inte ens under hårt tryck formas till en boll.

Tips. Sträckprofil. Snöförhållandena kan vara väldigt olika. 
Glidsträckor skall tas särskild hänsyn till vid valet av rätt valla. 
Under vintern är ofta även skogspartier skuggiga. Snön är lös 
längre. Om man vallar för mjukt på grund av förhållandena under 
resten av sträckan tränger de skarpt kantade spetsarna på 
snökristallerna in i vallaskiktet och bromsar. Det bästa beslutet: 
valla så mjukt som möjligt och bara så hårt som nödvändigt.

Väderleksprognos. Väderleksprognosen låter oss förmoda 
hur de enstaka sträckavsnitten kommer att vara under tiden för 
tävlingen.

BELAGSTRUKTURERNA

Sporthandlaren kan med hjälp av stenslipmaskiner och 
högvärdiga diamanter slipa in nästan vilken önskad struktur som 
helst i belagsytan. Strukturerade belag har bättre glidegenskaper. 
Vid låga temperaturer och fin kristallsnö väljer man fin struktur 
för att reducera friktionen. Vid varmare väderförhållanden och 
grovkornig respektive blöt snö leder linjär, grövre struktur bort 
vattnet och förhindrar sugeffekt.

Dessa strukturer anpassas i tävlingssammanhang helt individuellt 
efter gällande ojämnheter i snöns ytskikt där de ser till att skidan 
glider optimalt.

FAKTORER SOM HAR BETYDNING 
FOR VALG AV FESTEVOKS OG GLIDER

Det er mange parametre som virker inn på valget av feste-voks 
og glider. Ved hjelp av disse parametrene og voks-tabellen kan 
du velge den riktige voksen og voksens hardhet. For de som ikke 
er proffer er det imidlertid tilstrekkelig med snøtemperaturen for å 
velge riktig voks.

Snøtemperatur. Med et snøtermometer kan man måle den 
nøyaktige overflatetemperaturen på snøen. Denne parameteren 
er meget viktig for valget av voks. Mål snøtemperaturen på 
overflaten (ikke stikk termometeret for langt ned i snøen) og i 
skyggen, ev. i skyggen av kroppen.

Snøtype. Vurderingen av snøtypen er også en viktig parameter.  

Luft. Ved høy luftfuktighet (tåke) er krystallene mykere, og snøen 
er kram. Når luften er meget tørr er snøen hardere, slik at det blir 
umulig å lage en snøball, selv med hardt trykk.

Tips: Løypeprofil. Snøforholdene kan være svært forskjellige. 
Glistrekninger er særlig viktig å ta hensyn til når man skal 
velge riktig voks. Også skogspartier kan midt på vinteren være 
svært skyggefylle. Snøen blir værende pulveraktig lenger. Hvis 
man bruker for myk voks på grunn av forholdene på resten av 
strekningen, trenger de skarpe spissene på snøkrystallene inn i 
vokslaget og bremser. Den beste løsningen: bruk voks som er så 
myk som mulig og bare så hard som nødvendig.

Værmelding. Værmeldingen gir en pekepinn om hvordan de 
enkelte løypeavsnittene kommer til å være under rennet.

SÅLESTRUKTURER

Hos en sportsforhandler kan du få slipt tilnærmet den ønskede 
strukturen i såleoverflaten ved hjelp av steinslipemaskin og 
høyverdige diamanter. Strukturbehandling av sålene gir bedre 
gliegenskaper Ved lave temperaturer og fine snøkrystaller 
velger man en fin struktur for å redusere friksjonen. Ved høyere 
temperaturer og grovkornet eller våt snø leder lineære, grovere 
strukturer vannet bort, og forhindrer en sugeeffekt.

Ved konkurranserenn tilpasses disse strukturene helt individuelt til 
snøens egenskaper, slik at man oppnår en optimal gli for skien.

FACTORS THAT AFFECT YOUR 
CHOICE OF WAX

Numerous factors affect the correct choice of wax. Using these 
parameters together with our wax table helps to determine the 
wax and wax hardness required. However, for hobby skiers, 
knowing the snow temperature can be sufficient for making the 
right choice.

Snow temperature. The temperature at the surface of the  
snow can be precisely measured using a snow thermometer.  
This factor is extremely important when choosing your wax. 
Measure the snow temperature at the surface (don’t insert the 
thermometer too deeply into the snow) and in the shade, or in 
your own shadow. 
 
Snow type. Determining snow type is always important. 

Humidity. When the atmospheric humidity is high (mist or fog), 
snow crystals are softer and the snow will easily form balls.  
Extremely dry atmospheric conditions make the snow harder – 
this type of snow cannot be formed into a ball, even under high 
levels of pressure.

Tip: Course conditions. Snow conditions can be highly variable. 
Sections for gliding are to be taken into particular consideration. 
Wooded areas are also often very shady in midwinter and snow 
will stay powdery for longer. Should wax be applied too softly due 
to the overall conditions on the course, then the sharp-edged 
peaks of snow crystals will dig into the wax coating and exert a 
braking effect. The best option is to wax as softly as possible and 
only as hard as necessary.

Weather forecast. The weather forecast helps to ascertain the 
nature of individual sections of the course at the time of the race.

BASE STRUCTURES

Specialist sports dealers can use a stone grinding machine and 
high-quality diamonds to grind just about any structure you could 
want into a base. Structured bases have better glide properties. 
With low temperatures and fine crystal snow, fine structures 
should be chosen to reduce friction. With warmer temperatures 
and coarse or wet snow, linear and coarser structures help to 
disperse water and reduce any vacuum effect.

In racing, these structures are individually adjusted to suit the 
roughness of the snow surface, providing a ski with optimal glide 
properties. 
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Figure 2.3: a) Smooth surface structure for cold, crystalline snow. b) Coarse surface structure for
old and wet snow (Figures adapted from TOKO (2014))

2.3.2 Surface Structure

For best gliding performance, different snow conditions requires different surface topography

on the ski-sole. Smooth surface structures experience best glide on cold, fine-grained crystal

structured snow (figure 2.3). A smooth surface ski-sole reduces snow contact area, and requires

a thinner lubricating layer to stay in the mixed friction regime while sliding. However, if the

temperature in the snow rises, the water film thickness will increase and may lead to higher

friction. A coarser ski-base surface structure is then needed to take account for the increased

thickness of the water film. The base structure of skis are usually applied with a stone grinding

machine. The variety of patterns in base structures is huge, and research is continuously being

done to best fit the ski-base surface pattern to different skiing conditions.
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Figure 14 The difference between waviness and roughness. 

 

Skis can have a great variety of patterns in the base structure, depending on the purpose 
for the skis. The cross country ski base has normally grooves aligned along the ski in the 
magnitude of 0,1 mm wide and a depth between 0,01 and 0,1 mm [30]. There is not a 
standard way to measure roughness of ski bases, however some of the most common 
ways to measure surface topography is by using arithmetic mean roughness (Ra) and 
root mean square average roughness (Rq). In this project both Ra and Rq will be 
measured.  

Ra is the most used parameter to measure the surface roughness. Average Roughness 
and Center Line Average are other names for Ra. Ra is the area between the roughness 
profile and the mean line as illustrated in Figure 15 [32]. Ra is the integral of the 
absolute value of the height, r, of the surface roughness over the evaluation length, L: 

Average height of profile       
 ∫  ( )

 
       (1) 

The digital equivalent is normally: 

Approximately average height      
 ∑    

       (2) 

 

 

 

Figure 15 Arithmetic mean roughness Ra. The average height of the dark green area is 
Ra. 

 

Figure 2.4: Ra is the average height of r over the length L (Alicona (2008))

 

20 
 

The effect from one scratch will give little impact on Ra because it is averaged out. The 
value of Ra is directly related to the area enclosed by the surface profile about the mean 
line and will therefore not give any information about how the roughness is shaped [33]. 
Figure 16 a), b) and c) shows three different surface roughnesses, all with the same Ra 
value.  

 
Figure 16 a) high peaks, b) low valleys and C) an even roughness, all have the same Ra 
value, adapted from [32]. 

 

For a more accurate measurement the root mean square average roughness is 
measured, Rq is more sensitive to the position of the peaks and valleys on a surface than 
Ra. The root mean square average roughness can be calculated from: 

Root-mean-square height of profile    √  ∫   ( )  
 
     (3) 

Evaluated by computer the approximation is normally: 

Approximately Rq       √  ∑     
       (4) 

For a pure sine wave-roughness profile Rq is proportional to Ra, then Rq is about 1,11 
times larger [32]. Figure 17 shows Ra and Rq compared to each other and to the mean 
line.  

 
Figure 17 Rq takes the peaks into account and has therefore different value than Ra. 

Figure 2.5: Seemingly different roughness profiles, all with the same value of Ra (Alicona (2008))
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line and will therefore not give any information about how the roughness is shaped [33]. 
Figure 16 a), b) and c) shows three different surface roughnesses, all with the same Ra 
value.  

 
Figure 16 a) high peaks, b) low valleys and C) an even roughness, all have the same Ra 
value, adapted from [32]. 

 

For a more accurate measurement the root mean square average roughness is 
measured, Rq is more sensitive to the position of the peaks and valleys on a surface than 
Ra. The root mean square average roughness can be calculated from: 

Root-mean-square height of profile    √  ∫   ( )  
 
     (3) 

Evaluated by computer the approximation is normally: 

Approximately Rq       √  ∑     
       (4) 

For a pure sine wave-roughness profile Rq is proportional to Ra, then Rq is about 1,11 
times larger [32]. Figure 17 shows Ra and Rq compared to each other and to the mean 
line.  

 
Figure 17 Rq takes the peaks into account and has therefore different value than Ra. Figure 2.6: Rq takes the height of the peaks into account more than Ra (Alicona (2008))
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2.3.3 Roughness

There are many methods to measure how smooth or coarse a surface is. The arithmetic mean

roughness (Ra), is the most used parameter to measure ski-base roughness. (Ra) is the area

between the roughness profile and the mean value, or the the integral of the roughness height

(r) over the evaluated length (L) (See figures 2.4 and 2.5). The Ra does not take peaks and valleys

of the roughness into account, it only gives an average roughness number. The mean square

average roughness (Rq ) takes the heights of peaks more into account (figure 2.6), while the

mean spacing of profile irregularities of primary profile (Rsm) is a measurement of the spacing

between the irregularities in the profile.

2.3.4 Wear

Cross-country skiing is an endurance sport, and it is crucial that the skis maintain good gliding

properties as long as possible during a race. The friction coefficient between skis and snow

tends to increase during races, especially when the snow is dirty.

Kuzmin and Tinnsten (2006) performed an experiment to examine the effect ski wax has

on the development in gliding performance over several kilometers. The conclusion was that

waxed skis lose their advantage over unwaxed skis after a critical distance. The critical distance

is not constant, but is influenced by many parameters, such as dirt concentration, utilized rac-

ing wax, snow hardness and temperature. Kuzmin and Tinnsten’s results shows that a fresh

scraped UHMWPE ski sole is more dirt repellent than a ski sole treated with a "dirt repellent

wax". They explain the results with the fact that a surface with a higher hardness is more dirt

repellant than a surface with a lower hardness, and that the wax treatment leaves traces of ski

wax, which undoubtedly has a lower hardness than the UHMWPE ski sole.

UHMWPE is a hard material because of its high molecular weight. Being a polymer, it is de-

fined as a visco-elastic material and the hardness is time-dependent. Time-dependent hardness

implies that the hardness increases rapidly if the load time is very short. As a result of extensive

technological developments, the hardness of ski sole UHMWPE is now between 30 and 90 MPa,

at room temperature, and can be expected to increase in lower temperatures.

Ice and snow hardness is highly variable, and depends on crystal structure, temperature,
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Figure 12: Ski base wear after a: Stone grinding, b: Wax preparation, c: 

Qualification race of Järnforan, 43 km, -13°C, d: Vasaloppet 2007. The comparison 

is made on the exact same area. Note the major difference after the Järnforan race. 

[Nil07] 

 

 
 
Assuming that elasticity properties of the materials correlate to microscopic hardness. 
Single crystalline ice can wear the ski base on the premises that the surface crystals 
are strongly enough bounded into the surface of the ski track. In this case it is no 
difference between snow and ice. If the matrix is not strong enough, the ski base 
surface peaks will rather reorient the surface ice crystals. The ski base has the 
potential to wear polycrystalline ice crystals at any time except when these are 
reoriented.  
 

a) b) 

c) d) 

Figure 2.7: Ski base wear after a): Stone grinding, b): Wax preparation, c): Qualification race of
Jarnforan, 43 km, -13°C, d): Vasaloppet 2007, 90 km. The comparison is made on the exact same
area. Note the major difference after the Jarnforan race. (Adapted from Nilsson (2007))

humidity and creep. Barnes et al. (1971) proposes that ice hardness behavior may be linked with

the creep properties. Poirier et al. (2011) measured the hardness of ice in the Calgary Olympic

Oval ice rink. An ice surface temperature between −15◦C and 0◦C showed ice hardness between

40 and 15 MPa, respectively. Snow hardness is difficult to measure, but, due to lower density, it

is likely somewhat lower than ice hardness.

Both wax wear and ski sole wear seems to affect the surface properties of skis. Figure 2.7

shows how a ski base is worn down after skiing 133 km. The roughness is clearly smoothed out.

2.3.5 Snow

Snow is a very complicated material, and its properties are affected by many parameters which

are under constant change. Different snow properties requires different ski-sole roughness and

gliding wax for optimal glide.

In recent years, the use of artificial snow for ski track making has increased. The main dif-

ference between artificial snow and natural snow is that the natural snow crystals freeze from

the inside and grows bigger with time. Artificial snow grains are water droplets that freeze from

the outside in. When the inner part freezes it expands, the snow grain may break, and leave



CHAPTER 2. TRIBOLOGY ON SNOW AND ICE 15

SNOW-BASICS

TOKO and science
We would like to thank the Eidgenössisches Institut für 
Schnee- und Lawinenforschung (Swiss Institute for Snow 
and Avalanche Research), Davos, for its expert support. 
TOKO works in close cooperation with leading experts from 
all over the world on snow and avalanche research. In the 
past few years, various projects have scientifically dealt 
with the theme of “gliding on snow”; the findings have been 
implemented in innovative TOKO products.

TOKO och vetenskapen
Vi vill tacka schweiziska institutet för snö- och 
lavinforskning, Davos, för all sakkunnig hjälp. TOKO 
samarbetar med de världsledande experterna för snö- och 
lavinforskning. De senaste åren har temat i olika projekt varit 
»glida på snö«. Om detta tema har det gjorts vetenskapliga 
forskningar och de vetenskapliga rönen har omsatts i 
innovativa TOKO-produkter.

TOKO og vitenskapen
Vi takker det sveitsiske snø- og rasforskningsinstituttet 
Eidgenössisches Institut für Schnee- und Lawinenforschung 
i Davos for sakkyndig støtte. TOKO samarbeider med 
verdens ledende eksperter i snø- og rasforskning. I løpet av 
de siste årene har emnet »Glid på snø« blitt vitenskapelig 
utforsket i forskjellige prosjekter, og resultatene er blitt 
omsatt i innovative TOKO-produkter.

A BRIEF LESSON ON SNOW FROM 
TOKO 

Snow is a true “gift from heaven” – it comes in an unending  
variety of types. It is also often known as “hot material”, because 
snow, in comparison to other materials, is very close to its melting 
point (even when at minus 20°C). Thus, snow reacts in a very 
sensitive manner to outside influences such as wind, sun, cloud, 
etc., and is also subject to constant change.

In order for skis to glide in the best possible manner, the wax  
mixture must be perfectly tailored to the prevailing snow conditions. 
 
Here are the most important types of snow and their  
characteristics: 

New snow. In low temperatures, the points and edges of new 
snow exert huge friction on the surface of the base. In temperatures 
around 0 degrees, the crystals quickly lose shape, then these 
half-melted snow crystals lead to the creation of a large contact 
area between ski and snow, thereby increasing braking friction.

Old snow. Around 48 hours after a snowfall we talk about old 
snow – but it is important to distinguish between large and small 
crystals. Small crystals display larger density and, therefore, a 
larger contact area with greater friction. In general, old snow 
crystals are rounder than new snow crystals and thus produce 
less friction.

Wet snow (snow humidity). If snow crystals are warmed to  
0 degrees, they begin to melt. The water thus formed – but also 
water from precipitation – creates a larger contact area between 
ski and snow and consequently increases friction (vacuum effect).

Artificial snow (technical snow). In contrast to natural snow, 
the crystals of artificial snow freeze from the outside in. Often, 
in the case of fresh snow crystals, not all of the water is frozen. 
However, if it freezes completely, crystals break apart from one 
another, which leads to the formation of sharp edges. If artificial 
snow is prepared too early, the unfrozen water flows to the surface  
and creates a sheet of ice. 
As the crystals are some 10 times smaller than natural snow crys-
tals, a great depth of snow can be created on the piste in a short 
matter of time. However, great depth also means a large contact 
area, and in combination with sharp types of crystal, a large 
amount of friction.

LITE TOKO SNÖVETT 

Snö är en riktig »skänk från ovan« – den förekommer i oändligt 
många former. Ofta kallas den också »hot material«, eftersom 
snön jämfört med andra ämnen befinner sig nära sin smältpunkt 
(även vid minus 20°C). Snö är alltså mycket känslig för yttre 
påverkan som vind, sol, molnighet etc. och är i ständig förändring.

För att skidorna skall glida optimalt, måste vallablandningen vara 
perfekt avstämd efter de enskilda snöförhållandena.  

De viktigaste snöarterna och deras kännetecken:

Nysnö. Vid låga temperaturer framkallar nysnöns spetsar och 
kanter stor friktion på belagytan. Vid temperaturer närmare 0 
grader förlorar kristallerna snabbt sina former. Dessa halvbyggda 
snökristaller leder till en stor kontaktyta mellan skida och snö och 
höjer därmed också den bromsande friktionen. 

Gammal snö. Ungefär två dygn efter snöfallet pratar man om 
gammal snö – man skiljer därmed mellan stora och små kristaller. 
De små kristallerna visar en större täthet och därmed en större 
kontaktyta med större friktion. I allmänhet är gamla snökristaller 
rundare än nysnöns kristaller och nöter därmed också mindre. 

Blötsnö. Om snökristallerna värms upp till noll grader börjar 
de att smälta. Det därigenom – men även genom nederbörd – 
uppkomna vattnet bildar en större kontaktyta mellan skida och 
snö och höjer därmed friktionen (sugeffekten).

Konstsnö. I motsats till natursnö fryser kristallerna i konstsnön 
utifrån och in. Ofta har inte allt vatten hunnit frysa i nya 
snökristaller. När det har frusit faller kristallerna isär, vilket leder till 
att skarpa kanter bildas. Om konstsnön prepareras för tidigt flyter 
det ännu inte frusna vattnet på ytan och bildar en isskorpa. 
När kristallerna är ca tio gånger mindre än vid natursnö uppnås 
på kort tid en hög täthet i pisterna. En hög täthet betyder 
dock även en stor kontaktyta – och i kombination med skarpa 
kristallformer en hög friktion. 

KORTFATTET TOKO-SNØLÆRE

Snø er en sann »gave fra himmelen« – som forekommer i uendelig 
mange former. Ofte kalles den også »hot material«, fordi snø 
sammenlignet med andre stoffer befinner seg meget nær sitt eget 
smeltepunkt (selv ved minus 20°C). Snø reagerer dermed meget 
sensibelt på ytre påvirkninger som vind, sol, tilskying etc. og er 
utsatt for konstant for-andring.

For at skiene skal gli optimalt, må voksblandingen være perfekt 
avstemt etter de rådende snøforholdene. 

De viktigste snøtypene og deres kjennetegn:

Nysnø. Ved lave temperaturer forårsaker spissene og kantene i 
nysnø en meget høy friksjon på sålebelegget. Ved temperaturer 
mot 0 grader mister krystallene raskt sin form, og disse halvveis 
nedbrutte snøkrystallene fører til en stor kontaktflate mellom ski 
og snø og øker dermed også den bremsende friksjonen.

Gammel snø. Omtrent 48 timer etter snøfallet snakker man om 
gammel snø – hvor man skiller mellom store og små krystaller. De 
små krystallene har en større tetthet og derfor oppstår en større 
kontaktflate med høyere friksjon. Krystallene i gammel snø er som 
regel rundere enn i nysnø og derfor også mindre slitesterke.

Våt snø (snøfuktighet). Når snøkrystaller varmes opp til  
0 grader begynner de å smelte. Smeltevannet – og også vann på 
grunn av nedbør – medfører en større kontaktflate mellom ski og 
snø og følgelig økt friksjon (sugeeffekt).

Kunstsnø. I motsetning til natursnøkrystaller fryser krystallene 
i teknisk snø fra utsiden og innover. Ofte er ennå ikke alt vannet 
frosset i nye snøkrystaller, men når det er ferdig frosset, brekker 
noen krystaller og det dannes skarpe kanter. Dersom teknisk 
snø prepareres for tidlig, siver vannet som ennå ikke er frosset til 
overflaten og danner et issjikt.
Fordi krystallene er ca. 10 ganger mindre enn natursnøkrystaller 
oppnås raskt en stor snøtetthet i løyper og bakker. Men stor 
tetthet betyr også en stor kontaktflate – og i kombinasjon med 
skarpe krystallformer høy friksjon.
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Old snow/Wet snow
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Figure 2.8: a), b) and c) illustrates different snow grains (adapted from TOKO (2014))

Table 2.1: Swix snow characterization table (adapted from Sætha and Lukertsenko (2014))

Artificial
Snow

Natural
Snow

Grain
Size

Snow
Humidity

Track
Hardness

Track
Consistence

A1 Falling new FN Falling new
G0 0.0 - 0.2 mm.
Ekstra fine

DS Dry H1 Very soft T1 Partly shiny

A2 New NS New
G1 0.2 - 0.5 mm.
Very fine

W1 Moist H2 Soft T2 Shiny

A3 Irreg. dir. new IN Irreg. dir. new
G2 0.5 - 1.0 mm.
Fine

W2 Wet H3 Med. hard

A4 Irreg. dir. Trans IT Irreg. dir. transf.
G3 1.0 - 2.0 mm.
Average

W3 Very wet H4 Hard D1 Partly dirty

A5 Transformed TR Transformed
G4 2.0 - 4.0 mm.
Coarse

W4 Slush H5 Very Hard D2 Dirty

G5 >4.0 mm.
Very coarse

H6 Ice

sharp edges. Artificial snow also has higher density, higher hardness and larger contact area

than natural snow. The difference between old and new natural snow and artificial snow grains

is illustrated in figure 2.8.

SWIX has developed a snow characterization system that helps standardizing all the differ-

ent kinds of snow (see table 2.1). Snow characterization is one of the most powerful tools when

it comes to achieving optimal glide and traction in a ski race. An important factor in the snow

characterization process is how the parameter values are obtained. To be able to use earlier ex-

periences to achieve good results at later occasions, it is vital that the same parameter collecting

procedures are followed every time; different procedures might lead to different results.
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2.4 Friction of Rubber on Ice

The frictional behavior of rubber on ice surfaces has a great significance when studying skid

behavior of vehicles in ice. Parameters such as normal pressure, speed and rubber hardness

all play an important role to the frictional behavior. Investigations done by Venkatesh (1975);

Conant et al. (1949) and Pfalzner (1950), indicates that the coefficient of friction decreases with

increased normal force, but ceases to decrease at a certain point. It is suggested that the friction

ceases to decrease because the real area of contact ceases to increase at a certain normal force.

This has resemblance with the theory of Bäurle (2006) who suggests that the friction stabilizes

when the relative real contact area reaches 100%. The investigations by Venkatesh (1975) further

indicates that softer rubbers have greater coefficient of friction in a given load range, and that

the coefficient of friction increases with speed up to around 0,8 m/s and then decrease. Exper-

iments done with rubber tires skidding on ice by Nordström (2003), confirms that rubbers with

high hardness obtain lower sliding friction than softer rubbers in the investigated range from 42

to 70 Shore (see results in figure 2.9).

Figure 2.9: Decrease in friction with increased rubber hardness. Squares indicates winter tires
without spikes. Friction indicated with the kinematic coefficient of friction. Adapted from Nord-
ström (2003).
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2.5 Piezoelectricity

In Britannica Academic Encyclopedia, piezoelectricity is defined as "the appearance of positive

charge on one side of certain nonconducting crystals and negative charge on the opposite side

when the crystals are subjected to mechanical pressure."In piezoelectric force sensors, crystal

elements, such as quartz, creates the electrical output when a force is applied. The electrical

charge is proportional to the applied force. The reverse reaction is also true. When the same

crystal receives an electric current, their dimensions will change. The piezoelectric behavior is

illustrated in figure 2.10. The principle of piezoelectricity is useful in force sensors. Piezoelectric

sensor react very fast to load changes and are popular in dynamic force measurements. They

are widely used in automated manufacturing processes. A piezoelectric force sensor could also

be suitable for measuring friction forces between two surfaces sliding one over the other.

FPM - Piezoelectricity 1 11

Piezoelectricity origin

Brothers Curie – molecular theory

Charges generated at the compression (a) and tension (b) of quartz crystal 
basic unit
Figure 2.10: Compression and tension generating charge in a quartz crystal. Adapted from Er-
hart (2013).



Chapter 3

Product Development

3.1 Device Requirements

The goal of the device is to be able to measure the frictional forces of a material sliding on snow

or ice with a controlled contact pressure and at a controlled velocity. In this section the require-

ments to achieve this goal are discussed and defined.

3.1.1 Normal Force

When defining the product requirements for the tribometer, the goal was to make the test con-

ditions as similar to real skiing as possible while getting accurate enough measurements. Tem-

perature, snow configuration and velocity was already defined by the laboratory. What the tri-

bometer must control is the contact pressure (Pc ) between test specimen (ski) and test track.

The contact pressure is dependent on the normal force and the contact area. From Breitschädel

(2014) we know that the contact area on competition skis at full body weight usually lay around

20% - 60% of the ski length, all depending on the stiffness and geometric form of the ski. A

ski with a length of 200cm will therefore have a contact length of 40cm − 120cm. The width

of cross-country competition skis usually varies from 41 mm - 45 mm along the ski. The total

contact area is then somwhere between:

400mm ∗43mm = 17200mm2 (3.1)

18
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and

1200mm ∗43mm = 51600mm2 (3.2)

An average skier weighs 70kg or exerts 687N vertical force at sea level. The distributed pressure

from the ski to the snow is therefore somewhere between:

687N /17200mm2 = 0.04MPa (3.3)

and

687N /51600mm2 = 0.01MPa (3.4)

To be able to obtain dependable measurements over the 2 meters of test track (at constant ve-

locity), while keeping an even pressure below the ski, the test ski must be fairly short. A 100 mm

long test ski sliding over 2 meters of test track at 15 m/s gives a window of 0.12 seconds to obtain

measurements. The normal force needed to obtain between 0.01 MPa and 0.04 MPa on a 100

mm * 40 mm test ski is found by:

(0.01MPa → 0.04MPa)∗ (100∗40)mm2 = 40N → 160N (3.5)

This is the force needed to reproduce the pressure created by a skier on a ski while skiing. The

tribometer must therefore be able to produce at least this force. In addition, to facilitate research

possibilities beyond the known parameters, the normal force requirement is set to minimum

1000 N.

3.1.2 Force Measurement Directions

In order to control the normal force, measure the force in the direction of motion and any po-

tential sideways force, continuous measurements should be done in the vertical direction and

in two horizontal directions.
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3.1.3 Force Measurement Accuracy

Based on experiments done by Sturesson (2008) and Nachbauer et al. (2013) the expected fric-

tional forces are expected to vary between below 0,1 N and below 200 N. The tribometer must

therefore be able to measure friction forces up to 200 N with an accuracy of minimum 0,1 N.

Based on calculations in section 3.1.1, the normal force will vary between below 40 N up to

above 160 N. Normal forces must be measurable up to minimum 160 N with an accuracy of at

minimum 1 N. If, at a later time, the test ski contact area should be larger, e.g. if testing is to

be performed on real size skis, the normal force measuring range should go above 1000 N. As

far as tire friction research is concerned a normal force measuring range above 1000 N is also

adequate.

3.1.4 Force Measurement Principle

When it comes to measuring forces, two principles stands out as relevant in this case. Strain

gauge and piezoelectric force measuring. Strain gauges can be very accurate and dependable,

in all environments. They are often chosen in static measurements, as the measurements have

little or no drift. Piezoelectric force sensors can also be very accurate in all environments, but

the measurements tend to drift if the experiments are static over long periods of time. The piezo-

electric principle though, implies that the sensors are very rigid, and work very good at dynamic

measurements due to their fast response. Due to the short operational time, and dynamic na-

ture of the planned friction measurement experiments in this project, a piezoelectric sensor

should be chosen for force measurements.

3.1.5 Size and Weight Restrictions

The tribometer must fit inside the winter lab, and be possible to mount to the horizontally mov-

ing trolley. The vertical position of the railing in the lab is adjustable from approximately 500

mm to 1500mm above the track. The width of the test trolley is approximately 300mm and the

spacing between the vertical supports is 450 mm. The length of the test track is 9 meter with a

section of 2 meters in the middle where stable test measurements will be obtained. Test speci-

men should have a length of approximately 100 mm. When it comes to weight, the setup should
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Table 3.1: A summary of the device requirements

# Requirement Must Should
1 Exerted normal force 200 N 1000 N
2 Normal force measurement limit 1000 N
3 Normal force measurement accuracy 1 N
4 Horizontal force measurement limit 100 N 200 N
5 Horizontal force measurement accuracy 0.1 N 0.01 N
6 Maximum height 750 mm
7 Maximum length 1500 mm
8 Maximum width 500 mm
9 Maximum weight (without snow sledge) 30 kg

10 Mobility Mobile
11 Rigidity Stiff

be as light as possible to keep inertial forces to a minimum. As per design criterion for the drive

system in the snow lab the weight should not exceed 30 kg.

3.1.6 Mobility

Outdoor measurements in skiing or ice skating tracks are desired. Also, as the winter lab will not

be ready before the due date of this master project, initial testing must be performed elsewhere.

Hence, the tribometer should be mobile and flexible enough to perform outdoor initial testing.

A stable snow sledge construction should be connected to the tribometer.

3.1.7 Rigidity

Due to very high accelerations in the friction track, up to 36m/s2, the construction must be

sufficiently rigid. This is also very important in order to keep the measurements as clean and

noise free as possible.

3.1.8 Summary of Device Requirements

All the device requirements are summarized in table 3.1.
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Figure 3.1: Early drawing of the winter test lab

3.2 Design Process

The design process was divided into four sections:

1. Defining/deciding major functions

2. Evaluate different solutions to the chosen functions

3. Detailed design of the different solutions

4. Design of the complete tribometer

3.2.1 Defining Functions

The functions needed to fulfill the requirements of the tribometer are:

1. Variable normal force exertion



CHAPTER 3. PRODUCT DEVELOPMENT 23

2. Measuring of effective vertical and horizontal forces

3. Rigid frame construction

4. Snow sledge construction for outdoor testing

5. Transition between sensor and normal force actuator

3.2.2 Normal Force

The normal force function can be solved in many different ways. The evaluated solutions are:

pneumatic cylinder, hydraulic cylinder, electrial actuator, measuring weights and manual ac-

tuator. Advantages and disadvantages of the different solutions are found in table 3.2. In or-

der to adequately adjust the normal force, as well as adjust for uneven test surfaces, all of the

solutions, except the pneumatic cylinder would need to be combined with a shock absorber.

The compressible air in a pneumatic cylinder would act as a shock absorber it self. Figure 3.3

presents the different solutions graphically. In this project, the manual actuator was chosen. It

gives the opportunity to a self locking, continuous adjustment of vertical force without the need

of an external power source. The sensitivity can be chosen by the stiffness of the shock absorber

spring and the pitch of the threads. The chosen solution is shown in figure 3.2. For the transition

between the manual actuator and the shock absorber, some analysis was done to make sure the

components would stand the load of 1000 N vertical force. To achieve an adequate thread depth,

the inner component was designed to be cut out of a 10mm steel plate. The outer component

was designed to be cut and bent out of a 5 mm steel plate. FEM analysis showed that a safety

factor of at around 10 could be anticipated for the outer component, and an even larger safety

factor was predicted for the inner part. Drawings of these parts are found in appendix B.17 and

B.18.

3.2.3 Measurements

Many considerations were made when deciding which measuring sensor that was best suited

for this project. The measuring equipment must be very accurate, but also strong and durable.
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Figure 3.2: Manual actuator combined with a shock absorber to exert normal force on the test
ski.

Table 3.2: Advantages and disadvantages with the different normal force solutions.

Solution Pros Cons

Pneumatic cylinder

Clean
Fast
Provides damping
Continous

Requires compressed air
Low power to size ratio
Pressure drop
Noisy

Hydraulic cylinder
High power to size ratio
Smooth
Continous

Might spill oil
Requires lots of equipment
Heavy
Noisy

Dead weights Simple
Stepwise
Heavy

Manual actuator
Self locking
Continous
Quiet

Requires man power

Electrical actuator
Self locking
Continous
Quiet

Requires power supply
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Measuring Weights + Spring Manual + Spring

Hydraulic + Spring

Pneumatic

Electrical + Spring

Figure 3.3: Different normal force solutions. Measuring weights and manual, hydraulic and
electrical actuators would all be connected to a shock absorber. Illustrative pictures.
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Figure 3.4: Section view of the strut profile-sensor-ski connection.
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3-Component Force Link
25x25x30 mm up to 2 kN
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Type 9317C

Fz

Fx

Fy

Miniature force link for measuring the three orthogonal com-
ponents of a dynamic or quasistatic force acting in any direc-
tion.

Large measuring range
High rigidity
Very high sensitivity 
Calibrated force link
Simple installation
Multipole connector

Description
The force link consists of a piezoelectric 3-component force 
sensor which is mounted under preload between two mount-
ing flanges. This results in a very stiff structure for high natural 
frequency. Compression and tensile forces can be measured.  
Ground insulated design for eliminating ground loop prob-
lems. The 3-component force sensor has three quartz ele-
ments, each is sensitive in X, Y or Z-direction. By applying  a 
force, the quartz elements are creating a charge output. This 
charge is proportional to the applied force. The charge is trans-
ferred to the corresponding pin of the V3 connector (protected 
design), where the cable can be connected.

The unique manufacturing process and high quality materials 
results in excellent electrical insulation, allowing also quasi-
static measurements.

The force link is supplied calibrated. After correct installation, 
it is  immediately ready for use without re-calibration.

Application
The force links can meas ure the 3 ortho g o nal force com po-
nents eas i ly, di rect ly and pre cise ly. Suitable for very low forces, 
thanks to its very high sensitivity.

Application examples
Crash forces
De ter mi na tion of co ef fi cients of fric tion
Forces at wind tunnel balances
Vibration forces

Technical Data

Range  Fx, Fy kN –1,5 ... 1,5 
 (Without moments if e.g. four 
 force links are mounted into 
 one force plate)
Range  Fx, Fy kN –0,2 … 0,2 

(Example with point of force 
application 12 mm above 
top plate)

Range  Fz kN –3 … 3 
(Point of force application 

centric)
Overload  Fx, Fy, Fz % 10
Calibrated range Fx, Fy kN 0 … 0,5 

(Point of force application   0 … 0,05 
7,5 mm below top plate surface)

Calibrated range Fz kN 0 … 3 
(Point of force application   0 … 0,3 

centric)   
Max. moments  

(Mz = 0; Fz = 0) Mx, My N·m –8/8 
(Mx,y = 0, Fz = 0)  Mz N·m –6/6

Threshold  N <0,01
Axial rigidity   N/µm 900
Shear rigidity *  N/µm 190

* Without taking bending into account (Force Link installed in ideally stiff  
 base and cover plate)

(a)
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Electronics & Software

ICAM
Industrial Charge Amplifier for Applications in Manufacturing
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Type 5073A...

The industrial charge amplifier manufacturing (ICAM) converts 
a charge signal into a low-impedance voltage signal. Depend-
ing on version, up to four sensors can be connected at the 
same time. The ICAM is controlled via digital inputs or the 
serial interface.

• Wide, variable measuring range ±100 … ±1 000 000 pC
• Fully configurable via serial interface
•  With ManuWare setup and test software 
•  Industrial models with degrees of protection IP60, IP65 and 

IP67 
• Integrated peak value memory

Description
The charge amplifier Type 5073A... with its sealed metal case is 
designed for harsh industrial environments. Depending on ver-
sion, up to four measuring channels can be accommodated in a 
single case. A single-channel version with four summed charge 
inputs is also available. With its variable measuring range, ac-
quisition of peak values, programmable offset, programming 
interface and excellent technical data, the ICAM is extremely 
versatile. The charge input is protected against electrostatic dis-
charge. A differential stage compensates for potential differ-
ences between sensor and case ground. Optocouplers isolate 
the digital inputs electrically. The input Measure always affects 
all channels at the same time.

Application
The ICAM is suitable for applications with nearly all piezoelec-
tric sensors. The output signals can be used for monitoring, 
control and optimization of an industrial measuring process. 
Its floating-potential digital inputs are designed for integration 
in a machine control system. 

Technical Data

Versions
Number of channels  1, 2, 3 or 4
Special version  4 charge inputs
   summed on 1 channel
Alternative input connectors  BNC, TNC
Alternative output signals V –10 ... 10 
  mA 4 ... 20

 
 
Charge Inputs
Measuring range pC  ±100 ... ±1 000 000
Charge range, low pC  ±100 ... ±10 099 
Charge range, high pC  ±10 100 ... 1 000 000 
Note:  
Above the threshold of ±10 099 pC, switching of the measuring 
range without measuring error is only possible in the RESET mode.
Time constant s   <100 000 (long)
Drift (at 25 °C) pC/s <±0,05 (Type 5073A1...) 
   <±0,05 (Type 5073A2...) 
   <±0,07 (Type 5073A3...) 
     <±0,09 (Type 5073A4...)
 
Voltage Output (Types 5073Axx1)
Output voltage V   –10 … ±10
Max. output current mA  ±5
Output impedance  Ω   10
Output voltage limitation V   >±11
Digital offset adjustable V   ±1 
(via RS-232C)
Resolution of offset adjustment mV  2
Error % Meas.  <±0,5 
   range 
Zero point deviation mV  <±30
Output interference signal 

0,1 Hz ... 1 MHz mVpp  <30
 with internally switchable mVpp  <10
 low-pass filter 
 (10, 200 and 3 000 Hz)
In both cases without data
transmission via RS-232C interface

(b)

Figure 3.5: a) Kistler 9317c force sensor. Adapted from Kistler (2014) b) Kistler 5073a charge
amplifier. Adapded from Kistler (2015)

The chosen sensor is a Kistler 9317c 3-component piezoelectric force sensor. The sensor offers

very high sensitivity as well as a wide range, and is also strong and durable.

The sensor will be fixed on top of the test ski, and connected to the rest of the construction

with a rotational degree of freedom about the horizontal axis normal to the direction of motion.

This connection is shown in figure 3.4. In addition to the sensor, a small signal amplifier and

a battery pack will be installed on the tribometer. The amplifier chosen is a Kistler 5073a 4-

Channel Charge Amplifier, adjustable Range up to 1000000 pC. The amplifier converts the pC

signals from the sensor to mV signals that can be read on a PC. It requires a power source of

+−20V and has an idle power consumption of approximately 250 mA. The sensor and amplifier

are shown in figure 3.5.
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Figure 3.6: Model of the tribometer aluminium strut profile frame.

3.2.4 Rigid Frame Construction

The construction must be rigid to avoid vibrations. At the BAT winter-lab, aluminium strut pro-

files are used to build the tribometer construction. The same strut profiles will be used in the

supporting frame construction of this tribometer. This will facilitate the installation of the tri-

bometer in the winter-lab, as well as sharing of resources. The strut profiles are ordered from

Bosch-Rexroth, who also offers various connector elements. A model of the frame is shown in

3.6.

3.2.5 Snow Sledge Construction for Outdoor Testing

For outdoor testing the tribometer must be stable while sliding in high velocities on snow and

ice. Testing could be done by sliding the tribometer down a snow covered hill, or by pulling it at

a controlled velocity with a pulling device. The tribometer should therefore be placed between

two full size skis by a rigid connection. To avoid wobbling and high moments, there should be

two connector points between each ski and the tribometer construction. The final snow sledge

is shown is figure 3.7.
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Figure 3.7: Snow sledge to be mounted below the tribometer.

3.2.6 Transition Between Sensor and Normal Force Actuator

Two concepts were considered for the transition between the sensor and the normal force ac-

tuator. One included two linear sliding bearings on each side of a strut. The other concept was

a strut connected to a pivot point (both illustrated in figure 3.8). The pivot point solution was

chosen because of its simplicity and adequate behavior. The thought problem of the sliding

bearings solution was that the strut could possibly angle out of its horizontal position, transfer-

ring a large moment to the slide bearings and get stuck.

3.2.7 Final Concept

The final concept consists of a manual linear vertical actuator connected to a shock absorber for

normal force exertion. The chosen manual actuator was a Rollco QME - 12 - 150 linear actuator.

The QME unit will be self locked beyond 1000N and can travel 150 mm. The chosen shock

absorber is a RockShox Vivid R2C bicycle shock absorber. It has a stiffness of 39,4 N/mm and

a travel length of 89 mm. To obtain the required normal force, and still keep the sledge steady,

two 10kg steel weight units are to be placed on top of the tribometer. The transition between the

normal force actuator and the force sensor is by a pivoted strut profile. The measurements are

performed by a Kistler 9317c piezoelectric force sensor and the signals are sent through a Kistler

5073a charge amplifier. Ski sole specimen will be fixed to a solid aluminium test ski with double
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(a) (b)

Figure 3.8: a) Pivot strut concept. b) Sliding strut concept.

sided tape. For testing friction properties between rubber and ice, a calibrated set of rubber

blocks with different rubber hardness will be used. The blocks will be placed in a special holder,

illustrated in figure 4.2. The tribometer has a rigid frame made from Bosch-Rexroth aluminium

strut profiles and various connector elements. For outdoor testing, two skis are firmly mounted

under the tribometer construction. The final design is shown in figure 3.10. When the new

winter-lab at BAT is ready, the snow sledge can be dismounted from the tribometer, and the

tribometer can be mounted to the trolley in the lab. With and without the snow sledge, the

tribometer weighs in at 23 kg and 17 kg, respectively. See figure 3.9 for the part of the tribometer

that is planned to be installed in the winter-lab.

3.3 Production Process

The design process and the production process was overlapping for the larger part of the project.

As soon as the major design specifications were decided, major components were ordered. The

aluminium strut profiles was first to arrive. They struts arrived in lengths of 5 meter, and were

cut to design measures at BAT. The frame was built by adding connector brackets. The manual
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Figure 3.9: Lab version of the tribometer.

Figure 3.10: Final 3D render of the tribometer. For clearity, cables and battery pack are not
visualized.
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actuator was second to arrive. It was ordered from Rollco Norge AS, and arrived as an almost

complete unit. In order to mount the adjustment wheel a hole was drilled in the center axle,

and a pin was inserted to fix the wheel. The grooves in the aluminium profiles and the connector

elements made it straightforward to install the manual actuator.

Before the pivot arm system was built, some design iterations had to be done (see figure 3.12

for different suggestions). The final design of the pivot arm was the simplest one, and it worked

out very good.

The snow sledge was also subjected to design alterations. The first design had the skis fixed

to the tribometer at a single point on each ski. It turned out to be too wobbly. The design was

the changed so that each ski was fixed to the tribometer at two points. The eary sled design is

shown in figure 3.11a.

The charge amplifier requires an 18V - 30V external power source to be operated. According

to the manual (Kistler (2012)), the power consumption is < 250 mA. Two 12V 1,5 Ah batteries

connected in series was therefore mounted to the tribometer.

The transition between the actuator and the shock absorber turned out to be a construc-

tional problem. It was not possible to construct the angled bracket (see figure 3.11b) at the IPM

workshop, and the assignment was therefore "outsourced" to "Skanke Stål og Sveis" at Heim-

dal. They managed to produce a good component, and eventually the bracket was picked up at

Heimdal, adjusted a little bit and mounted at the tribometer. Sensor, amplifier and computer

rack was then mounted, and the tribometer was ready for testing. Testing was performed on

february 17th (as seen in figure 3.13).
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(a) (b)

Figure 3.11: a) Tribometer with an early sled design. b) Angled bracket for the transition between
the manual actuator and the shock absorber.

(a) (b) (c)

Figure 3.12: Different versions of the pivot arm. a) Carbon strut pivot. b) A-frame pivot. c)
Aluminium strut profile pivot.

Figure 3.13: Tribometer during testing on snow.
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Testing

Initial testing was performed on wednesday february 17th, 2016. The location was Lohove, near

Dragvoll, in Trondheim.

4.1 Goal

The goal of the initial testing is to evaluate the performance of the test apparatus while measur-

ing friction between polyethylene and snow, and between rubber and ice.

4.2 Test plan

Two test procedures were planned for the initial testing:

1. With normal force varying between 40 N and 160 N, to test the friction between a polyethy-

lene ski sole and a freshly groomed ski track. Test track should be a straight hill, ending in a

straight flat. Adequate speeds should be obtained by letting the friction meter slide down

the hill. Based on the theory in section 2.2.1, the friction force is expected to increase with

increased normal force due to higher relative real contact area. If the relative real contact

area increases above approximately 80%, the friction may be reduced.

2. With rubber hardness varying between 30.4 and 89.4 Shore and constant normal force

at 100 N, to test the friction between blocks of rubber and an ice surface. The rubber

33
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Figure 4.1: Rex Gauge durometer test block kit. Used for friction testing on ice. The dimensions
of the rubber blocks are 51mm x 51mm x 7mm.

blocks are calibrated by Rex Gauge Company, and works as a test kit. The kit is shown

on figure 4.1. The test track should be a clean, even and flat ice surface. Adequate speeds

should be obtained by manually pushing the friction meter along the ice surface. Based on

the theory in section 2.4, the friction force is expected to decrease with increased rubber

hardness.
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4.3 Test Procedure

Date: 17.02.2016

Location: Lohove, Trondheim

Air temperature: 3◦C

Weather: Partly clouded

Right before the snow testing was initiated, the snow track was groomed. The friction meter was

sent down a hill at a controlled speed (approximately 1 m/s) and a normal force of 40 N. The re-

sults from the first test showed a highly variable horizontal force, ranging from 0 N to above 300

N. The results did not look like a representable measurement, so another test was performed.

The same results was obtained from the second test. When observing the behavior of the test

ski during the test run it was clear that the small size of the test ski, combined with the soft snow

surface, forced the ski to repeatedly dig into the snow, creating a sort of start-stop motion. When

observing the polyethylene sole after a few test runs, snow had got stuck and accumulated on

the sole, making sliding impossible. Circumstances taken into account, the decision was made

to abort the snow testing procedure.

The friction meter was then moved to the ice to perform friction testing on the rubber blocks.

The ice was covered in a thin water layer. The rubber blocks were placed in the aluminium

holder made especially for this purpose (see figure 4.2). The ice was not perfectly even, but

good enough for the friction meter to maintain a fairly even speed (with a little help from a

pushing arm). The rubber blocks were each tested twice to get more representative samples.

The uneven ice surface occasionally caused the rubber blocks to get stuck on the ice, leading

the friction meter to a full stop. These stop motions was considered possibly harmful to the

sensor, so the rubber testing ended after two test runs on each hardness. The measurements

showed a variable horizontal force, but much more even than from the snow test. On average,

the test time was 15,3 seconds. The trend shows a lower frictional force, and a lower coefficient

of friction with higher rubber hardness.

After the successful rubber testing, it was decided to perform ski sole testing with variable

normal force on the ice rather than on the snow. The procedure was the same as with the rubber
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Figure 4.2: The aluminium holder for rubber blocks.

Figure 4.3: Friction meter in action on ice.
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blocks. Ski sole tests were performed with normal force of 50 N and 100 N. Unfortunately, after

only two test runs with the ski sole, the measurement apparatus stopped working properly. The

testing session was therefore terminated (All functions are working properly after having the

tribometer indoors over the night). The results from the testing are presented in the next section.

The friction meter during testing on ice is shown in figure 4.3.

4.4 Results

The results are graphically presented in the figures 4.4, 4.5, 4.6 and B.16 in this section. The

friction force and normal force test data is manually read from test graphs generated by the

Kistler software ManuWare (See figure 4.4). Mean values from each run are calculated in Excel.

The normal force was quite unstable, probably due to the uneven ice surface. The friction is

therefore represented as the kinematic coefficient of friction (µ), which is defined in equation

2.1. The test motion was monitored with a GPS device mounted to the friction meter. The GPS

file shows that all the rubber block tests were performed at a speed of approximately 1 m/s. The

preliminary measurement apparatus has a measurement reading frequency of approximately

1,3 Hz.

4.5 Discussion

The results from the rubber testing are as expected from theory. The trend is showing a reduc-

tion in friction as the rubber hardness increases. The repeatability is not very good, indicating

large uncertainties in these results. With more test samples, a more even ice surface, better

speed control and better data acquisition tools, the repeatability is expected to be better and

the trend to be even clearer. The results from the ski sole testing indicates that an increase in

contact pressure reduces the frictional force of polyethylene sliding on ice. With only two sam-

ples, the uncertainty of these results are also very large. The results indicates that the set-up

is working. With a few tweaks, the tribometer will be a useful tool for investigating frictional

properties of different materials sliding on ice and snow.
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Figure 4.4: Example of test data generated by ManuWare. Channel 1 (black) shows the hori-
zontal force in the gliding direction. Channel 2 (red) shows the horizontal force normal to the
gliding direction. Channel 3 (green) shows the normal force. The horizontal lines are used to
make readings of the graphs. A higher sample frequency and raw data extraction would greatly
improve the quality of the results.
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Figure 4.5: Test 1: Rubber on ice with an initial normal force of 100 N. The trend shows a de-
creased coefficient of friction with increased rubber hardness.
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Figure 4.6: Test 2: Polyethylene on ice. Reduced coefficient of friction with increased contact
pressure.
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Figure 4.7: Test 2: Polyethylene on ice. Reduced friction force with increased contact pressure.
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Summary and Conclusions

5.1 Summary and Discussion

A versatile, mobile, tough and high accuracy linear tribometer have been designed, built and

tested. Initial testing proves that the set-up is working, and that it is capable of measuring small

differences in low frictional forces of materials sliding on ice. Testing was performed at low

speeds (1 m/s), but if the test surface is even, there are no indications that higher test speeds

will cause difficulties. For high speed testing on ice, ice blades should be considered instead of

skis on the sledge.

During testing on snow, the ski seemed do dig into the snow, hence increasing the horizontal

force because of heavy ploughing. A solution to this problem might be to increase the length

and/or width of the test ski. The snow accumulation on the ski sole may be a result of dirt

presence on the sole. A clean ski sole should not experience the amount of snow accumulation

that was registered during the test procedure in this project. Finding the proper hill for snow

testing is necessary in order to obtain useful measurements. The friction meter is mobile, but

the weight could be considered reduced. Two people, or a sophisticated pulling device is needed

to navigate the device through the ski tracks. The sample frequency should have been much

higher than 1,3 Hz, but for the time being it is not possible to adjust this parameter with the used

data logger software. This issue is probably possible to change with small computer actions.

The normal force during test runs was highly variable (see appendix B.1 for all test graphs).

To get better measurements on uneven surfaces, a softer spring may be considered. To obtain a

40
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normal force of 100 N the spring only needs to be compressed about 2,5 mm. A travel length of

89 mm is available and could be put to use with a softer spring.

The functional stop at the end of the test procedure, and that all functions are working

properly after a night indoors, might indicate that the tribometer has issues with operating

in cold/moist environments for long periods (hours). One explanation could be that the bat-

tery voltage was reduced due to power consumption and cold temperatures. Another expla-

nation could be that the the charge amplifier has operating issues at low temperatures (stated

minimum operating temperature for Kistler 5073a charge amplifier is 0◦C , according to Kistler

(2015)).

5.2 Conclusions

The tribometer has been developed, and initial testing proves that most functions are work-

ing according to requirements. With some adjustments and improvements, the tribometer will

most likely be an effective tool for measuring low friction forces of all kinds of materials sliding

on snow and ice surfaces. The tribometer can be utilized both outdoors, e.g. in ski tracks or ice

rinks, or in laboratories such as the new snow lab at NTNU. The tribometer can be a useful tool

in research to optimize friction in sports or research regarding tire friction and road safety on

winter conditions.

5.3 Recommendations for Further Work

• Improve data logger software

• Improve test ski for snow testing

• Reduce weight to improve mobility

• Perform further testing to validate sensor performance



Appendix A

Acronyms

NTNU Norwegian University of Science and Technology

IPM Department of Engineering Design and Materials

BAT Department of Civil and Transport Engineering

GPS Global Positioning System

relRCA Relative Real Contact Area

UHMWPE Ultra High Molecular Weight Polyethene

PTFE Polytetrafluoroethylene

42



Appendix B

Additional Information

B.1 Graphs generated by ManuWare

Channel 1: Horizontal force along direction of motion, Channel 2: Horizontal force normal to

direction of motion, Channel 3: Normal force.

Figure B.1: Friction test with rubber on ice. Rubber hardness: 30,4 Shore.

43



APPENDIX B. ADDITIONAL INFORMATION 44

Figure B.2: Friction test with rubber on ice. Rubber hardness: 30,4 Shore.

Figure B.3: Friction test with rubber on ice. Rubber hardness: 42,7 Shore.
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Figure B.4: Friction test with rubber on ice. Rubber hardness: 42,7 Shore.

Figure B.5: Friction test with rubber on ice. Rubber hardness: 50,0 Shore.
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Figure B.6: Friction test with rubber on ice. Rubber hardness: 50,0 Shore.

Figure B.7: Friction test with rubber on ice. Rubber hardness: 63,2 Shore.
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Figure B.8: Friction test with rubber on ice. Rubber hardness: 63,2 Shore.

Figure B.9: Friction test with rubber on ice. Rubber hardness: 72,7 Shore.
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Figure B.10: Friction test with rubber on ice. Rubber hardness: 72,7 Shore.

Figure B.11: Friction test with rubber on ice. Rubber hardness: 79,7 Shore.
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Figure B.12: Friction test with rubber on ice. Rubber hardness: 79,7 Shore.

Figure B.13: Friction test with rubber on ice. Rubber hardness: 89,4 Shore.
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Figure B.14: Friction test with rubber on ice. Rubber hardness: 89,4 Shore.

Figure B.15: Friction test with a polyethylene ski sole on ice. Initial normal force: 50 N (12,5 KPa
contact pressure).
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Figure B.16: Friction test with a polyethylene ski sole on ice. Initial normal force: 100 N (25 KPa
contact pressure).
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B.2 Selected Technical Drawings

 R
48

,55
 

 1
15

 

 R10 

 20
 

 5
7,

50
 

 M
8 

 47,50 

 R68,55 

 10,88° 

A
A

 
14

 

 
8 

 5 

 10 

SE
C

TIO
N

 A
-A

St
ål

B C D

1
2

A

3
2

1
4

BA

5
6

D
RA

W
N

C
HK

'D

A
PP

V
'D

M
FG

Q
.A

UN
LE

SS
 O

TH
ER

W
IS

E 
SP

EC
IF

IE
D

:
D

IM
EN

SI
O

N
S 

A
RE

 IN
 M

ILL
IM

ET
ER

S
SU

RF
A

C
E 

FI
N

IS
H:

TO
LE

RA
N

C
ES

:
   

LIN
EA

R:
   

A
N

G
UL

A
R:

FIN
IS

H:
D

EB
UR

 A
N

D
 

BR
EA

K 
SH

A
RP

 
ED

G
ES

N
A

M
E

SI
G

N
A

TU
RE

D
A

TE

M
A

TE
RI

A
L:

D
O

 N
O

T 
SC

A
LE

 D
RA

W
IN

G
RE

VI
SI

O
N

TIT
LE

:

D
W

G
 N

O
.

SC
A

LE
:1

:1
SH

EE
T 1

 O
F 

1

A
4

C

W
EI

G
HT

: 

sh
oc

ka
da

pt
er

lo
w

_d
rw

So
lid

W
or

ks
 S

tu
de

nt
 E

di
ti

on
.

 F
or

 A
ca

de
m

ic
 U

se
 O

nl
y.

Figure B.17: Drawing of the inner part of the transition between the manual actuator and the
shock absorber.
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