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Abstract

In contrast to motorbike tyres, whose friction during cornering has to be as high as
possible, the desired effect in skiing is the opposite, that of low friction. The reduced
friction between skis and ice or snow is made possible by a film of meltwater that forms
as a function of friction power. To support this friction mechanism, skis are waxed with
different waxes in both hobby and professional sports, depending on a variety of con-
ditions. Waxes with fluorine additives show best performance in most conditions, cor-
responding to the lowest friction coefficients. However, for health and environmental
reasons, the International Ski Federation (FIS) and the Biathlon Union (IBU) have im-
posed a complete ban on fluorine additives at all FIS races and IBU events with effect
from the 2023/2024 season. As a result, wax manufacturers are required to develop

and extensively test fluorine-free waxes in order to remain competitive.

Traditional tests take place either indoors or outdoors in the field. Athletes, who com-
plete a particular distance and whose time is measured, also note the impressions that
the prepared skis provide to the skiers. The time and cost involved in numerous indi-
vidual tests is a drawback, and the presence of only a single type of snow in the hall
or field, air resistance, changing environmental conditions and variations in the ath-
lete's movement, limit the depth of information. For the need of reducing the time-con-
suming procedure of indoor and outdoor tests, a tribometer offers a solution where
friction measurements can be performed on a laboratory scale. Due to the consistent
adjustable conditions such as temperature, speed and load applied to the friction part-
ners, scientific studies can be carried out with reduced disturbance variables. At pre-
sent, the tribometric results of laboratory instruments for predicting friction values do
not translate into application in practice. The reasons for this are the compromises that

have to be made in the design of the tribometers.

This work reviews the existing tribometers for their operating conditions and confirms
the need for a scientific method of characterising different waxes. In order to fill the gap
between friction results obtained in laboratory tests which cannot yet be used in the
selection of waxes, and traditional field tests, this thesis is dedicated to the methodical
design and manufacture of a linear tribometer capable of measuring friction between

a ski base made of UHMWPE (ultra high molecular weight polyethylene) and an ice
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sample. The tribometer provides for the first time results that allow differentiating be-
tween different modified waxes with regard to their running performance. Friction-influ-
encing factors such as speed, temperature and the surface pressure below the ski
base can be adjusted within the range relevant for ski sports. Furthermore, the labor-
atory-scale test stand, which is located in a cold chamber, is capable of accommodat-
ing not only typical ski jumping base lengths and widths, but also cross-country and
alpine ski bases. To verify the tribometer, a ski base is treated with three waxes of
different fluorine content and measured comparatively. With a minimum of 95% confi-
dence, the friction differences between the tested waxes depending on their fluorine

content is validated and proven at the end of this work.
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Kurzfassung

Im Gegensatz zu Motorradreifen, deren Reibung bei Kurvenfahrten moglichst hoch
sein sollte, ist beim Skifahren das Gegenteil erwlnscht, namlich eine moglichst geringe
Reibung. Die reduzierte Reibung zwischen Ski und Eis beziehungsweise Schnee, wird
durch einen Schmelzwasserfilm ermdglicht, welcher sich in Abhangigkeit der Rei-
bungskraft bildet. Um diesen Reibungsmechanismus zu unterstutzen, werden die Ski-
belage aus ultrahochmolekularem Polyethylen sowohl im Hobby- als auch im Profi-
sport, in Abhangigkeit der vorherrschenden Bedingungen, mit unterschiedlichen Schilif-
fen versehen, als auch mit Wachsen behandelt. Wachse mit fluorierten Additiven zei-
gen bei den haufigsten Bedingungen die beste Performance, also den niedrigsten Rei-
bungskoeffizienten. Jedoch aus Grunden des Gesundheits- und Umweltschutzes, ha-
ben der internationale Skiverband (FIS) und der Biathlonverband (IBU) fir die Saison
2023/2024 ein komplettes Verbot von Fluoradditiven bei allen FIS-Rennen und IBU-
Veranstaltungen verhangt. Dies hat zur Folge, dass die Wachshersteller gezwungen
sind, um weiter wettbewerbsfahig zu sein, fluorfreie Zusatzstoffe zu entwickeln und
diese auch ausgiebig testen mussen. Traditionelle Gleittests zur Auswahl von Ski, Be-
lagen, Schliffen und Wachsen finden entweder in der Skihalle oder im Freien statt.
Bewertungskriterien sind zum einen die gemessene Zeit von Skifahrern, die eine defi-
nierte Strecke zurucklegen und zudem die Fahreindricke, welche den Fahrern wah-
rend der Fahrt vermittelt werden. Die Vorteile liegen im Fall der Skihalle bei der Kon-
stanz der aufleren Bedingungen im Vergleich zu den Feldtests, welche zeitlich und
geografisch nah an den Wettkampfen stattfinden konnen. Eine ausreichende Vorbe-
reitung und Erfahrung bezuglich der lokalen Gegebenheiten ist hierfur jedoch Voraus-
setzung. Der Zeit- und Kostenaufwand flr die zahlreichen Einzeltests stellt bei beiden
Varianten einen entscheidenden Nachteil dar und das Vorhandensein von nur einer
Schneesorte in der Halle, eine begrenzte Testkapazitat pro Testtag, der sich andernde
Luftwiderstand je nach Fahrerposition, die wechselnden Umgebungsbedingungen und
die Schwankungen in der Bewegung des Sportlers schranken die Informationstiefe

ebenfalls ein.

Um die zeitaufwandige Prozedur von Indoor- und Outdoor-Tests zu reduzieren, bietet
ein Tribometer, mit dessen Hilfe Reibungsmessungen im Labormalistab bei gleichzei-
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tiger Steuerung der aulleren Bedingungen durchgefuhrt werden kénnen, eine mdgli-
che Losung. Mittels konstant einstellbarer Parameter wie Temperatur, Geschwindig-
keit und Belastung der Probe konnen wissenschaftliche Untersuchungen mit reduzier-
tem StorgroRenumfang durchgefuhrt werden. Von Laborgeraten zur Vorhersage von
Wachseignungen ermittelte tribometrische Ergebnisse nehmen derzeit in der Praxis
nur eine untergeordnete Rolle ein. Die Grinde daflr liegen in den Kompromissen, wie
z.B. ProbengrofRe, Geschwindigkeit und Last, welche bei der Konstruktion der Tribo-

meter eingegangen werden mussen.

In dieser Arbeit werden die vorhandenen Tribometer in Bezug auf ihre Einsatzfahigkeit
uberpruft und die Notwendigkeit einer wissenschaftlichen Methode zur Charakterisie-
rung unterschiedlicher Wachse bestatigt. Um die Lucke zwischen Feldtests und ver-
wendbaren Reibungsergebnissen aus Labortests zu schliel3en, widmet sich diese Ar-
beit der methodischen Konstruktion und Fertigung eines Linear-Tribometers, mit des-
sen Hilfe wachsabhangige Reibkraftunterschiede zwischen einem Skibelag aus ultra-
hochmolekularem Polyethylen (UHMWPE) und einer Eisplatte gemessen werden kon-
nen. Die notwendigen Anforderungen an die Unterfunktionen der Baugruppenkon-
struktion wurden mittels Lastenheft definiert und Teilldsungen mit Hilfe von Gewich-
tungsfaktoren bewertet. Eine zuvor durchgeflhrte Machbarkeitsstudie half Schwach-
punkte fur die finale Losungsvariante zu ermitteln und basierend auf diesen Ergebnis-
sen wurde das Konzept mit der hochsten Bewertung gefertigt und in Betrieb genom-
men. Der in einer Kaltekammer untergebrachte Platte-Platte-Prifstand im Labormal-
stab ist in der Lage, neben skisprungtypischen Belagslangen und —breiten auch Lang-
lauf- und Alpinbelage aufzunehmen. Der in Meterware erhaltliche Skisprungbelag wird
an den Enden geschéftet, verklebt und so zu einem endlosen Band verbunden. Ahnlich
einem Forderband bringen zwei Walzen den Belag, unter Spannung stehend, in Rota-
tion. Eine Vorrichtung mit montierten gummierten Rollen leitet die Normalkraft auf den
Skibelag und auf die sich darunter befindliche Eisprobe. Abhangig von den aufgelegten
Gewichtsscheiben, kann die Kraft in Stufen eingestellt werden und fuhrt so zu unter-
schiedlichen Flachenpressungen unter dem Skibelag.

Das Auslenken der Eisprobe infolge der entstehenden Reibung flhrt zu einer Betati-

gung eines Kraftaufnehmers, welcher mit der Eisprobe auf einem Gleittisch federvor-
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gespannt montiert ist. Mit Hilfe des Tribometers kdnnen Messparameter wie Ge-
schwindigkeit, Beschleunigung, Temperatur und Flachenpressung im skisportrelevan-
ten Bereich frei eingestellt werden, so dass der Prufstand hierdurch skidiszipliniber-
greifend einsetzbar ist.

Die Verifizierung des Tribometers erfolgt durch stationare Versuchsreihen unter Ver-
wendung eines Belages ohne Strukturierung und drei applizierten Flissiggleitwachsen
gleicher Basis, jedoch mit unterschiedlichem Fluorgehalt. Nach einer gewahrten Trock-
nungszeit wird das aufgetragene Wachs mit einer Nylonburste ausgeburstet und fur
jede intermittierende Messreihe wird eine neue Eisprobe eingelegt. Zur Bestimmung
der mittleren Reibungskraft eines Wachses werden jeweils 100 konsekutive Messun-
gen bei 3 m/s und 140 N Normalkraft durchgefuhrt und der Mittelwert im Bereich der
konstanten Geschwindigkeit erfasst. Zur Wiederverfestigung eines maoglicherweise
entstehenden Wasserfilms wird zudem eine Pausenzeit zwischen den Messungen ein-
gehalten. Fur jede Wachsmaodifikation wird die Prozedur insgesamt sechsmal wieder-
holt. Im Bereich der stationaren Auspragung der Messwerte wird schliel3lich der jewei-
lige Gesamtmittelwert fur ein Wachs bestimmit.

Mit einer Konfidenz von mindestens 95% konnten die Unterschiede hinsichtlich der
mittleren Reibkraft zwischen den getesteten Wachsen in Abhangigkeit von ihrem Flu-
orgehalt validiert und nachgewiesen werden. Es konnte gezeigt werden, dass wahrend
den gemessenen Bedingungen ein steigender Fluoradditivanteil eine signifikant gerin-
gere Reibung erzeugt und dies der Eignungsreihenfolge des Deutschen Skiverbandes
und des Wachsherstellers entspricht. Weiterhin konnte das Vorhandensein eines
Mischreibungsregimes mit ausgepragtem Festkdrperkontakt bei den Versuchen mit-

tels Profilometrie nachgewiesen werden.

Das Tribometer liefert erstmals Ergebnisse, die es erlauben, zwischen unterschiedlich
fluorierten Wachsen hinsichtlich ihres Laufverhaltens zu differenzieren. Die im Labor
gemessenen tribometrischen Werte machen zwar Hallen- und Feldversuche nicht
ganzlich obsolet, jedoch stellen sie eine Moglichkeit zur Vorselektierung von Wachs-
additiven dar. Die sinnvolle Kombination der verschiedenen Skitests erlaubt schlie3lich
eine schnellere und kostengunstigere Beurteilung des Laufverhaltens der optimie-

rungsfahigen Parameter: Ski(-belag), Schliff und Wachs.
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Glossary

Abbreviations and Acronyms

AFM Atomic force microscope

Avg Average

BMI Body mass index

BPMN Business process model and notation
COF Coefficient of friction

CSD Constant speed duration

DIN German institute for standardization
DSV German Ski Association

FIS International Ski and Snowboard Federation
Ho Null hypothesis

H1 Alternative hypothesis

HoQ House of quality

HS Hill size

ICR International ski competition rules

ISL Inter-segment latency

L-Point End of the landing area

PA Polyamide

PE Polyethylene

PTFE Polytetrafluoroethylene

QFD Quality function deployment

T-Point Edge of the ramp

UHMWPE Ultra high molecular weight polyethylene
VDI The association of German engineers
Wit Water film

X1-2 Mean values

Latin symbols

A mm? Cross section

d mm Diameter of the driven roller

E MPa Young’s modulus

F N Force

Fc N Circumferential force

Fice N Friction force ice sample

Fn N Normal force
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Fp N Preload force

Ferre N Friction force PTFE plate

h pm Water film thickness

I mm?* Area moment of inertia

L mm Length

Ma Nm Acceleration torque

M, Nm Load torque

m. kg/m Length weight of the belt

M Nm Starting torque

n Sample rate

Nin min™’ Difference in rotational speed

R, um Arithmetical mean deviation of the assessed profile, a
roughness parameter

Rpo.2 N Yield strength
Total height of profile is the vertical distance between the

R: pm maximum profile peak height and the maximum profile valley
depth along the evaluation length

R, um Average of the maximum peak to yalley heights of the various
sampling lengths of a surface profile

s m Sliding distance

t S Time

ta S Acceleration time

Tair °C Ambient temperature

Vimax m/s Maximum speed

wt.-% % Weight percentage

Greek symbols

oiz Variance
9] Coefficient of friction
A mm Displacement
C] kgm? Mass moment of inertia
Tt Nm Maximum torque
rad Belt's contact angle

> ©

Dimensionless film parameter, the lambda ratio

o um Combined root mean square roughness
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1 State of the art

Ski jumping as well as cross-country, nordic and alpine skiing are organised by the
International Ski and Snowboard Federation (FIS) with competitions held at interna-

tional level.

1.1 Competition setup

1.1.1 Jumping hill

In professional ski jumping the approach is performed on an artificial tower, the jumping
hill. Jumping hills that are homologated by the FIS, are in compliance with the Interna-
tional Ski Competition Rules (ICR) [2] and with the implementing provisions of the
“Construction Norm” [3]. Determined by the FIS in its competition rules, the jumping
hills are classified in Hill Sizes (HS), more precisely in the distance of the T-Point, the
edge of the ramp, to the L-Point, the end of the landing area (see Figure 1.1). The
classification of the jumping hills is shown in Table 1.1 below with the declaration for

the jumping hill’'s width and respective width shown in Figure 1.1.

Table 1.1: Classification of jumping hills [2]

Description Width “HS” Respective width “w”
Small hills To49m To44 m

Medium hills 50 mto 84 m 45 mto74 m
Normal hills 85mto 109 m 75mto99 m
Large hills 110 m and larger 100 m and larger
Flying hills 185 m and larger 170 m and larger

The HS is directly proportional to the length of the in-run section and thus to the jump-
ing distance the jumper can possibly achieve. More in-run length therefore equals more

jumping distance.
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Table 1.2: Nomenclature for Figure 1.1

Indices

In-run characteristics

A

highest start place

B lowest start place
E+ the beginning of the radius curve
E2 the end of the curve, the beginning of the take-off
T the edge of the take-off
the length of the in-run from the highest start place to the edge of the take-
e1 off table
the length of the in-run from the lowest start place to the edge of the take-
e2 off table
es the length of the starting place area
t the length of the take-off
Y the gradient of the straight section of the in-run
a the gradient of the take-off
r1 the radius of the curve of the in-run at point E>
Indices Profile of the landing area
T the edge of the take-off of the hill (= coordinate origin)
S the height of the take-off
P the beginning of the landing area
K construction point
L the end of the landing area
U the start of the outrun area, lowest point of the profile
the measured distance (Hill Size) from the edge to the take-off to the end
HS  of the landing area L
W distance between the edge of the take-off and the construction point K
H the height difference from the edge of the take-off to the K point
N the horizontal distance from the edge of the take-off to the K point
Zu the height difference from the edge of the take-off to the lowest point U
1 the length of the curve P-K
2 the length of the curve K-L
L the length of the curve of the landing area P-L
A the length of the outrun
Bo the tangent angle of the landing hill knoll at the base of the take-off
Bp the tangent angle at P point
B the tangent angle at K point
BL the tangent angle at L
re the landing hill radius P-L
raL the radius curve at L
r2 the radius curve at U
b1 the clear width of the in-run
b2 width at the base of the take-off
bk the prepared width at the K point
bu the prepared width at the end of the r2 radius and the start of the outrun
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Zy

Figure 1.1: Geometrical elements for the jumping hill, based on [2]

1.1.2 The judging of the ski jump

As in the ICR specified, the overall result in ski jumping consists the jumping distance
covered by the ski jumper and the style points achieved during the jump. Para-
graph 431.1 lays down the principles for the evaluation of the jump’s performance. The
outer appearance of the jumper's movements, beginning from end of the take off and
ending with the passing of the “fall line” in the outrun is judged with the main focus in
aspect of timing, carrying out the movements, stability and general impression [2]. The
key points for an evaluation of the performance and therefore the calculated points

given for it, are shown as followed

- ‘“utilization of the aerodynamic efficiency of body and ski”
- “posture of arms and legs, as well as ski position during flight”
- ‘“succession of movements during landing”

- “conduct during outrun.” [2]
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Hence, as displayed in Figure 1.2, jumps can be divided into four technical parts: in-
run, take-off, flight and landing. In this elaboration, the main focus is set on the section
“in-run” and its frictional properties of the jump. The in-run phase starts at the “starting
bar” and ends with the take-off phase. At the beginning of the first section, the jumper
sits on the starting bar, whose position on the

ramp is determined anew before each compe-

tition round. This procedure prevents the best Flight
jumpers from jumping too far and increasing
the risk of accidents. As the “red phase” be-
gins, the jumper has to leave the starting bar
within 10 seconds and has to adopt an aerody-
namic body posture to reach velocities of about ~ Figure 1.2: The four technical

25 m/s during the in-run section. [2,4] parts of a ski jump [1]

However, the in-run, which consists of a curved path in between two straights, is also
considered to be important because the athlete’s performance during the in-run deter-
mines the initial conditions for take-off. During all jumps, the horizontal take-off force
was predominantly a backwards braking force, and so the athlete’s horizontal velocity
was substantially reduced during the take-off. The distance achieved in a long jump is

strongly determined by the athlete’s horizontal velocity at the end of the in-run phase

[5].

1.1.3 In-run velocity

Virmavirta et al. [4] investigated during the Torino Olympics 2006 the interrelationship
between the length of a jump with parameters as in-run velocity, angular velocity of the
hip joint during take-off, body weight influence and take-off techniques of the jumpers.
As a result, a significant correlation of the length of a jump with the in-run velocity has
been observed and furthermore the influence of the upper body movement during the
take-off phase, which corresponds to a length of approximately 6 meters, was identi-
fied. Despite the appearance of higher air resistance due to the variation of the upper
body, only a little effect on the jumping distance could be determined as the possible
negative-aerodynamic body position is maintained only for a short period of time.
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1.1.4 Iceramp

To this day, two types of in-run tracks are used in ski jumping. The traditional version
is the in-run track milled into ice. Here, a 15 — 20 mm thick layer of ice is built up via a
combined irrigation and cooling system and then the track is milled into it. The system
also suitable for summer training is a run-up track with ceramic tiles [6]. Figure 1.3
shows the end of the approximately 100 m long in-run section of the ski jump in
Klingenthal, Germany. The two tracks milled in the ice, each 135 mm wide, are framed

by plastic surrounds and cooled during the competition event.

135
30 30

Figure 1.3: In-run track in Klingenthal, Germany (left), track milled into ice surface (mid-

dle) and milled grooves in ice track (shown as black areas)

The ice surface of each track is separated by three grooves with a width of 12 mm and
a depth of 5 mm. This results in a reduction of the contact surface to approximately
73 % of the nominal surface. The following pictures were taken after the ski jumping
event in Klingenthal, Germany. The milled-in profile of the running surface has been
broken up to some extent due to the load caused by the jumpers and the changing

ambient conditions during the day with partial use of leaf blowers to remove freshly
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fallen snow. Furthermore, accumulations of ice have clearly formed on the running

surface.

Figure 1.4: Ice track after competition with accumulations of ice (left) and damage

to the ice profile due to occurring load (right) in Klingenthal, Germany

1.2 Ski characteristics

1.2.1 Length

The current state of regulations related to geometric features of a jumping ski are de-
fined in the “Specification For Competition Equipment” [7], issued by the FIS. The ski
jumper’s individual ski length is calculated with the help of the body mass index (BMI).
The BMI relationship, developed by A. Quetelet in 1832 [8], is defined as a body mass
to the body height squared ratio, as shown in Eqn. 1.1.

Body Weight [kg] Eqgn. 1.1

BMI = >
Body Height” [m?]
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According to the regulations, the “maximum ski length is 145 % of the total body height
of the competitor based on a minimum BMI of 21” [7], for both men or women. “For
athletes with less than the BMI minimum, a grading table of 0.125 x BMI will be applied”
[7] and according to this, the ski length needs to be shortened to meet the regulation.
A shorter ski length (this accordingly leads to a smaller surface area) results in a
shorter “wing” and thus tends to reduce the jumping distance due to a negative effect

in terms of aerodynamic forces. [9,10]

1.2.2 Profile width

The profile width of the ski is regulated in article 1.2.1.2 of the FIS specifications [7]
and is displayed in Table 1.3 and Figure 1.5. The rectangular shape of the ski (at points
A and C) tapers symmetrically from a defined length to point B - this is called a side
cut in the regulations. At point b the width is to be designed in a range of 95 to 105
mm. The edges must be at a 90° angle to the running surface as well as to the ski top
surface. The maximum difference between the width in the front and tail section must

not exceed 5 mm. [7]

Table 1.3: Nomenclature for Figure 1.6 [7]

L Ski Length

a Max. width at front portion 115 mm
b Max. width at 57 % of front portion (f) 105 mm
C Max. width at tail portion 115 mm
d Max. length between tip and begin of side cut 300 mm
e Max. length between tail and begin of side cut 150 mm
f Control point of b

1.2.3 Contour, length and height of the shovel

As stated in article 1.2.1.3 of the FIS regulations, “the ski tip may be individually mod-
ified as long as it remains symmetric and centred to the middle part and that the mini-

mum distance to the ground of 30 mm is observed” [7].
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1.2.4 Contour of the tail

Article 1.2.1.4 specifies the contour of the tail to a maximum height of 10 mm from the
tail to the ground. [7]

1.2.5 Running surface

The requirements for the running surface are 3

defined as: the running surface must be flat L Ski-tip (max. frame)

and may have a fine base structure in a lon- Tﬂ)—-m .
gitudinal direction and one or more grooves 2y | / \mfm

on the bottom side of the surface, as seen in

Figure 1.6. Any additional shapes, except of

the base structure and the grooves, are pro- IELI Y

hibited. Even though the number of grooves

is not defined, “the total amount of the meas-
ured surface area of all the grooves may not
exceed 50 % of the minimal width of the ski.  [+° l

The width of a single groove may not exceed

10 mm. The base must be of a polyethylene Figure 1.5: Profile width according to
material”. [7] the FIS specifications [7]

Base Structure

Machined groove

Running direction

Figure 1.6: Running surface with longitudinal structure and grooves
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Furthermore, the FIS is regulating the ski's shape and flexibility and its mass. Aerody-
namic coverings and stabilizers are prohibited and a ski design, which allows an aero-
dynamic flex during flight, is forbidden through the regulations. In addition, the mini-
mum weight of a single non-mounted ski is determined by: the ski length in meter re-
sults in a ski weight in kilogram (e.g., 2.5 m = 2.5 kg). Nevertheless, for balancing the

centre of gravity, additional weights are permitted. [7]

The ski base is generally prepared for a competition as follows and thus defines the
potential ski sample configurations with regard to their surface characteristics: The raw
ski base, which is either produced from a sintered cylindrical polyethylene block using
a peeling process or is manufactured in an extrusion process, is given its final structure
through a stone grinding or structuring device [11]. The structured ski base is then
waxed and brushed or rather corked in various stages. Four constellations of ski base
samples are derived from this: raw, raw and waxed, structured, structured and waxed.

Figure 1.7 shows an overview of the different ski surface finishes.

The images of the surfaces were taken with a digital microscope (VHX-7000, Keyence
GmbH, Germany). The raw base features production-related, unevenly distributed,
grooves in running direction (a) and the structured base (b) has a macroscopic dia-
mond-shaped pattern that is usually customised in shape and incision depth depending
on the competition conditions [11]. At 5x magnification, the base showed distinct
grooves approximately 0.2 mm wide, which are clearly visible in the surface image
below. These grooves were no longer as prominent in the waxed modification as a

result of the waxing process (c).

A more detailed analysis of the sliding distance dependent roughness of the ski base

and the ice sample will be carried out in chapter 4.5.2.
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Figure 1.7: Surface images of the a) raw, b) structured, and c) structured and waxed

ski base

1.3 Contact pressure

At present, there is no definitive statement on the real contact area between ski and
ice or snow. No established measurement method have yet been developed and no
validated experimental tests have been carried out to determine the real contact area
during sliding. Furthermore, the determination of the contact area is made difficult since
only small sections of the ski contact area can be investigated with standard methods
for contact area determination such as SEM, AFM and profilometry [12—15]. The spa-
tial distribution of the contact areas and thus the resulting contact pressure between
ski and ice or snow is highly inhomogeneous and during the sliding process the contact
points are constantly changing [16—18]. In addition, calculations can only be estima-
tions of the location-dependent highly dynamic process [19,20]. Estimates of the con-
tact pressure can be found in the literature, which range from < 10 kPa [21] to > 1 Mpa
[11].

Due to this uncertainty, the nominal contact pressure is used for further consideration,

which is estimated as follows: the front and rear parts of the ski lift off the ice surface
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to a greater or lesser extent during the ski jump downhill, thus significantly reducing
the contact area. Neglecting this effect and based on the specified maximum geometric
dimensions of Table 1.3 in conjunction with Figure 1.5, an assumed ski length of
2,400 mm with an average width of 108.3 mm, results in a nominal surface area of
520,000 mm? for both skis. Due to the curved shape of the tip and the rear of the ski in
relation to the design of the ski architecture like camber and rocker, only between 1/3
(173,000 mm?) [22] and 1/2 (260,000 mm?) [22,23] of the apparent surface is truly in
contact with the ice during the in-run. On the surface of a milled ice track, representing
only 73 % of the nominal surface area (cf. chapter 1.1.4), the nominal ski contact on
ice is accordingly reduced to a range of about 126,500 mm?to 190,000 mm?2. With an
assumed jumper weight of 50 kg, the nominal contact pressure below the skis there-
fore ranges between 2.58 kPa and 3.88 kPa.

1.4 Summary and comparison of publications in the field of friction on ice
and snow

For a long time, there has been increasing interest in snow and specifically ice friction,
as a result of numerous ski sport activities. The prevailing goal in the field of skiing
materials is to achieve the lowest possible friction, and thus generate the highest pos-
sible sliding speed and this has been the impetus of several scientific studies on ice
friction. At this point, an overview describing the pioneering stages in the scientific pro-
cessing of ice friction, in particular the friction between a ski base and ice surface, is
provided. As early as 1859, seminal ice adhesion experiments by Faraday lead to sug-
gestions of the existence of a melted layer present on ice caused by pre-melting of its
surface [24]. Since the properties of this layer are not the same as those of a usual

liquid, the layer was designated as “quasi-liquid” or as “liquid-like”.

Bowden and Hughes carried out various experimental studies of the friction on ice and
snow surfaces on the glaciological expedition to the “Jungfraujoch” in 1938 [25]. They
observed low friction on ice surfaces at temperatures near the melting point of ice and
drew conclusions that these low frictional forces occur as a result of a thin water film
on the surface. This film was shown to be caused by frictional heat which lubricates
the contact points between the sliding surfaces, rather than by pressure melting as
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Osborne Reynolds 1901 and others had supported at this time [26]. Within their exper-
iments, Bowden and Hughes discovered the independency of the coefficient of kinetic
friction from load, apparent contact area, and sliding speed and recognized a signifi-
cant increase of friction at decreasing ice temperatures as the formation of the water
film was impeded. As different slider materials were used in each these studies, the
importance and influence of the thermal conductivity of these materials on the ice fric-
tion could be appreciated (differing rates of water melting due to differences in frictional
heating). As a key outcome of their work, they provided proof that pressure melting

alone is not responsible for creating the water film found on ice surfaces.

In 1953, Bowden continued his experimental studies of friction on snow and ice and
could demonstrate that friction is indeed independent of the apparent surface area by
showing in sliding experiments that the measured friction values with a full-sized ski
are the same as those of a very small sledge [27]. Furthermore, he could show that
Amontons’ law - friction is directly proportional to the (normal) applied load and the
friction coefficient is constant and independent of the contact area, surface roughness,
and sliding speed - is applicable in the field of ice friction.

It was shown that the minimum contact area is mainly determined by the load and
loading time and therefore by the plastic deformation of the surface with the lowest
hardness. Since the hardness of ice is temperature dependent, which surface provides
the real contact area is therefore also dependent on temperature. The difference be-
tween the apparent and the minimum real contact area was estimated to be about
1/30000 of the apparent surface area (depending on ice temperature). Temperature
effects on static and kinetic friction were observed, as well as an increase in friction
with decreasing sliding speed. Within this paper, Bowden could demonstrate measur-
ably higher friction values when using an adequately thermally conductive slider,
alongside an enhanced difficulty to create a friction-decreasing water film. Additionally,
Bowden reported overall lower friction values (load and speed independent) when us-

ing Polytetrafluoroethylene (PTFE) as a sliding material on the ice surface.

Functional studies by Cohen and Tabor in 1966 investigated polymers with both polar
(polyamide 6.6) and nonpolar (polyethylene) characteristics in combination with either
lubricated or unlubricated glass and metal surfaces [28]. Water and alcohol-water so-

lutions were chosen as lubricants to analyse the differences in sliding properties of the
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friction partners. Water was shown to be an effective lubricant for polyamide sliding
against a glass surface, due to its hydrophilic properties. When, however, hydrophobic
polyethylene or polytetrafluoroethylene polymers were used instead, measurement re-
sults demonstrated water to be an entirely ineffective lubricant. A series of experiments
were then made with polyethylene sliding against itself and utilizing either water or
dilute alcohol solutions. Starting with water, insufficient lubrication was observed until
the alcohol content was increased to point at which the polyethylene’s surface tension
was reduced, making it possible to sufficiently wet the surface and subsequently re-
ducing the coefficient of friction (COF). Furthermore, they examined the frictional prop-
erties of polyamide following a prolonged exposure time with water and could show a
subsequent increase in friction values. It was assumed that this increase in friction is
due to plasticization of the surface following moisture absorption and a consequent
reduction in bulk strength of the surface’s irregularities, leading to an increase of the

contact area.

In 1976 Evans et al. further developed the frictional heating theory of Bowden and
Hughes (1938) [29]. Instead of estimating the energy used in sliding over the interface,
they calculated the energy loss in the form of heat in the contact area. It has been
shown that frictional heat is conducted into the slider samples as well as into the ice
surface thereby raising the surface temperature until the ice’s melting point has been
reached. Accordingly, if the thermal energy required for melting the ice is low, most of
the energy is conducted into the sample and ice surface.

Numerous experiments by D. Kuroiwa in 1977 investigated the kinetic friction between
a metallic or plastic-resin slider and snow or ice in relation to skiing and skating [30].
In line with Bowden'’s conclusions in 1953, Kuroiwa and his team could also show that
friction induced by low-speed sliding induced plastic deformation within the snow, while
sliding with increased speed lead to a stick-slip friction which was accompanied by
fractures and abrasions of snow grains. The real contact area between a transparent
flat glass-sample and snow was measured and calculated. As a result, microscopic
examination of the friction surfaces revealed an ice grain content of 37% in the snow,
resulting in a total cumulative ice area of 220 mm?. They demonstrated that the real
contact area created by a 5 min friction test is only 3.8 % of the nominal contact area

of the ice grains. This translates to an average real contact area of approximately
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0.04 mm? and, if a circular shape of the contact areas is assumed, an average contact
diameter of around 200 um. By comparing the energy required to melt snow and the
total energy required to slide the snow sample on the glass (frictional resistance was
measured), this study estimated that only 1 % of frictional energy was used to melt
snow while the majority is transferred to the snow and to the glass sample in the form

of heat.

Four years later in 1981, Ambach and Mayr examined the thickness of a water film
during frictional measurements on snow by measuring the dielectric constant in the
contact zone with a comb-shaped capacitor which was installed directly into the ski
[31]. They found that high values of the dielectric constant correspond to high values
of water film thicknesses, since the dielectric constant for water is much higher than
for snow. In order to prevent freezing of water films, the tests were carried out during
the actual sliding process, using real skis under natural sliding conditions. To achieve
different thicknesses of water films, the tests were performed with different types of
waxes and under different temperature conditions. As a result, Ambach and Mayr
showed the presence of a water film which was several micrometres thick during slid-

ing (5 um at -4°C snow temperature).

In 1982, the frictional heating theory of Evans et al. was further developed by Oksanen
and Keinonen with a mathematical model to calculate the COF [32]. The authors pro-
posed that the frictional force is caused by viscous shearing of the water film layer
between a slider composed of different materials and the ice surface. They assumed
a real (true) contact area by calculation from the quotient of the normal force and in-
dentation hardness of the ice. Furthermore, they calculated the friction partner's COF
and its dependence on temperature, speed and normal force. Their theory was con-
firmed by pin-on-disc tribometer tests at a maximum speed of 3 m/s and at tempera-

tures as low as -15 °C with loads up to 45 N.

Glenne, 1987, considered the influence of dry and wet snow on kinetic friction and
further developed the previously mentioned mathematical models [33]. It was as-
sumed, that the total sliding resistance is the sum of dry friction, wet friction, compac-
tion, and impact resistances caused by the displacement and compression of the

SNow.
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Between 1988 and 1994, S. C. Colbeck developed the mathematical description of
friction on snow in a quantitative way and highlighted the importance of researching
the formation of friction caused by the water film [34—36]. Friction experiments with a
slider on a snow surface were undertaken, demonstrating three friction mechanisms
which are each prevalent to varying degrees across different film thicknesses: dry
ploughing, lubrication and capillary suction, which result in dry friction, boundary lubri-
cation as a result of melt water, and capillary drag effects due to water bridge formation
respectively. These mechanisms occur simultaneously and are influenced by the
emerging amount of melt water, at least as far as friction on snow is concerned. With
only a small amount of water, the surfaces are just partially separated and the lubricat-
ing water film arises insufficiently. Experiments have shown that if the amount of melt
water exceeds a certain point, the contact area increases along with potential capillary
effects and, as a result, the COF raises. Through experimental observations and the
development of analytical solutions, the dependence of the snow temperature and
grain size, and the applied slider’s roughness, hardness, speed, load, and length have
been analysed. It has also been shown that heat generated by friction is stored in the
snow grains and generates water, which acts to lubricate contact points between ski
and snow. Additionally, similarities to ice friction could be demonstrated by a drastic
increase of the contact area as a result of the slider passing over the snow surface,
showing that the snow surface becomes similar to that of an ice surface. Water film
thicknesses of approximately 0.2 to 1.2 ym have been determined by snow friction

experiments and calculations.

Studies of mirror-like single crystal ice surfaces by Dosch et al. in 1995 using glancing-
angle X-ray scattering investigated the surface melting of the high symmetry ice sur-
faces and its quasi-liquid layers [37]. Previous X-ray experiments carried out in 1994
had provided strong evidence that water layers, produced by surface melting or more
specifically by “pre-melting” of the surface, build up at well below 0 °C [38]. The results
gained by Dosch et al. in 1995 confirmed these previous findings and could further
refine the conclusion by showing that ice begins to build up a quasi-liquid layer at ap-
proximately -13 °C and this water layer develops to several nanometres in thickness
by -5°C. They did not, however, confirm the predicted end of growth of the quasi-liquid

layer at 3 nm of thickness (“blocked surface melting”) presented by Elbaum et al. [39].
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The experimental results of Dosch et al. have indicated that van-der-Waals interactions
start to dominate the surface melting of the quasi-liquid layer over a layer thickness of

15 nm.

Fluorescence spectroscopy experiments utilizing sliding plastic materials on ice with a
view to identify interfacial water layers caused by frictional heat were conducted in
1998 by Strausky et al. with the aid of a pin-on-disc apparatus [16]. As plastic samples
they utilized polymethyl methacrylate (PMMA) with a polished sliding surface of optical
quality and a second not specifically identified ski running base material from Fischer
GmbH, Austria, characterized by optically transparent properties and a common ski
base grooved surface structure with groove depths of approximately 30 yum. The in-
vestigation took place under limited speed conditions of 0.005 to 0.1 m/s and at a tem-
perature environment of -2°C (surrounding gas, ice and sample) with a chosen contact
pressure which is assumed to develop during skiing conditions. The detection limit of
their experiment setup was 50 nm for PMMA and 250 nm for the running base material.
Strausky et al. stated as a result that under these conditions, no water film above the
level of detection could be identified and they concluded that the water layer present
for PMMA must be smaller than 50 nm (250 nm respectively for the ski base material).

Furthermore, a COF of 0.03 at -2°C was measured during the executed experiments.

In 2000, Bo Persson published a handbook with general principles of heat flow during
sliding with support of the Research Centre of Julich, Germany [40]. The publication
dealt with fundamental aspects of sliding friction with a strong accent on experimental
and theoretical results that were new at that time. This handbook described key points
regarding general physical effects as well as a broad overview of sliding friction with a
detailed discussion of interfacial lubrication. Further topics such as hydrodynamic
boundary conditions in the region of a solid-fluid interface were also addressed and an
emphasis was placed on interfacial lubrication and dry friction dynamics. The concepts
presented in this resource later formed the theoretical basis for the explanation of snow
and ice friction as well as the development of a numerical simulation by L. Baurle et al.
in 2006 [19].

In the year 2000, A. Déppenschmidt and H.-J. Butt used atomic force microscopy

(AFM) to study the surface melting of ice, formed from distilled water in a temperature
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range down to -35°C [12]. The authors measured a liquid-like film thickness of approx-
imately 11 nm at -10°C and 32 nm at a temperature of -1°C, which corresponds to
values similar to those of Dosch et al. Beyond that, the influence of impurities on the
surface melting process, previously investigated by Wettlaufer et al. was further stud-
ied [41]. Salt was used as an impurity material to investigate the increasing effect on

surface melting.

In 2001, Buhl et al. investigated the sliding behaviour of polyethylene on snow with
variable snow temperature and normal force in both laboratory and field tests [42]. A
pin-on-disc tribometer in a cooling chamber was used to determine the coefficient of
friction on a laboratory scale. This approach allowed series of tests to be carried out
between -25 °C and 0 °C, for both air and snow temperature. The surface pressure
varied between 0.05 and 0.3 MPa (corresponding to a normal force between 5 N and
30 N in the test), with a limited test speed of 5 m/s. Based on these test series, a large
dependence of the COF on the snow temperature could be identified, demonstrating a
minimum COF of 0.02 at about -3 °C snow temperature. Due to the design of the tri-
bometer, repeated travel of the ski base sample over the ice or snow surface per test
run resulted in a temperature increase of the surface. Field test studies were conducted
measuring snow temperature and controlling for test person weight over 2500 runs.
Using different ski materials, the tests were always conducted on the same track, and
the time required for a run for each material was measured. These field friction tests
showed a similar dependence of the COF on temperature as was revealed in the la-
boratory tests. The fastest conditions were measured between -3 °C and -4 °C. At
higher snow temperatures from -3 °C to 0 °C and at low temperatures below -10 °C,
the measured downhill times were higher, and a difference in surface pressure (weight)
could only be detected below - 6 °C.

Bluhm et al. in 2002 addressed the existence of a liquid-like layer at the ice surface
near its melting point using electron spectroscopy [43]. A novel, high-pressure electron
spectrometer was developed to overcome the limitation of operating in high vacuum,
usual in this method, which is incompatible with the high vapour pressure of ice when
it is near its melting point. The authors could show that a liquid-like water film exists,
even at temperatures down to -20 °C, is approximately 2 nanometres in thickness at

0 °C. In contrast to Doppenschmidt and Butt, who investigated the effect of surface
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contamination with salt, Bluhm et al. conducted experiments with hydrocarbon as the
contamination material and showed that the pre-melting of ice could be highly in-

creased in the presence of hydrocarbon particles.

In 2004, Albracht et al. developed a pin-on-disc design tribometer in continuous rotat-
ing motion with the company TETRA, Society for Sensor, Robotics and Automation
mbH and the limenau University of Technology, in order to test different materials with
regard to their friction behaviour against an ice surface [44]. The special feature of the
tribometer was the spiral inward movement of the measuring arm during a measure-
ment to prevent smoothing and polishing of the ice surface. The utilization of two meas-
uring arms, the sample holder and measuring sensor mounted on one arm and a grind-
ing tool on the other arm, enabled subsequent reconditioning of the ice surface. Both
arms rotated around the central axis of the 1.2 m stationary disc at a maximum speed
of 9.4 m/s with normal forces of up to 10 N. The specimen materials that were tested
were Cr-Ni steel, an aluminium alloy, polytetrafluoroethylene and polyamide on a spec-
imen holder with a hemispherical surface (radius 8 mm). The air temperature as well
as the ice temperature could be adjusted separately by two cryostats over the range
from -30 °C to +30 °C.

In 2006 during his dissertation at the ETH Zurich, Baurle et al. developed a pin-on-disc
tribometer which enabled investigation of the formation of the water film caused by
friction on ice or snow [19,45]. This work was also undertaken in cooperation with the
Swiss Federal Institute for Snow and Avalanche Research Davos (SLF), together with
the ski manufacturer Stockli Swiss Sports AG and the wax company Toko AG. In ad-
dition to the development and construction of the tribometer and the friction measure-
ments, a primary focus of the work was the characterization of the contact surface
between ski base and ice using scanning electron microscopy, X-ray computed tomog-
raphy and optical profilometry. Using numerical modelling of snow and ice friction, they
sought to explain energy dissipation mechanisms including dry friction and melt-water
film generation. Dynamic friction, expressed by the COF between the polyethylene ski
base and ice, was measured as a function of temperature, sliding speed, load, contact
area, and surface topography. The test rig with a disc size of 1.8 m was equipped with

two measuring arms, following a similar principle to that employed by Albracht et al. in
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2004. The rig was placed in a cold chamber that allowed changes in temperature be-
tween -15 °C and +1 °C. Sliding experiments were carried out over the range from
0.55 m/s to 10 m/s, without the ability to adjust the acceleration. UHMW-PE samples
were subjected to forces perpendicular to the sliding surface between 25 N and 84 N,
corresponding to surface pressures between 0.025 MPa to 0.084 MPa at a sample
macroscopic contact area of between 2 - 10 cm?. The two main factors influencing the
friction between a ski base and an ice or snow surface were observed to be water film
thickness and the relative contact area of the two friction partners. The unevenly dis-
tributed water film was shown to be especially responsible for low friction values. Due
to the difficulty to directly measure a water film forming, a mathematical model was
developed to describe this water film. The authors calculated a film thickness between
30 and 250 nm at a temperature of -5 °C. The average total static contact area between
the ski base and a finely textured snow surface was found to be 5% of the total surface
area, with a diameter of the contact points approximating 100 um (at -10 °C). As pre-
viously highlighted by Baurle et al., these values depend on temperature level, snow
type and the friction process [19]. Even without capillary action as assumed by Glenne
and Colbeck, the friction process can be explained solely by the meltwater film, the
surface topology and the most critical parameter, the real contact area [33-36]. De-
pending on sliding speed and sample size, COFs of about 0.06 were measured at
-10 °C. A strong dependence of the coefficient on the normal force was observed, es-
pecially at higher temperatures; when the normal force was increased, the COF de-
creased. In addition, the measurement results showed a temperature dependence of
the COF with respect to the varying degree of generation of the water film both above
and below -2°C.

In 2007, Winkler et al. at the llmenau University of Technology investigated the fric-
tional behaviour of various ski surfaces against an ice surface using a pin-on-disc tri-
bometer [46]. In 2004 using an earlier version of that tribometer, Albracht, Winkler and
others investigated factors influencing the tribological behaviour of various materials
such as Cr-Ni steel, PTFE, PA, and aluminium alloys against ice [44]. In the 2007
publication, UHMW-PE was used as a ski surface in comparison to a stainless-steel
sheet as reference, which exhibited the lowest friction to ice. The sample size meas-

ured 100 mm in width and was mounted on a curved fixture with a radius of 25 mm.
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This created a very narrow contact area between the specimen and the ice, referred
to by the authors as an approximate line load. The objective was to research possible
improvements to jump pads in combination with an icy run-up track. Both the ambient
and ice temperature could be precisely adjusted down to -30 °C using a cryostat. The
maximum friction speed was specified at 9 m/s, but reproducible measurements were
only possible up to a maximum of 2 m/s. The surface pressures were identical to those
commonly used in ski jumping and were achieved by a curved sample holder and a
resulting line load on the ice sample. To ensure reproducible measurements of the ice
surface, it was planed off in a defined manner with machining tools and subsequently
thermomechanically polished. The tests showed a decrease in the COF relative to an
increase in the normal force, independent of the sliding speed and temperature. In
addition, the COF decreased with increasing friction speed with a measured COF of
the racing ski base of 0.013 at -5 °C and 3 N. The authors of the study concluded that
by structuring the ski base, the surface pressure can be increased (increased water
film formation is stimulated) and thus lower friction force values are achieved. This also

improved tracking and allowed the athlete to train on run-up tracks with a snow surface.

Between 2009 and 2010, Kietzig et al. performed friction experiments using a modified
parallel-plate rheometer, placed in an environmental chamber and capable of realizing
temperatures as low as -150 °C [13,47,48]. By means of the rheometer, the influence
of surface roughness, structure and hydrophobicity on ice friction was studied over a
range of temperatures (-10 °C to -1.5 °C) and sliding velocities (0.0036 m/s to 1.45 m/s)
on a number of metallic samples. These samples were thermally insulated by utilization
of fiberglass discs and the surface roughness modified at the nanoscale level using a
femtosecond laser to achieve hydrophobic surface behaviour. As a result of the stud-
ies, the authors classified ice friction in dry, boundary, mixed and hydrodynamic fric-
tion. However, one of the key findings of these experiments was that under atmos-
pheric conditions no real dry friction can develop, since even at low temperatures a
very thin liquid-like film is formed. Furthermore, the authors indicated that the temper-
ature in the contact zone is below the melting temperature and that mixed friction oc-
curs when the surface temperature within this zone exceeds the melting temperature
of ice. These statements are still in controversy with later publications. By comparing

several samples with different insulation properties, the influence of thermal conduc-



State of the art 21

tivity was investigated. It was found within the study that the influence of thermal con-
ductivity on ice friction decreases with increasing sliding speed, while surface wettabil-
ity becomes more important. It was stated that the lower the thermal conductivity and
therefore the higher the insulation performance of the sample, the lower the measured
COF values are, both in the interfacial friction range and partly in the mixed friction
range. Further, it was observed across all measured temperatures that the COF de-
creased sharply in relation to increasing sliding speed and that the COF approaches a
minimum at about -4 °C. At sliding velocities above 1 m/s, the COF increased slightly
again after passing through a minimum (similar observations of this kind have been
reported by Colbeck, Winkler and Baurle [19,34-36,46]. This effect was assigned to
the capillary attraction force already mentioned by Colbeck in 1988 [34]. For tempera-
ture ranges below this minimum (< -4 °C) and with increasing temperature, a shift of
the COF toward lower values was observed as a result of improved lubrication and
reduced solid-solid contact. An opposite effect was found at temperatures above -4 °C;

sliding friction increased with increasing temperature.

Different steel surface structures were obtained by polishing the sample surfaces and
structuring them by laser. Laser structuring produced a hydrophobic lotus-like surface
(contact angle to water of 128°) with approximately twice the roughness compared to
the hydrophilic polished steel surface (contact angle to water of 84°). The investigation
of the influence of surface texturing at -15 °C and -7 °C showed a decreasing COF with
increasing friction speed but this was independent of the surface quality. However, at
very low velocities of less than 0.01 m/s, the laser-textured samples gave higher friction
values than the polished samples due to interlocking of roughness peaks, but the COF
values of the two samples converged again over the speed range between 0.1 and
0.5 m/s. At -1.5 °C test temperature, the polished sample again showed a clear in-
crease in friction force values at velocities greater than 0.5 m/s. Only at very low ve-
locities were the COF values of the polished samples higher than those of the laser-

structured samples.

In 2012, a linear tribometer with continuous motion was developed by Hasler et al.
during the project "Alpine Sport Technology: Gliding on Snow and Ice", funded by the
K-Regio programme of the Federal Province of Tirol [49]. This project was undertaken

in cooperation with the Technology Centre Ski and Alpine Sports (TSA), the Institute
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for Sports Science (ISW) and the Institute of Physical Chemistry of the University of
Innsbruck as well as Austrian sports associations and several companies. According
to a press report, the costs of the tribometer were about 1.15 million EUR [50]. The
linear-type tribometer used a complete ski structure which is mounted in a guiding rail
and accelerated by means of a carriage system. The total length of the glide path was
24 m and divided into three sections; acceleration, sliding and deceleration. During the
sliding phase, the friction force under the ski was recorded. The ski could be acceler-
ated to 27.8 m/s (100 km/h) in approx. 0.4 seconds over a speed-dependent acceler-
ation distance of 1 — 7 m [51]. The subsequent measurement section was maximally
18 m. Loads could be simulated via two spring-loaded parallel bars over a range of 50
to 700 N. The measurement data was recorded at 8.3 kHz in a cooling chamber which
allowed temperatures as low as - 20 °C and transmitted wirelessly to a control room.
The system resolution, which was reported to be 3 mm with an accuracy of 3 ym, was
published by Hasler et al. in 2016 [49]. COFs in the range of 0.04 with a friction speed
of 6 m/s at a snow temperature of -5 °C have been measured. During the determination
of the tribometer's precision, repeated passes over the snow surface revealed that a
plateau occurs after approximately 10 passes and that the COF changes only linearly
after this point. This is particularly significant for tribometer designs, which, due to their

nature, pass over the ice or snow surface several times per measurement.

In 2014, Makkonen et al. developed a thermodynamic model of kinetic ice friction
based in part on the wet friction model of Oksanen and Keinonen and incorporating
Makkonen’s theory of dry friction (friction on ice without a water film, i.e. dry, due to
very low temperature or sliding speed) [20,32,52,53]. Newer approaches such as the
squeeze-out of water and the effect of the contact pressure on the equilibrium temper-
ature were included in the model. Yet, the validity of the model was limited by the
absence of mechanical deformation mechanisms and the necessary estimation of the
size of the contact area and its fixed rectangular shape. Furthermore, a constantly
behaving contact surface was assumed within the calculation. The model has however
been successfully tested in combination with experimental tribometer series, such as
those conducted by Scherge et al. [54]. However, the new interpretation of ice friction
led to the development of the following central statement: the energy of the surface is
reduced due to heat dissipation into the environment. The thermodynamic system is
not able to perform mechanical work parallel to the sliding movement at the formed
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contact points. Furthermore, they highlighted the dependence of the ice temperature
on the sliding speed due to the frictional heat and proposed that the regions of friction
mechanisms of ice differ from those discussed in the literature [47,48]. Thus, Makko-
nen disagrees with Kietzig et al. in that the authors do not see any relevance of the
region of boundary friction for ice friction. Additionally, they show that the temperature
in the mixed friction region cannot be above the melting temperature of ice. Similar to
experimentally measured values, the authors calculated a COF of 0.05 and a water
film thickness of 0.05 ym at -10 °C [19,46].

Between 2015 and 2017, Bottcher et al. focused on determining the COF of structured
ski bases by means of tribometric measurement series through utilization of a devel-
oped plate-on-plate linear tribometer [55,56]. This tribometer, with a total length of
1.6 m and a measuring length of 1 m was developed at the MicroTribology Centrum
Karlsruhe together with the Fraunhofer Institute for Mechanics of Materials. UHMW-
PE ski bases with a sample size of 65 x 40 mm were tested and moved in an oscillatory
motion in relation to the ice surface. Direct forces of up to 100 N and tangential forces
of up to 20 N were measured. The tribometer is enclosed in a housing with a cooling
system and can be cooled down to -20 °C. For this work, friction tests were only per-
formed at low speeds of 1 m/s and generated a measured COF of approximately 0.05
at -10 °C [56]. By combining the friction model of Makkonen et al. and the elastic con-
tact model of Hertz, it was possible to link the measured friction values with the char-
acteristics of the ski structuring [20,57]. The authors followed the interpretation of the
sliding process as an energetic dissipative process, whereby the generated frictional
heat leads to the melting of a thin surface layer. The resulting viscous water film has a
lubricating effect on the contact and thus reduces the COF. The temperature of the
sliding partners was identified as a decisive factor and this temperature subsequently
modulates the hardness of the sliding bodies. Both factors are significantly responsible

for the temperature-dependent behaviour of the COF.

In 2017, Scherge presented his view of ski grinds on snow [58]. In his opinion, analysis
of friction processes from an overly mechanistic view is prone to generate contradictory
data. A more target-oriented view would be an energetic one, which investigates how
much frictional power is generated during sliding contact. Accordingly, capillary forces

account for a large proportion of the resistance when a ski glides over snow. During
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friction, most of the power is converted into heat and the water film thickness increases
with increasing sliding speed or a heavier weight force on the skis (increase of friction
power density when the contact area between ski and snow becomes smaller). There-
fore, an increase in speed and/or decrease in pressure on the ski, results in a decrease
in friction. Opposing effects occur when the quantity of water increases with increasing
friction power density, but the water film is squeezed out of the friction contact more
quickly with increasing pressure. In his opinion, a skier does not come within the range

of hydrodynamics because the skis offer too little surface area.

In 2019, Canale et al. explored the microscopic mechanisms of ice lubrication using a
stroke-probe atomic force microscope (AFM) in combination with a glass bead moving
on an ice surface [59]. By measuring the shear friction, film thickness and quantifying
the mechanical properties of the interfacial film of ice at different temperatures and
velocities, viscoelastic properties of meltwater were observed. As an example, the
measured viscosity was up to 2 orders of magnitude higher than that of pure, Newto-
nian, water. The high viscosity combined with an elastic response makes meltwater an
excellent lubricant, which explains the low friction. The authors used an infrared cam-
era that recorded the temperature during the friction process. They could not measure
any significant temperature increase, which is in line with the friction results of Lever
et al. on snow which attributed the formation of the water film to abrasion and not to

melting due to temperature increase [60].

Velkavrh et al. conducted ice friction experiments with steel samples of different rough-
ness on both an inclined ice track tribometer and an oscillating plate-on-plate tribo-
meter [61]. It has been observed that on the ice track tribometer, samples with higher
roughness produced higher friction (lower velocity), and on the oscillating tribometer
exactly the contrary was measured; samples with higher roughness produced higher
velocities, thus lower friction. With the identical experimental set-up, later experiments
by Velkavrh included friction tests at different temperatures, which also yielded an in-
verse roughness-friction correlation [62]. The authors emphasized the need for a care-
fully designed measurement setup in order to enable comparison of laboratory and real
scale measurements due to the development of possible opposing friction regimes

during the measurement.
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In 2021, Liefferink et al. studied the correlation of temperature, contact pressure, and
speed by rheometer experiments with spheres of different materials [63]. They ad-
dressed the hardness of the ice surface as one of the dominant variables, which is
itself temperature and pressure dependent. At contact pressures well below the hard-
ness of ice and at temperatures in the range of the melting temperature of ice, low
friction was identified, as expected, which is dependent on the mobility of water mole-
cules. However, if the contact pressure was increased to within the range of ice hard-
ness, ploughing of the friction partner through the ice surface becomes dominant and
a completely new dynamic is created by the particles that are formed and reshaped in
the process and this effect is highly correlated with speed. Furthermore, a low material
dependence could be observed, which was explained by the hydrophilic character of
all samples. No friction-related dependence was found at very low velocities (approxi-

mately 1 m/s) for samples with different thermal conductivity.

Lemmettyla et al. introduced in 2021 a linear tribometer for testing real skis on snow
[64]. Located in two construction containers and covering a length of approx. 14 m, the
sliding characteristics can be carried out in classic sliding as well as under skating and
simulated kicking situations. A huge influence of the ski and snow on the measurement
results and a large variation as a result of the ski preparation was found. Therefore,

the authors were unable to obtain comparable results.

Similar to [49], Auganees et al. developed in their study a ski-snow tribometer that can
accommodate full-size cross-country skis [65]. The linear tribometer can be operated
up to a speed of 8 m/s over a length of 6.5 m on a total of four different snow tracks.
Between 50 and 800 N of normal force can be transmitted to the skis. The measure-
ments with differently prepared skis took place at -3° degrees at different speeds. A
strong focus was given to the investigation of the precision under different test situa-
tions such as snow type, speed, ski tracks and snow surface preparation. Within the
study, a decrease in precision by half was found when switching between different
tracks compared to measurements on the same track. Overall, results were similar to

those measured by Hasler et al., but without examining waxes in particular.
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For a better overview, the key results of the various authors are listed in a short sum-

mary in Table AP 1 in the appendix. Table 1.4 summarises the key statements regard-

ing the topics "water film", "COF" and "contact area".

Table 1.4: Conclusions of the literature review

8 £
5 o £
- < (4 > 7]
Faraday [24] 1859 Pre-melted quasi-liquid layer of water on ice
Bowden [25] 1939 Lubricating water layer formed by frictional heat
Ambach [31] 1981 Assumed several micrometres thick (5 um /-4 °C)
Colbeck [34] 1988 Measured and calculated thicknesses of 0.2 to 1.2 ym
= Dosch [37] 1995 Layer builds up below 0 °C. Layer thickness several nanometres at -5 °C
E Déppenschmidt [12] 2000 Measured 11 nm at-10 °C and 32 nm at-1 °C
;,—E Bluhm [43] 2002 Layer thickness of 2 nm at0 °C
% Baurle [19] 2006 Wf thickness and relative contact area are mainoinfluencing factors. Calcu-
= lated water layer between 30 and 250 nm at -5 °C
Makkonen [20] 2014 Squeeze-out of water. Calculated a layer thickness of 0.05 ym at -10 °C
Scherge [58] 2017 grc;r;tsrzgyvzieghsr:fzxglgcr:zzifes with friction power / Wf squeeze out in-
Canale [59] 2019 méssc;]riz?]t:rdtg;r? (’;c; sltj)::?;/(;r:ee;nd not melting and Wf viscosity is up to 2
Liefferink [63] 2021 Wf due to weakly bonded water molecules on surface
Bowden [25] 1939 \(/:vi(t)hFdIZ(I;?SaesF}ﬁ;dtgnmtpogr\;it?glty, normal force, and contact area. Decreases
Strausky [16] 1998 COF of 0.03 at -2 °C (measurements)
Buhl [42] 2001 Minimum COF of 0.02 between -3 °C and 0 °C (measurements)
Baurle [19] 2006 COF of 0.06 at-10 °C (measurements)
_ Winder e 2007 DSCERseof COF dusto narease o fr, COF decreased i
8 Kietzig [48] 2010 Zthu(?eh_g;:;é;zi:tarrr:ﬁlii]zwriuloaftgg,lzthe lower the COF. Existence of a temper-
Hasler [49] 2016 COF of 0.04 at -5 °C (measurements)
Makkonen [20] 2014 COF of 0.05 at -10 °C (calculation)
Bottcher [56] 2017 COF of 0.05 at -10 °C (measurements)
Velkavrh [62] 2021 COF between 0.02 and 0.08 at -5 °C (measurements)
Auganaes [65] 2022 COF of 0.04 at -3 °C with racing wax (measurements)
S Bowden [27]1 1953 Friction is independent of the apparent surface area
g Kuroiwa [30] 1977 Real contact area is only a fraction of the nominal contact area
*g Béurle [19] 2006 Average static contact area is 5 % of total surface area
8 Scherge [58] 2017 No hydrodynamic friction is generated by skis
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1.5 Conclusion and summary of the literature review

Ski jumping, despite its athletic and aerodynamic components, is basically the conver-
sion of potential energy into kinetic energy during the acceleration phase of the ski
jump and its subsequent conversion into jumping distance [4]. One important factor
that reduces the efficiency of this conversion is the friction between the base of the
athlete’s ski and the iced in-run section of the ski jump. The resistances applied to the
ski base when sliding on snow and ice are: ploughing in front of the ski, snow and ice
compaction below the ski, deformation and fracture of asperities, shearing of the melt-
water film, drag by dirt particles, and possibly capillary attachments between snow and
ice grains and ski base [34,66]. Figure 1.8 shows the tribological system ski base — ice
for ski jumping. The wax-coated ski base slides under load of approximately 500 N,
corresponding to a nominal contact pressure of 2-4 kPa, at a maximum speed of
28 m/s on a milled ice surface (see chapter 1.1.4). The surrounding medium is air
mostly below 0 °C and, depending on weather conditions, mixed with more or less
moisture. Furthermore, the friction partners are surrounded by contaminants resulting

from dirt, wax and polyethylene residues, etc.

Stress spectrum

e Counter body speed —> v<28mis
o Acceleration — 45<a>55(mis?)
e Load —> 400 <L >650(N)
e Temperature —> -20<T>4(°C)
e Humidity —> 30 <H>90 (%)
e Contamination (dirt particles)
Tribological system structure
System boundary
B Fn
\"
E/r-‘ A\E
3 2

1 Counter body = UHMWPE structured ski base with coated wax
2 Base body = Ice track with milled in grooves
3 Lubricant = Meltwater film
4 Coating = Glide wax
5 Ambient medium = Air, snow and ice particles, humidity, dirt contamination, wax and polyethylene residues

Figure 1.8: Tribological system ski base on ice for ski jumping
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The Stribeck curve for ice friction is shown schematically in Figure 1.9. Low friction is
considered to result from the formation of a thin lubricating film of water during the
sliding of the ski [24,25]. The actual formation is assumed to happen due to frictional
heating of the asperities which form the constantly evolving real contact area
[19,27,30,45]. Depending on ice and ambient temperature, sliding speed, surface pres-
sure, and meltwater layer, three different friction regimes are typically identified: dry,
mixed and hydrodynamic friction [34—36]. Dry friction occurs in the sliding contact be-
tween two surfaces under the absence of a lubricating intermediate layer and mani-
fests itself in a high coefficient of friction. However, even without any frictional heating,
pre-melting causes a water film to be present on the ice surface even at temperatures
below the bulk melting temperature of water [24,37,41]. The diffusion movement of
weakly bonded surface water molecules was recently reported as a potential physical
explanation [67]. It has been shown, that the pre-melted layer continues to grow due
to compression and frictional heating and that equilibrium pre-melting, pressure melt-
ing and frictional heating occur simultaneously [68]. Its formation is the reason why
there cannot be real dry sliding on snow or ice [48]. The liquid-like water film thickness
has been estimated to be 1.5 - 2.0 nm at temperatures from -8 to -4 °C [43]. If an
energy input due to e.g. friction causes the surface temperature to rise above the melt-
ing point of the ice at some points within the contact zone, meltwater is partially formed
and mixed friction takes place. The COF subsequently decreases as the liquid-like
layer increases [9,35,48]. If the thickness of the water film rises above the roughness
peaks of the sliding surfaces due to an increase in temperature and the surfaces are

separated entirely from each other, hydrodynamic friction occurs [34,49,69].

The COF between two interacting surfaces in relative motion varies with the dimen-
sionless film parameter A, the lambda ratio, defined as

— Eqgn. 1.2

when the mean values of the centre lines of the rough surfaces are separated by a
water film thickness h and when the combined root mean square (RMS) roughness of
the surfaces is o [70]. Using A, the friction regime can generally be assessed, if A < 1,

the contact is in dry/boundary lubrication, 1 <A < 3, the contact is in a mixed lubrication
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regime, and A > 3, where hydrodynamic lubrication is present [71-73]. Cann et al.
stated that the lambda ratio does not describe the collapse of the lubricating film and
does not take into account the structure of the surface roughness, but only its numeri-
cal values. Further underestimated A the enhanced wetting of smooth surfaces in con-
trast to rough surfaces. Depending on the temperature conditions and the resulting
melt water film formation, the optimum of A and the derived optimum surface roughness
shifts [74]. Since reliable values for the lambda ratio under certain conditions are not
yet available, it is of great interest to determine the proportion of mixed/boundary lubri-

cation for modelling A and to measure the change in the ratio experimentally [75,76].
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Figure 1.9: Stribeck curve illustration for ice friction based on [34,61]

Overall, with a friction coefficient of approximately 0.05 at -10 °C between polyethylene
and ice [19,42,45], the combined action of pre-melting and frictional heating is consid-
ered to result in water film heights in the range of several nanometres to several mi-
crometres [12,19,20,31]. Due to the intermittent introduction of frictional heat into the
top layer of a ski-jump‘s running track during a competition, the formed water films are
not in thermodynamic equilibrium and therefore consist of a time-dependent mixture of
water, pre-molten ice and ice. Such mixtures have been found to exhibit viscosities of
up to two orders of magnitude higher than that of pure water [59]. The effect of surface

roughness on friction between ice and snow conversely yielded varying results. In
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dry/mixed conditions, friction increased with increasing roughness [30,48-51]. With hy-
drodynamic friction conditions, friction decreased with increasing roughness
[30,47,50].

Traditionally, waxes are applied to ski bases in order to reduce friction [77—-79]. Their
friction-reducing effect results from their hydrophobicity which decreases the surface
energy and increases the contact angle towards water [78,80-82], from reducing the
viscosity of the mixed-phase of water film [11] and from influencing surface topography
[83]. Waxes containing perfluorinated and polyfluorinated alkyl compounds have been
found to be more effective in producing hydrophobicity than other waxes [78]. How-
ever, in 2019 the FIS decided to ban fluorine-containing waxes from all disciplines and
all levels of competition [84]. It is going to come effective with the 2023/24 season and
results in the need to develop new fluorine-free waxes. This has given the decades-
old question of how to quantify the friction reducing effect of waxes new actuality. The
sheer overwhelming number of parameters influencing sliding performance require
constant adjustments of ski preparations to the given conditions for competition. The
longstanding method of determining waxes and ski grinds still involves outdoor tests
with full-size equipment and athletes or with laboratory tests, i.e. with tribometers that
operate on reduced-size test specimens, regardless of the discipline of skiing, such as

ski jumping, alpine or cross-country.

Using a light barrier, the time required for a predefined course is measured in order to
obtain information about the sliding behaviour [85]. Furthermore, the runners' impres-
sions of the sliding process are noted. Field tests offer the advantage of being opera-
tionally close to competitions but also exhibit a series of drawbacks - they are costly
compared to laboratory tests, environmental conditions may change between test
days, non-friction-related factors cannot be excluded (like air drag), reproducibility may
be limited and the observed quantities, e.g. jumping distance or take-off velocity, may
only indirectly represent friction between ski base and ski jump track or be subject to a

series of other contributing factors [49,65,86,87].
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1.6 Comparison of contemporary ice-tribometers

Laboratory tests are much more economically efficient, offer the advantage of con-
trolled environments and the possibility to study the impact of individual factors in iso-
lation and with high measuring resolution and accuracy [14,30,61,88-95]. Therefore,

a wide range of tribometers have been developed, see Table 1.5.

Overall, the existing tribometers can be classified into rotational and linear movement
based on their type of motion. In the first group, the pin-on-disc principle is mostly
adopted in which a disc (ice/snow) is set in rotation and a pin (ski sample) is loaded
onto the disc [45]. The second group moves the samples on the ice linearly [49]. One
key difference between laboratory and field tests is the reduced test specimen size in
laboratory tests. Therefore, concepts that have been developed for reducing the con-
tact area between ski and snow, e.g. ski curvature to reduce the overall contact area
and therefore to increase the average contact pressure, cannot be reproduced in la-
boratory testing. Three existing tribometers have tried to use a full ski as a test speci-
men [49,64,65]. However, this required the construction of snow tracks of up to 27 m
in length and has caused costs of up to 1.15 million EUR [44]. Other tribometers use
much smaller test specimens which are only sections of a ski base that is attached to
a specimen substrate. This follows the philosophy of assessing the friction reducing
properties of waxes in isolation and to compensate any missing geometric effects by
choosing appropriate pressures. Other issues of reduced sample sizes are potential
differences in the formation of lubricating water films, the availability of only a reduced
section of the ski base’s topography and the very low absolute normal and friction
forces at realistic pressures, leading to issues with the signal-to-noise ratio. Tribo-
meters which used realistic pressures (2 - 4 kPa) with reduced samples sizes suffered
from very low normal forces which, in combination with COFs below 0.1, resulted in

very low absolute friction force signals [88].

In order to compensate this, many studies used pressures that are significantly higher
than the 2 - 4 kPa that are typically found in ski jumping. As a consequence, it is subject
to scrutiny whether the conducted tests reproduced the micro-mechanical, thermal and
frictional situation during ski jumping correctly. Also, another aspect of laboratory test-

ing is that tests are usually done in multi-pass mode, i.e. every individual area of the
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ice sample is slid-over multiple times during a test. This can lead to time-dependent
effects like changes in surface roughness [19,88] and melting [66]. Typically, this is
compensated by regular re-conditioning of the ice surface and by intermittent test op-
eration to allow for the re-solidification of molten ice [42,46].

Additionally, for the rotational tribometer types, there is by design a potential misalign-
ment between the main orientation of the surface topography of the ski base and the
sliding direction. Furthermore, it has been hypothesized, that any formed water film
might be forced radially outwards of the frictional contact and that its thickness might
depend on the rotation speed of the disk [87]. Due to the sample length, linear tribo-
meters are either very short and allow only low sliding speeds [56,61] or exceed a

usual laboratory size and are therefore costly [49,64].

Table 1.5: Overview of existing tribometers for measuring friction between ski base
and snow/ice. Reported parameter values or ranges represent either the
maximum value range of the respective parameter or the actually realized

experimental range, whichever is higher or available.
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Full-ski samples
Hasler 2016 [49] P LC Upto-20 e e e o 845F 50-700 59-829 30 3-7
Lemmettyld 2021 [64] P LC -20t0+10 o o e 840E 600-1200 71.4-1428 6 1-3
Auganges 2022 [65] P LC -3 e o o o B345F 50 - 800 59-947 8 4-14
Reduced-size / simplified samples
Buhl 2001 421 D RC -20t00 o o o o 1 5-30 50 - 300 5 3-17
Winkler 2006 [46] D RC -30t030 o o o - HC 3-9 HC 9 1-3
Baurle 2006 [45] D RC -20to1 o o o o 2-10 20-100 20 - 500 20 3-11
Takeda 2010 [88] D RC -15t0-1 o o o - 55 25-10 05-1.8 1 3-13
Scherge 2013 [89] P LC -5 e 0 o - HC 100 - 500 HC 28 1-10
Bottcher 2017 [56] P LO Upto-20 e o o - 26 40-80 15.4-30.8 1 2-7
Velkavrh 2019 [61] P LC -20to0 e o e o© 6 52 82.5 35 3-24
Kim 2022 [96] D RC -10to-2 o o o - 3 0.6 2 28 3-14
Lutz 2023 * P LC -25to-1 e e o e 160/330 40-140 1.2-8.8 28 1-10
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* Presented in this work

- Data not available

HC: Hertzian contact

T P: Plate-on-Plate, D: Pin-on-Disk

MLC: Linear, continuous, RC: Rotatory, continuous, LO: Linear, oscillating

E Ski width estimated

The analysis shows that no laboratory tribometer so far can reproduce the suitability
sequence observed in the competition or field test and thus no reliable tool is yet avail-
able for the preliminary assessment of newly developed waxes. A final evaluation of
new developments still requires a costly trial programme indoor or outdoor that is vul-
nerable to interfering factors. The limitations of the previously presented tribometers
led to a new development of the tribological method for friction measurement of skis
on ice. In this work, a novel tribometer design that effectively uses a full-size ski base
test sample that is slid linearly against an ice sheet sample is presented. The nominal
contact area is 160 mm x 100 mm and 330 mm x 100 mm, which results in a normal
force of 66 - 99 N for simulating 2 kPa - 3 kPa with the larger sample. Its intended use
is the assessment of waxes by measuring their impact on friction force when applied
to an actual ski base. The tribometer will contribute to developing future fluorine-free

waxes with their various additives in reduced development time.
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2 Methodological design of an ice tribometer

As shown in Figure 2.1, based on [97] and the handbook “Production und Manage-
ment” [98], the types of design can be classified in new, adaptive, variant and fixed
principle design, depending on the degree of innovation. The design types start in dif-
ferent phases depending on whether development results are already available or not.
Starting with the planning phase, the basic phase for product ideas, the tasks to be
completed are clarified and specified. Within the conceptual phase, the overall devel-
opment is divided into subfunctions and solution principles are compiled. In the follow-
ing design phase, drafts are worked out and in the last phase, the development phase,

the final design is elaborated and developed.

The tribometer test rig to be created in the present work has to have more application-
and reality-oriented measurement characteristics compared to existing tribometer sys-
tems to ensure better transferability into practice. Thus, a “new design” approach was

carried out according to methodological guidelines and thought concepts such as those

contained in the VDI (association of German engineers) guidelines.

Development Phase

Conceptual Phase

C oz, DC oe )
NEW DESIGN
DESIGN

Design Phase

Planning Phase

Clarification of Finding of
Task Function

Figure 2.1: Types of design (based on [97-99])
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21 Methodological design structure according to VDI 2221

The general procedure for a methodological design process is laid down according to
the standard 2221 of the VDI [100]. The procedure is divided into eight work steps,
shown in Figure 2.2. In order to make the methods of product development more pro-
cess-oriented and thus more company-oriented, the 1993 VDI standard 2221 [97] has

been fundamentally revised and restructured in 2019.

activities
gates
planning
objectives product planning results
clarification of
problem or task .
. requirgments
design request detarmination of
funeticns and their
search for salution
principlas and thair
assessment and
selection of solution
Concapts solution concept
subdivisicn into
= madubes, interface
_§1 definition systems architecture
T |designing the modules
s;eﬁ T:ri:r:;:d § partial design
PP g integration of product
requirements . a5 a whole
averall design
alaboration of exacution
and usage requirements ~
product documentation

wirtual

physical
assurance of fulfilment
of requiremeants

[ e
[ ales markating__|
approval

Figure 2.2: General procedure for developing and designing (specific model of a prod-
uct design process) [101]

This procedure is a guideline, but not strictly sequential procedural steps to which de-
tailed work processes are assigned. During the design process, it is often necessary

to perform deliberate repeat cycles of previous work steps and revise them as changes
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occur due to the design. The innovation process for the design of a tribometer, in form

of a BPMN diagram, is shown in Figure 2.3 and discussed in the following paragraph.

2.2 Planning phase

During the first phase, the planning phase of the tribometer design, the tasks and ob-
jectives to be performed by the developer need to be clarified and specified in concrete
terms. These activities consist of gathering all available information regarding the prod-
uct context, including the identification of information gaps, verification and completion
of the requirements received, the addition of specific requirements and, the conscious
formulation of the problem from the developer's point of view. This, includes the anal-
ysis of current processes and necessary restructuring and planning of the procedure
in its entirety. A structured collection of requirements therefore forms a central aspect
of the work [100,101].

These requirements will change depending on the development process and must
therefore be constantly updated and adapted to the current development stage. Nor-
mative changes in the course of development or changes on the part of the project
partners must also be included in the list of requirements. The changes or additions

will be ongoing and consistently implemented and documented [100,101].

As described below the planning phase is subdivided into the four steps of: develop-
ment of product ideas, list of requirements, house of quality and requirement and func-

tional specification.

The product "Tribometer - wear test rig" has been a development project for which the
objectives were clearly defined. The application area (field of ski jumping) and the pre-
vailing system there, are largely known. By clarifying the task, information has been
obtained that was incorporated into the requirements list. The clarification of the task
and a consideration of the current market situation are carried out in the following chap-

ters.
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Figure 2.3: Tribometer design process as business process diagram
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2.2.1 Target group report

State of the art techniques and their practical uses were presented in a discussion with
the project partners. When a ski jumping competition takes place, there are, aside from
the choice of wax and the coating itself, entirely different approaches which are fol-
lowed in order to achieve the lowest possible friction of the ski base. These approaches
are strongly dependent on the weather, temperature, humidity, the presence of snow
or rain and of course how strong the wind is. During a competition weekend, the skis
and their running characteristics are not tested but the preparation is based solely on
the experience of the service staff. Some ski preparers cover the skis with snow over-
night, while others take the skis to the hotel room so that the skis are stored overnight
at a higher temperature. The effects of these radically different approaches cannot be
categorized on the day of the races, and no correlation can be drawn with the results

of the jumpers.

During the development of the different ski bases, the project partner already relied on
measurements with tribometers. Due to differences between measurement conditions
and the conditions prevailing on the race weekend, no correlation could be drawn be-
tween the measurement results obtained and the actual experienced running charac-
teristics of the skis. According to the project partner, the evaluation of the running char-

acteristics of the skis is still best accomplished with field tests.

Table 2.1: Project partners’ list of requirements

Reliable results

Results obtained under the same conditions as in competition

(speed, acceleration, temperature, load)

Possibility of a transportable system for friction measurement on site
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2.2.2 Methods of product idea generation

‘ldea generation is the identification of new product ideas within predefined search

fields, taking into account the company's potential.” [99]

There are two methods of finding new product ideas: Collecting product ideas and
searching for product ideas. The first approach consists of collecting and evaluation of
internal and external information [102]. The second approach is characterized by the
use of intuitive or systematic idea search methods. The generation of ideas as an on-
going task of product development, requires the application of both approaches [99].
Since the "product idea" for the design of a tribometer has already been established,
the product idea identification methods are used to identify vulnerabilities of the exist-
ing tribometers and their possible solutions. Possible internal and external sources
available within the university environment are displayed in Table 2.2. In a subsequent
process, the collected and documented ideas are evaluated with regard to their reali-

zation and economic efficiency.

Table 2.2: Internal and external sources related to university environment

Internal sources External sources
Discussion with project partners and faculty Competitive research and literature review
members
Involving other departments and their professors Exhibition visits

and staff members

Contacting people with technical backgrounds in Analysis of patents

the university environment

] ) Trend analysis
Scouting of the involved staff

Lead-User-Analysis

In order to find approaches that address the vulnerabilities of the existing tribometers’
measurement methods, creativity techniques can be applied to search for ideas, with
the aim of obtaining promising and feasible solutions to the identified weaknesses.
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Table 2.3 shows a brief selection of creative techniques that were chosen and applied
based on selection criteria, such as available time, available money, qualification of
employees and complexity of the task, for idea gen-

) Table 2.3: Creativity techniques
eration and the assessment of developed solu-

tions. Brainstorming recorded in a mind

map

During the process, “problem ideas” might emerge
o o _ _ Morphological methods
within the creativity process, for which solutions

. o Delphi-Method
must first be found before definitive improvements epniiietho

of the tribometer’'s method of operation can be Method 635 / Brainwriting

proposed.

2.2.3 General list of requirements

In order to generate the list of requirements, current state of the art developments in
the field of skiing were reviewed and methods for friction measurements of different

materials, especially for the friction partner ice, were assessed.

Following the use of internal and external sources, and based on the target group re-
port, a rough selection was made using creativity techniques. Various other require-
ments were derived from internal experience with past projects and were added to the

rough selection.

With the completion of the rough selection, the selection was further refined with the
help of a cost-effectiveness analysis to finalize the requirements list. Figure 2.4 illus-
trates the procedure for creating the requirements list shown in Table 2.4.
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Table 2.4: General list of requirements

Cost-effective (manufacturing / operation)
Fast realization
Possibility of disassembly
Space saving (lab size)
Safety and security
Functions manageable in university environment
(no trained mechanics, changing staff)

Operable by instructed personal

Low maintenance and easy to maintain (low wear)
Low incidence of vibrations
Tilt stable

Measurement with practice-oriented loads and conditions possible

(surface pressure, temperature, speed, acceleration, time)
High reproducibility

Transportable system

In order to obtain a better overview of essential and desirable properties, the general
requirements for the test rig was subdivided into “Demands” and “Requests” based on

the hierarchical structure of [103] as displayed in Figure 2.5.
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2.2.4 Conceptual phase

During the conceptual phase, the general determination of technical solutions is made.
This phase starts immediately after the requirements list has been defined. A functional
structure is created and suitable operating principles are sought for the respective sub-
functions, which are then defined as solution variants. This phase is initiated as soon
as the task is clearly defined, no further information on the tasks is required and the
list of requirements drawn up can be fulfilled or the goals formulated in the specifica-
tions can be achieved. In this phase, increased consideration must be given to the
technological options in order to select a suitable solution principle. The solution prin-
ciple must take into account the existing conditions and must be in accordance with
the objectives from the requirements catalogue and the specifications. On the basis of
this solution principle, solution variants are developed, which must be evaluated. Var-
iants, that do not meet the goals of the particular requirement list, are eliminated fol-
lowing the evaluation. [104—107] The evaluation is carried out based on the aspects

selected in Table 2.7.

2.2.5 Black-Box

In order to simplify the structure of complex systems, top-down methods in which the
field of view for certain problems and their solutions is first broadened and then nar-
rowed down step by step have proven

themselves to be essential. One such , .
Material Material
top-down method is the "black box" ﬁ ﬁ
method [107]. Energy Functional Energy’
- Structure 7 ’
The black-box method is a representa- Signal Signal’
-_——=— —l——_
tion of the input and output variables

for the description of processes and

functions without consideration of the Figure 2.6: Black-Box (according to [88])
internal structure of the system for which the solution is not known (cf. Figure 2.6). The
overall function is located inside that black-box, in which the input variables “material”,

“‘energy” and “signal” are converted to output variables. Furthermore, a splitting of the
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overall function into subfunctions is created [100,106,107]. For the top level of a tribo-

meter, the black box could appear as shown in Figure 2.7.

Load cell ——m "
—— Friction force

Rotary encoder —— ——— Speed

Ski sole ——— Slippage

—— Ski solef
Ice sample —— Tribometer
— Ice sample’

Tribometer ——m . .
—— Tribometer

Electrical current — —— Electrical current’

— User’

User (manual operation) ———

Figure 2.7: Black box of a tribometer (based on [107])

Since it is difficult to represent complex tasks with the black-box method, it has a limited
range of application for systems with many subfunctions. By the black-box method, a
principle solution is developed step by step from the physical effects and the geomet-
rical arrangement of operations. [104,105]

2.2.6 Functional structure

Based on the black-box method and by linking subfunctions in a reasonable and com-
patible way to an overall function, systems with high complexity can be represented
abstractly in a functional structure step by step [104]. A functional structure describes
the essence of a technical task in a few words or with symbols. This functional structure
is basically solution-independent and describes the realization of the subfunctions. It
describes the links between subfunctions and the overall function. The description in-
cludes the relationships between input and output variables. With the aid of the de-
scription of these interrelationships, a solution is created with which the objective can
be realized. These interrelationships have to be unambiguous. [104,105] A function is
the formulation of the solution task on an abstract and solution-neutral level. An exam-

ple of such a function could be the method of reaching the test temperature. In the
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functional diagram, functions are generally represented with input and output as intro-
duced with the black-box method in the previous chapter. Figure 2.8 shows the top-
level functional structure of a tribometer. The functions are each assigned to an input
variable. Within the total function a combination of the input variables follows, whereby
the function structure is decisively determined by some influencing variables such as
the counter body or the input of energy. [104,105] There are three types of input and
output variables: energy flows, material flows and signal/information flows [105-107].
When creating a functional structure, the quantities and properties of the input and
output variables are known. The overall function mentioned above describes the tasks
and implementation of these flows and is broken down into subtasks, which are com-
piled step by step. [100,101] The different order and arrangement of the subfunctions
results in a solution principle on which the solution variants are based [104,107].

o
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Material 2 | Slippage
Rotary encoder i | | YA
Material 3 | : Worn
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Material 5 | Worn
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Figure 2.8: Top level functional structure of a tribometer
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2.2.7 Subfunctions

The evaluation of the tribometers yields important criteria for the methodical selection
of the design to be implemented. After the subfunctions have been defined and a list
of requirements has been developed, the way in which the friction partners are moved
is determined in the following chapters. Accordingly, the overall design has first been
divided into six subfunctions as shown in Table 2.5.

Table 2.5: List of subfunctions

Indices Subfunction

I Type of movement

Il Mounting of ski base sample

[l Mounting of ice sample

v Application of load normal to the wear direction
Vv Friction measurement

VI Cooling

2.2.71 Subfunction I: Type of movement

The first subfunction involves moving the ski base or the ice surface. The drive and
effect types known from conventional tribometers (e.g., pin-on-disc, pin-on-plate, plate-
on-plate, etc.) may be used for the concept development. The drive needs to be repro-
ducible and introduce as little vibrations as possible into the system. Simultaneously,
the drive must meet the acceleration and terminal speed of the required demands. The
requirements must also be met under load (simulation of the jumper weight). Since
only a motor driven by electricity is realistic for the application to be described, this
subfunction determines the way in which one of the samples is driven. Of course, no

solution is excluded without evaluating it in more detail.
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2.2.7.2 Subfunction Il: Mounting of the ski base sample

Subfunction two includes the assembly of the ski base sample and disassembly after
a measurement. The size of the ski base sample will be defined taking into account
the necessary surface pressure in relation to the ice sample. A central requirement for
the shape of the sample is a planar contact with the ice surface. Thus, point and line
loads are ruled out for the mounting selection. As wear occurs on both bodies, the ski
base has to be replaced after an interval to be defined, irrespective of the test length,
in order to ensure consistent test conditions. Due to the wax coating of the ski base
and its influence on the friction properties, it is necessary to determine how quickly it
wears off as a result of friction. In order to evaluate the influence of the wax and the
structuring of the ski base surface on the friction properties, three different modifica-
tions are to be tested; the ski base without structuring and without wax, the ski base

with structuring only and the finished racing ski base, structured and waxed.

2.2.7.3 Subfunction Ill: Mounting of the ice sample

The third subfunction covers the mounting of the ice sample as well as the dismounting
after a test. The size of the sample is defined in consideration of the necessary surface
pressure in relation to the ski base sample. A central requirement for the shape of the
sample is a planar contact with the ice surface. Thus, point and line loads are ruled out
for the mounting selection. Due to the assumed rapid wear of the ice surface, it must
be replaced or reconditioned after each measurement procedure. Also, with respect to
subfunction two and three, a parallel alignment of the samples to each other must be
ensured during the entire measurement. Any ice particles that may come loose from
the ice surface as a result of friction must be able to be guided in a safe direction away

from the operator.
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2.2.7.4 Subfunction IV: Load application

To simulate the jumper weight, both samples must be subjected to an equivalent force
and thus be compressed together. This force must be distributed homogeneously and
vibration-independently to the samples during the entire test run and must not change.
In this subfunction, the mechanism for applying the normal force as well as the initiation
into the samples will be developed.

2.2.7.5 Subfunction V: Friction measurement

The fourth subfunction involves measuring the friction force to determine the coefficient
of friction. The friction measurement should be carried out as directly as possible and
should be designed with low friction in order to avoid distortions in the measured val-

ues.

2.2.7.6 Subfunction VI: Cooling

In subfunction five, the cooling of the samples or the entire system will be developed.
Since the test temperature reaches the double-digit minus range, encapsulation from
the environment is necessary. The test temperature must be adjustable over as wide
a range as possible in order to be able to detect differences due to the temperature

change.

2.2.8 List of requirements allocated to subfunctions

The analysis of the tribological system in chapter 1.5 leads to the following general
conditions describing the system:
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Table 2.6: Analysis of the tribological system for ski jumping [22,108]

Normal load

Maximum ski width
(Nominal) contact pressure
Relative sliding speed
Acceleration

Contact partner

Surface quality ice
Surface quality ski

Ambient temperature
Ice temperature
Air humidity

400 - 650 N

115 mm

Between 2 — 4 kPa

Up to 28 m/s

Up to 5.5 m/s?

Milled ice surface and UHMWPE ski base

Constantly changing surface — partly severely damaged

Condition-dependent structured and coated with wax
(see chapter 4.5.2)

Between -20 and +4 °C (most competitions at approx. -6 °C)
-7 °C (cooling system dependent — actively cooled)
30 - 90 %

The information gained from the analysis finally leads to the list of requirements. Table

2.4 has been expanded partially and subdivided into the following Table 2.7 for the

respective subfunctions. This includes the general but also the special requirements

for the realisation of the individual assemblies. Please note that the list of requirements

does not represent a weighting.

Table 2.7: List of requirements

Low induced vibration
Acceleration of 5.5 m/s2 can be achieved
Speed of 28 m/s can be achieved

At least several speed and acceleration gradations possible

Subfunction | | Friction direction of the ski base in the direction of structuring

Type of move- | Sufficient sample size to achieve real surface pressure

ment Planar contact of the samples to each other

No transversal movement of samples to each other
Low polishing effect
Temperature measurement of ski and ice sample during friction measurement

Fast change of ski and ice sample
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Subfunction Il
Mounting

ski base sample

Cost-effective

Possibility for a pre-version with a lower cost input
Manageable bearings installation

Fast replacement of the ski base

Low induced vibrations

Subfunction Il
Mounting

ice sample

Planar contact with ski base sample

Sufficient size to achieve real surface pressure
Low inherent friction

Fast change of ice sample

Low-vibration mounting

Exclusion of tilting of the ice sample

Possibility of temperature measurement on surface and close to surface

Subfunction IV
Load

application

Load (surface pressure) equivalent to real jumper weight
Homogeneous load distribution

Vibration-independent

Adjustable

Load must be defined at all times

Subfunction V

Force measurement with low inherent friction

Direct force measurement (no influence by bending of attachments)

Force
Vibration resistant
measurement
Minus temperature range
Adjustable
Ski base and ice sample are cooled during measurement
Subfunction VI
Ski base and ice are at the same temperature during measurement
Cooling

Consistent during measurement

Possibility to examine ice and ski sample during measurement

For overview reasons provides Figure 2.9 the different subfunctions and the corre-

sponding lists of requirements.
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2.3 Solution concept for subfunction I: Type of movement

Using the functional structure defined in chapter 2.2.6, various solution concepts are
drawn to describe subfunctions. Active principles must be found for these subfunctions,
which are later combined to form an active structure, from which the possible solution
(solution concept) emerges. The active principle contains the physical effect required
for the fulfilment of a function as well as the geometric and material characteristics
[97,103,104]. In general, all methods described previously can be used to search for
active principles. However, in addition to literature research, methods for analysing
natural and known systems, intuitively emphasized methods and, if initial solution ideas
from previous developments (competitor products) are available, a systematic analysis
of the physical occurrence and systematic search with the aid of order schemes and
variant formation are of particular importance. A helpful option for finding solutions are
design catalogues, for example by Koller, who proposed solutions for physical effects
and principles of action [104,105,109], or Roth [110]. During the determination of pos-
sible solutions, the solution concepts described below were developed.

The subfunctions cannot be selected independently of each other because subfunction
| influences to a large extent all other subfunctions and their implementation. For this
reason, the remaining subfunctions are evaluated and selected only after the general
concept of subfunction | has been evaluated and selected. As displayed in Table 2.8,
three possible concepts have been selected based on existing tribometers. As a result
of the rectangular shape of a ski there is, at least macroscopically, a flat contact surface
directed towards the ice. A central requirement for the shape and the mounting of the
ski sample is therefore a planar contact to the ice surface. This means that point and
line loads, such as those that occur with ball-on-plate or block-on-ring tribometers, are
excluded as possible of the types of movement for selection. Furthermore, an oscillat-
ing motion would be disadvantageous due to the resulting polishing effect of the ice
surface which would create a consistent measurement of the friction properties as ob-
served by [19]. To minimize surface polishing occurring simply as a result of the type
of movement, the two bodies need to be moved continuously with respect to each

other.
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Table 2.8: Solution concept for subfunction |

Subfunction I: Type of movement

Variant 1 Variant 2 Variant 3

Ice sample

/ Ski base sample
S / lce sample Ski base sample

v
Qi

Ski base sample Ice sample

Plate-On-Plate Plate-On-Disc Plate-On-Ring
Translational Rotatory Rotatory
Continuous Continuous Continuous

Three variants were developed as potential modes of movement. In variant 1, one of
the samples is fixed and the other sample is moved continuously in parallel with respect
to the first. For this type of movement, the decision regarding which of the two samples
(ice and ski) will constitute the fixed and moving samples can be made at a later time
point based on the sample arrangement. Variant 2 features a rotating disk with a rigid
sample or a rigid disk and rotating sample. By an involute inward trajectory, it could be
avoided that the sample always runs over the same ice track. Due to the rectangular
shape of the ski base (the shape is a result of the peeling process during the production
of the UHMWPE base), it could already be assumed that the disc and plate represent
the ice and ski samples respectively. In variant 3, one of the samples is formed as a
ring and the other sample is pressed concentrically either inside or outside. With this
arrangement, it is conceivable that both elements could represent either ice or ski sur-
faces. The ice surface could be located in or on a ring and the ski base is arranged
tangentially or, as an alternative, a ring is formed with the ski base on a support struc-

ture and a curved ice sample is again arranged tangentially.

For all three identified movement options, the selection of which element will later com-
prise the ice sample and which will be the ski sample is made after the weighting is
completed. After the requirements for subfunction | have been defined according to
chapter 2.2.8 and the solution concept has been determined, the requirements are

classified according to their importance. This weighting was carried out with the help
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of weighting factors [109]. To determine these weighting factors, a 2x2 dominance ma-
trix (pairwise comparison) was created based on [109], in which the requirements of
the respective subfunctions are compared with each other. At this point, it is differenti-
ated whether a requirement is more important, equally important or less important than
another of the requirements specified in the precious chapters. Table AP 2 shows this
pairwise comparison. The result of the weighting factors’ determination reflects which
aspects are most important to the measurement test rig. The ability to generate meas-
urements with a surface pressure comparable to those found in competition, reach a
speed of at least 28 m/s in order to represent the acceleration typical for a ski jump,
and a frictional force direction in line with the structuring direction of the ski base were
given the highest weighting. In contrast to the wishes of the future operator, the fast
change of the friction partners was given a lower rating compared to the measurement-

relevant features.

The solution variants for the various subfunctions presented in Table 2.8 are evaluated
according to their ability to meet the requirements listed in Table 2.7. The scores ob-
tained are multiplied by the weighting factors derived from Table AP 2 and the products
are summarized [104,105]. The final result is the total score achieved by a solution
variant for a subfunction, as can be seen in Table AP 3 to Table AP 5. Such a rating is
performed with each subfunction. Solution variants with a particularly low total score in
relation to the mean value of the total scores of all variants are eliminated and not
considered further [104,105].

As previously described, the solution variants with rating results below the calculated
average, are eliminated in the next step for each subfunction, cf. [104,105,111]. After
evaluation, the mean value of all scores for the first subfunction is approximately 3.2.
Solution variants 1 and 3 received similar total scores of 3.7 and 3.5 respectively. The
score of 2.5 generated for variant 2, resulted in its elimination from the following pro-
cess. Due to the higher assessment score of variant 1 compared to variant 3, the plate-
on-plate version is thus the final variant of the tribometer to be designed. In the follow-
ing chapters, the methodical approach to finding solutions for the remaining subfunc-
tions will be shown and discussed. After the variant to be realised had been selected,

a suitable experimental setup was sought. Due to the expected costs and the lack of
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storage space at the university for a sufficiently long gliding track, a linear, non-oscil-
lating tribometer system has been excluded for the further design process. Figure 2.10
displays the variant of the tribometer to be realised. In order to achieve a linear form
of movement without the disadvantages of costs and space requirements mentioned
above, the ski base in a belt from can be driven by a roller drive similar to a conveyor
belt. In this way, a linear direction of friction is created between the ski base and the

ice, and costs and space requirements are within the scope of the project.

2.4 Solution concept for subfunction Il: Mounting of the ski base sample

As presented in Figure 2.11, the ski base must be tensioned in a belt shape by a ten-
sioning device to prevent it from slipping on the rollers during running. In order to in-
crease the adhesion between the ski base and the rollers, a surface rubber coating of
the rollers is envisaged. As is a common practice with conveyor belts, the driving roller

is given a conical-cylindrical design of the rubber coating [112].

Ski base sample

Direction
‘ of
{ movement

Ice sample

Figure 2.10: Plate-on-plate variant Figure 2.11: Ski base tensioning

Table 2.9 shows the two possible installation setups for the rollers that guide the ski
base. In the two-sided bearing arrangement, the force is applied between the bearings.
In the cantilever bearing arrangement, the force is applied outside the bearings. To
evaluate the two solutions, a pairwise comparison of the evaluation criteria is first car-
ried out with subsequent determination of the weighting factors. In a further step, the
solution to be implemented is determined by assigning points and summing them to a

total score.
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Table 2.9: Solution concept for subfunction Il

Subfunction II: Mounting of the ski base sample
Variant 1 Variant 2
Ski base Bearing ~—— Bearing
Ski base
Roller
\ Roller
Two-sided bearing Cantilevered bearing

Furthermore, the consistent plane-parallel align-

ment of the ski base to the ice surface must be en-

sured. For this purpose, two additional rollers are

N )
[ Guidance roIIeri

belt. Figure 2.12 displays the principle of operation  Figure 2.12: Guidance rollers

installed to guide the belt. This ensures parallel
alignment as well as the evenness of the flexible

of the guidance rollers. installation

2.5 Solution concept for subfunction lll: Mounting of the ice sample

When mounting the ice sample, the plane-parallel alignment to the ski base is decisive
as well as the fact that the ice sample is slightly deflected due to friction. The deflection
of the ice sample is used to measure the frictional force, and must therefore be linearly
guided. Given the low friction to be expected between the ski base and the ice, the ice

sample bearing must be implemented without significant inherent friction.

Baurle et al. [19] used a simple and cost-effective test setup comprising two brass
parallel springs supporting the ice plate without generating friction as friction theoreti-
cally only occurs in the material of the springs themselves. The second variant, which
is more cost-intensive but less critical with regard to vibrations, consists of a sliding
table for the ice sample mounted on precision rail guides. The precision rail guides
feature a coefficient of friction of approximately 0.003 [113], which is less than one
tenth of the coefficient of friction of polyethylene to ice [19]. Both variants are shown in
Table 2.10.
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Table 2.10: Solution concept for subfunction Il

Subfunction lll: Mounting of the ice sample

Variant 1 Variant 2

Direction of
friction force Ice sample

fpir €ction of
------- 4 Deflection| Rail guide \ rlCtIonfOI'CG

- Fixed bearing il 5
~ : —| ~eflection

Ice sample

Parallel spring ——

Fixed bearing

Parallel springs Rail guide

2.6 Solution concept for subfunction IV: Load application

The design catalogue according to Koller [114] was applied to determine the principle
of the fourth subfunction. The possible variants of normal force application are dis-
cussed below and listed in Table 2.11. The first solution variant describes here the
pressing of the sample by a mechanical spring. A mechanical load leads to elastic
deformation of the spring. The work expended for this purpose is stored in the spring
and released again when the load is removed. This release leads to the ice sample
and ski base being pressed against each other. The dependence of the force is shown
in spring characteristic curves. The steeper a spring characteristic curve, the greater
the forces required for deformation [115]. As a second solution variant, pressing the
sample via a lever arm has been selected. The lever arm is a mechanical force trans-
ducer consisting of a rigid body and a pivot point. If the lever arm is multiplied by the
acting force, the result is the acting torque. In the equilibrium of forces, the lever arm
is the shortest connecting line between the reference point and the acting force. With
the help of the lever arm, a moment is transmitted to the counter body via a rocker-like
construction. This is done by loading the sample-free side of the rigid body with a
weight, while the side on which the sample is clamped is pressed against the mating
body with the sample [116]. The third solution variant listed in Table 2.11 involves the
application of force via a defined load. The sample is firmly clamped above or below
the counter body and pressed onto the counter body by a weight. The weight is posi-

tioned in a guidance system and is pressed onto the sample by the acceleration due
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to gravity. The sample then transmits the acting force to the counter body via the re-

sulting moment and is thus pressed against it [116].

Table 2.11: Solution concept for subfunction IV

Subfunction IV: Load application (normal force)

Basic Operation Variant 1 Variant 2 Variant 3
Transform Mechanical spring Lever arm Weight

2.7 Solution concept for subfunction V: Friction measurement

Subfunction V discusses ways to measure the frictional force. Principles such as the
use of the change of a plate spacing due to the frictional force or the use of the change
of a conductor length with accompanying change of the electrical resistance during a
deflection as used in strain gauges or torque transducers were adopted from the cata-

logue according to Koller [114], and are shown in Table 2.12.

Table 2.12: Solution concept for subfunction V

Subfunction V: Friction measurement
Basic Operation Variant 1 Variant 2
w | | ~ !
— 777 | D
F |
i X
H\ AS |+— A
Transform Plate distance Conductor
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2.8 Solution concept for subfunction VI: Cooling

In Table 2.13, three different variants of cooling options for the measuring test rig are
shown. Variant 1 involves the cooling of both specimens in an independent way. In
variant 2, the tribometer is encapsulated in an insulated enclosure and, within this en-
closure, the test rig is cooled down to the required measurement temperature. In con-
trast to the previous variants, the tribometer in variant 3 is placed in a cooling cell where

the machine operator can be present while a measurement is being carried out.

Table 2.13: Solution concept for subfunction VI

Subfunction VI: Cooling
Variant 1 Variant 2 Variant 3

Cooled surface Ski base sample

I ~ |

Cooled surface Ice sample

Both samples cooled

individually Tribometer encapsulated Cooling cell

As performed in the previous chapter, after the requirements for the subfunctions have
been selected and the solution concepts are determined, the requirements of the sub-
functions are classified according to their importance. As shown in Table AP 2, the
weighting is carried out by generating weighting factors with the help of a 2x2 matrix.

2.9 Weighting factors determination

Table AP 6 shows the pairwise comparison including the determination of the
weighting factors of the bearing installation variants required for evaluation. Due to the
exceptional position of the financial capabilities within the project, the costs and the
possibility of first carrying out preliminary tests with a pre-version were evaluated as
the strongest and therefore most important position. The following tables reveal the
points assigned for the selection of the bearing installation versions. Due to the higher
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fulfilment of the cost parameter and the possibility of first gaining the necessary expe-
rience with a pre-version, variant 1, the two-sided bearing arrangement, achieves a
higher result with a total score of 3.2 compared to variant 2 with an overall score of 2.5.
From a design point of view, both bearing variants can be designed with sufficient ri-
gidity for the planned project, although the cantilevered bearing arrangement requires
a more rigid design due to the non-centric force application, which would result in a
greater cost input. If the locating/non-locating bearing arrangement is preloaded with
springs, sufficiently smooth running is also achieved with variant 1. The cost advantage
exceeds the advantage of the simpler ski base change of the cantilever bearing. Table
AP 9 displays the pairwise comparison of the evaluation criteria including the determi-
nation of the weighting factors. In order to obtain a consistent friction measurement, a
constant planar contact of the two samples to each other must be ensured at all times.
Following the primary criterion of low cost with rank 1, the criteria that determine the
position of the samples in relation to each other achieve a high weighting with rank 2
due to their importance. According to the following tables, variant 1 with its parallel
spring solution achieves the highest score of 3.2 compared to variant 2 with a total
score of 2.5 due to the very low implementation costs and the possibility of using this
in a preliminary test. If a more rigid, reliable and low-vibration structure will be required
for later test series, variant 2 should be preferred, although the total score is below the
mean value, caused solely by the cost aspect. The solution variant is therefore not
eliminated from further evaluation, as can be seen in Table 2.15. When applying the
load, the amount of load, which has to be clearly defined at all times, is the most critical
parameter for a reliable and significant measurement result. As can be seen in Table
AP 12, this item is the strongest evaluated criterion in this subfunction, directly followed
by the parameter of a vibration-independent feature which has to be implemented
within the design phase. The following tables show the scores for each individual re-
quirement for variants 1 to 3 of subfunction IV. Due to the fact that the mean value of
the three variants is not reached, variant 1, the solution with the mechanical spring, is
excluded from further evaluation. The control of how much load really exists in each
measurement run was, among other factors, decisive for the poor rating in addition to
the typical vibration behaviour of the component. The slightly better fulfilment of the all-

time defined load input of variant 3 was decisive for the highest score with an overall
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evaluation of 3.8 of the three variants. The lever arm variant was just behind the win-
ning variant with 3.6 points. In the pairwise comparison of the criteria for the fulfilment
of subfunction V, as presented in Table AP 16, in addition to the most important pa-
rameter of low acquisition costs, all parameters except for the criterion "low inherent
friction" were given the identical importance, as this is mandatory for a consistent, re-
liable force measurement. In the following tables, the evaluation of the requirements
was carried out in relation to the two variants. The use of a force transducer, which is
actuated by the bearing-mounted ice plate that is displaced as a result of the frictional
force, achieved a higher result than a measuring unit that uses a strain transducer,
either mounted on a component or via a torque shaft respectively a measuring flange,
which would cause considerably higher costs. Table AP 19 lists the determination of
the weighting factors for subfunction VI. In addition to the low acquisition costs, the
consistent cooling and the uniform temperature of the two samples were rated as the

highest.

2.10 Assessment for subfunction VI

The evaluation of the three cooling options were carried out in the tables below. Variant
1 and variant 2 are excluded from further evaluation since the mean value is not met.
Variant 3 has achieved the highest overall score due to the possibility of examining the
temperature distribution as a result of friction in the area of the ski base - ice during the

measurement and to inspect the test stand for proper running properties.

2.11 Morphological box — the determination of the overall function

The method of morphological analysis was developed by F. Zwicky [117] to create a
solution system for a complex problem, which represents all conceivable solution pos-
sibilities in an ordered, unprejudiced form. In this method, the different variations of
solution elements of generated subfunctions are combined to form overall solutions
and visually displayed. The morphological box is created by arranging the subfunctions
in rows and the solution variants in columns. Its size thus depends on the number of
subfunctions and the number of solution variants for each subfunction [109], as seen

in Table 2.14. The eliminated solution variants as mentioned in the previous chapters
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are listed in the now presented morphological box, but they are not considered when

linking to total solution variants, cf. [104].

Table 2.14: Morphological box

Solution Variants

Subfunctions

A B C
\
| — ‘\
A1 Plate-On-Plate Plate-On-Disc C1 Plate-On-Ring

—

ji

A2 Two-sided bearing

B2 | Cantilevered bearing

—

i

A3 Parallel springs Rail guide
A4 Mechanical spring B4 Lever arm C4 Weight
| >
227
v T ’
A
—| AS |+—

A5 Plate distance BS Conductor

Vi [ | |

A6 Individually cooled

Tribometer encapsu-

B6 lated

C6

Cooling cell
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Table 1.2: Combination of the solution variants into overall solutions

Solution Variants

I
A B C
\
| v -
A1 Plate-On-Plate B1 Plate-On-Disc C1 Plate-On-Ring
I
A2 Two-sided bearing B2 | Cantilevered bearing
1l
()
S
5 A3 Parallel springs B3 Rail guide
3
o
=5 m
7] e | L
v
A4 Mechanical spring B4 Lever arm C4 Weight
. | | \
7
V A
—l as |+
A5 Plate distance B5 Conductor
Vi | '
A6 | Individually cooled | B6 T”bome&g”c""psu' c6 Cooling cell




66 Methodological design of an ice tribometer

The table below shows the possible combinations of the solution variants into overall
solutions. In the following step, the weighting factors of the general requirements have
been compared with each other by means of a pairwise comparison and thereby the
weighting factors were determined. Afterwards, the overall solutions were evaluated in

order to define the design solution to be implemented.

Table 2.16: Possible combinations of sub functions with solution variants

Overall solutions Combinations
1 A1-A2-A3-B4-A5-C6
2 A1-A2-A3-C4-A5-C6
3 A1-A2-B3-B4-A5-C6
4 A1-A2-B3-C4-A5-C6

In order to remain within the recommendation of the VDI [100,101], the subfunctions
were included in the pairwise comparison in order to check their value compared to the
general requirements. Since the subfunctions have already been evaluated with regard
to the fulfilment of the subfunction-specific requirements, the percentage ratio of the
total score achieved for the individual subfunctions was converted to the maximum
score in the pairwise comparison. Thus, for example, for subfunction I, with a total
score of 3.605 and a maximum score of four points to be achieved, the percentage
ratio is 90.11 %. In the pairwise comparison, with a maximum of three points to be

gained, the above mentioned ratio corresponds accordingly to 2.7 points.

In the assessment of the overall solutions, solution 2, the variant with the parallel
springs and a weight to be applied to simulate the jumper's weight, achieved the high-
est score with 2.93 points. The second highest ranked variant was solution 4, the ver-

sion with the precision guide rails.
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2.12 Quality function deployment (QFD)

The "quality function deployment” (QFD) method has been introduced as a method for
ensuring customer requirements and for transforming these into describable require-
ments that can be quantified as far as possible. It is part of the specification and com-
pletion of the requirements list and assists in the conduct of methodical product plan-
ning. Part of the QFD method is the "House of Quality" (HoQ). The HoQ is composed
of several planning boards. The procedure is used to plan and develop quality func-
tions. The overview which will be further developed in the course of the process, pro-
vides guidance of requirements and evaluation criteria to be added. [104,107] The pro-

cedure for this product planning is shown in Figure 2.13.

Correlation
of the

HOWs

HOW
can the requirement be realized

Engineering Requirements

WHAT )
do the Weighting Relations between ShovL\llll(-ilth bo
customers by user >
?
require? WHAT and HOW improved?

What value should the HOWs reach?

Engineering Targets

Significance of the
valuation factors by
summation

Figure 2.13: Procedure of HoQ (based on [118] and [119])
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The HoQ presupposes customer-oriented product development. Since the wear test
rig is not intended for sale to the end customer, the HoQ is in this case related to the
user, i.e., the operator. In order to be able to capture the requirements of the user, an
application profile has first to be created, as can be seen in the following table.

Table 2.17: User profile

Engineer or scientific assistant
Age: 20 to 60 years
Safety is essential
Strong mechanical skills

Operating the machine is part of the user's job

After the user profile is created, the user-oriented requirements of the test rig need to

be described in the user's language, as can be seen in the following table.

Table 2.18: User-oriented requirements

Easy mounting of the counter bodies (ski base and ice sample)
Stability of the wear test rig
No risk of injury
Low noise level

Simple operation

These requirements are entered in the "What do the customers require?" planning
board when the HoQ is created [104,107]. After the user requirements have been de-
scribed, a weighting was assigned to them. The weighting indicates how important a
user requirement is for the user. In order to weight the user requirements according to
their importance, a comparison of these requirements was carried out as shown in
Table AP 28.
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The position in the ranking order, results from the summation of the given points. Based
on this ranking, the weighting factors for the HoQ are assigned. Rank 1 receives a
weighting factor of 0.3, rank 2 receives a factor of 0.25, while rank 5 reaches 0.1 factor
points in this system. Due to the duplication of rank 3 and the subsequent absence of
rank 4, the weighting factor of 0.175 is assigned twice. Note that for display reasons,
the calculated score in columns "B" has been rounded to two decimal places, but has
been calculated with three decimal places. Table 2.20 shows the HoQ comparing the
user requirements from Table 2.18 with the design requirements from chapter 2.2.3 in
terms of their mutual influence. Based on the strength of the influence, the require-
ments are weighted in column “A” using numbers from 1 to 3 inclusive, where 1 is little
influence and 3 is strong influence. When two requirements have no influence on each
other, 0 points are assigned. The weighting points are multiplied per line by the

weighting factor of the respective user requirement calculated in Table AP 24.

The addition of all the factors calculated (each in column B) results in the importance
of the quality features (machine requirements) of the machine for the user. The higher
the sum is, the more important the corresponding requirement is to be classified for

the user and is to be included in the subsequent design process [104,107,109].

With the “roof matrix” of the HoQ it is possible to

ascertain which user requirements may contra-  Table 2.19: Legend of the HoQ

ict or mplementary t ign requirement
dict or be complementary to design requirements A Relationship Points

and how important the individual design require- B Importance (A x User Weighting)

ments are in the overall concept. In the case of . . .
Relationship Points

strengthening, a plus sign (+) is entered and in

. . . . . No Influence
the case of hindering, a minus sign (-). By this _
Little Influence

method, any weak points in the requirements Medium Influence

w N = O

definition can be identified at an early stage at Strong Influence

the beginning of the design process. If the re- Correlations

quirements defined in chapter 2.2.3 have no in-

+ Positive Correlation
fluence on the user requirements, they are not
listed in the roof matrix [104,107,109]. In Table

2.19, the legend of the HoQ is provided.

- Negative Correlation
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Table 2.20: HoQ (user requirements versus design requirements based on [107])
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Importance Rating = 3 (A x User Weighting) 1.1 1.08 1.43 0.25 3 2.48 1.9 2.65 2.73 2.35 1.28 2.83 1.25
Ranking 1" 12 8 13 1 5 7 4 3 6 9 2 10

As shown in Table 2.20 and summarised in Table 2.21, the design requirement "safety
and security" and its derived requirements such as "tilt stable" is of primary importance
for the user, as well as for the machine to be operable and handled by university staff.

This must be taken into account within the design process.
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The evaluation of the HoQ results in the following order of importance for the operator:

Table 2.21: Operator’s importance ranking

Ranking

Requirement

Safety and security
Operable by instructed personal
Tilt stable
Low incidence of vibrations

Functions manageable in university environment

Measurement with practice-oriented loads and condi-
tions

Low maintenance and easy to maintain (low wear)
Possibility of disassembly
High reproducibility
Transportable system
Cost-effective (manufacturing / operation)
Fast realization
Space saving (lab size)

After the evaluation of the individual subfunctions has been completed and the overall

function has been derived accordingly, the next chapter focuses on the realisation and

design of the tribometer and its subfunctions.
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3 Ice tribometer architecture

Several methods for implementation of the design were discussed in chapter 2. Vari-
ant 2 with the highest score, shown in Table AP 25, supported the realisation of a
preliminary cost-restricted form of the design as a proof of concept, to generate initial

experience in ice tribology.

3.1 Proof of concept

The tribometer was designed according to subfunction | of chapter 2.3 in a plate-on-
plate type of movement where the ski base is conveyed by means of two rollers. A
cooling cell with the dimensions of 2.7 x 2.2 x 2.4 m, comprising a 1400 W refrigeration
unit with a cooling range of -1 °C to -25 °C (GEKT1201H-02, Glen Dimplex GmbH,
Germany), was set up as a temperature-controlled system in which the experiments
will be carried out. The ambient temperature and humidity were measured and rec-
orded using a data logger (testo 174-T, Testo GmbH, Germany). In order to describe
the manufacturing process required for the individual components, the design of the
tribometer was divided into five sub-assemblies in accordance with the developed sub-
functions (cf. Table 2.15):

Table 3.1: Design sub-assemblies for proof of concept

1 Frame and base

Components that determine the stability and provide support for components

2 Main rollers and bearings

Transfer of the ski base including the bearings required for the main rollers

3 Weight force and force measurement

Initiation of the weight force and measurement of the frictional force

4 Ski base and ice sample

Friction partner specification

5 Motor

Drive of the main rollers
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3.1.1 Compulsory calculations
3.1.1.1  Operating pattern

Alternative basic operating patterns that are applied during a measurement and are
required for motor selection are shown below in Figure 3.1. Either a final speed (n1),
corresponding to a certain speed as dictated by the transmission, has to be reached
in a predefined time (t1) and then deceleration has to happen as quickly as possible
(t2) until total standstill (total cycle = to). Alternatively, a speed (n1) has to be reached
within a defined time (t1), maintained for a defined time (t2) and then again decelerated

until total standstill (t3).
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Figure 3.1: Operating pattern with acceleration and immediate deceleration (left)

and with acceleration, maintaining speed and subsequent deceleration
(right)

3.1.1.2 Dimensioning of the motor

The dimensioning of the motor depends on the starting torque Mr, which is the sum of
the acceleration torque Ma and the load torque M, as can be seen in the equation be-

low:

MT = (Ma+ M|) Eqn 3.1
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The torque required for constant acceleration Ma is calculated by the following formula

(assuming 100% degree of efficiency) [120]:

Mpeit X d2> T Anin
+ — | X

Eqn. 3.2
4 30 © AL g

Ma - acceleration torque

© - mass moment of inertia

Mseit - mass of the ski belt

d - diameter of the driven roller
Anin - difference in rotational speed
Ata - acceleration time

Assuming a diameter of 200 mm and 40 mm for the roller and shafts respectively, a
distance between the axes which results in a belt length of 2.4 m and, an acceleration
time of 5 seconds to a tangential speed of 27.8 m/s, this generates an acceleration

torque Ma of approximately 53 Nm.

Due to the comparably low normal force of approximately 200 N, only low values are
obtained for the calculation of the load torque (cf. Figure 3.2). If a COF of y = 0.05
between ice and UHMWPE and a COF of 0.26 between PTFE and UHMWPE is as-
sumed, then the individual frictional forces Fice and Fprre are calculated as 10 N and
52 N respectively, which corresponds to a total load torque M of 6.5 Nm relative to the
roller's diameter. According to equation 3.1, the starting torque, which has to be gen-

erated by the electric motor at maximum acceleration, can be derived as 59.5 Nm.
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FPreload Ski base

PTFE plate

Ice sample Roller drive end

Figure 3.2: Load initiations

3.1.1.3 Preload force

The minimum preload force that prevents slipping due to insufficient friction between
the ski base and the rubberised roller is calculated according to Eqn. 3.3. Here, the
product of the circumferential force and the Euler-Eytelwein rope friction component is
added to the centrifugal force of the belt [121].

(e49+1)

Fp =Fc X TE + M X Vi Egn. 3.3
Fp - preload force
Fc - circumferential force
¥ - coefficient of friction
[0) - belt's contact angle in radians
mL - length weight of the belt
Vmax - Maximum speed

As a result, a preload force of approximately 307 N was calculated, denoting the mini-
mum required force which has to be applied via the adjustment mechanism. The pre-
load force also acts as a source of bending stress on the shafts, which was calculated
using CAD software. All simulation results can be found in the appendix. In the case



Ice tribometer architecture 77

that stainless steel 1.4305 is selected as the shaft material, the bending stress created
is calculated to be 4 MPa, far below the 0.2% yield strength Rpo.2 of 190 MPa.

3.1.1.4 Torsion analysis of the driving shaft

The highest occurring torsional stress (shear stress) has been calculated in the case
of a blocked bearing within the driving shaft (cf. Figure 3.6) at the maximum torque of
the motor and was determined to be t = 57.9 MPa, a factor of 3 below the Rpo.2 of
190 MPa.

3.1.1.5 Bending analysis of the driving shaft

The preload of the ski base creates an inward bending stress on the roller shafts cor-
responding to the maximum tensile strength of the ski base. If a maximum tensile force
of 2000 N is assumed (cf. Figure 3.23), a bending stress of 25.3 MPa occurs at the

bearing seats of the shafts, which is far below the Rpo.2.

3.1.1.6 Bending analysis of the plate’s guidance

Depending on the chosen application of the weight force (see also Figure 3.8 and Fig-
ure 3.10), the maximum load on the guiding system occurs when the ski base gets
caught. As a result, the maximum torque of the motor generates a tensile force of
572 N which acts on the guiding system. If aluminium 3.3547 is selected, the bending
stress of 57 MPa is a factor of 2 below the Rpo.2 of 125 MPa.

3.1.1.7 Bending analysis of the parallel springs

According to [19], a measurement setup was chosen consisting of a parallel arrange-
ment of two brass plates acting as springs and thus enabling an almost frictionless
operation. The relationship between the deflection of a beam and the resulting moment

distribution is represented by the Euler-Bernoulli beam theory:
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For the load situation of the clamped-guided beam, the moment distribution is calcu-

lated as follows:

L
M(x) = F x (5 - x) Eqgn. 3.5

By integrating twice and applying the boundary conditions, the displacement is calcu-
lated with the following formula:

F L, 1,
y(x)=a X (ZX _EX) Egn. 3.6

If the entire length of the springs is used for calculation (x = L), the maximum displace-
ment travel is determined by:

3
y(L) = FL™ _ Egn. 3.7

12El

where 8 is the displacement as defined in Figure 3.3. If a plate thickness of 0.6 mm is
chosen and the maximum deflection of 0.125 mm at 10 N of a force sensor (e.g., In-
terfaceforce MBP-10) is assumed as §, the required bending force for deflection of the
measuring system can be determined and amounts to 1.54 N, which corresponds to
approximately 15% of the maximum measured friction force. By reducing the plate
thickness, the sensitivity can be increased, but the risk of loading the brass springs

outside the elastic load condition also increases.
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mount

Parallel
springs
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Figure 3.3: Parallel spring setup in unloaded configuration (left) and in loaded
configuration (right)

3.1.2 Frame and base

The tribometer was mounted on a base frame made of aluminium construction profiles
with the overall dimensions of 1330 mm x 1125 mm x 850 mm (X, Y, Z), as can be
seen in Figure 3.4. To support the rollers, two 80 mm x 98 mm x 1330 mm 1.4301
stainless steel struts were manufactured and mounted on locating units (Z051, Hasco
GmbH + Co. KG, Germany). Thus, the struts could be lifted with a load crane when
changing the ski base and then be lowered again in the exact position. Utilisation of
the locating units translated to an almost negligible requirement for surface machining,

with the exception of the pockets which were necessary for the bearing support.

Pockets for

Base struts bearing support

Mount

Z
850 mm Y

1125 mm
X

1330 mm

5

Figure 3.4: Frame and base
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To ensure a stable stand, several aluminium cylinders were installed through the floor
of the cooling cell onto the concrete floor underneath and the base frame was mounted
onto the aluminium cylinders using rubberised machine feet. In addition, the base was
secured to the concrete floor with ground anchors. This allowed adjustment of the hor-

izontal position as well as a secure connection to the floor.

3.1.3 Main rollers and bearings

When designing the rollers, attention was paid to ensure a sufficient diameter so that
the bonding area of the ski base ends (cf. Figure 3.24) only has to withstand a small
amount of bending force. The diameter was set to 210 mm and on the basis of the 120
mm width of the ski base, the length of the rollers have been chosen to be 140 mm, as
shown in Figure 3.5. The two aluminium EN AW-2007 (3.1645) rollers were provided

with a 5 mm EPDM 60 Shore A coating to provide grip between roller and ski base.

@210 mm 1mm 140 mm

70 mm

Figure 3.5: Roller from front view (left) and in side view from left (right)

Due to the roller’s conical-cylindrical shape with its flanks machined down by 1 mm (as
found on crowned pulleys), the increased diameter in the middle area creates higher
friction between the roller and the ski base and therefore a guiding of the base is en-
sured. The main roller assembly is completed by one input and one output shaft each,
which are secured with shaft nuts and lock plates (KM8, SKF GmbH, Germany), dis-
played in Figure 3.6. To ensure smooth running, both rollers were dynamically bal-

anced.
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Figure 3.6: Main rollers set-up

In order to tension the ski base via the main rollers, the output end was movably
mounted in such a way, that the bearing support with the mounted self-aligning ball
bearing (2208 EKTN9, SKF GmbH, Germany) could be traversed in the direction of
the longitudinal axis in the milled pockets of the struts. The adjustment of the shaft
position was achieved by means of a spindle screw with an optional 7.1 A stepper
motor with 6.8 Nm holding torque (M1343031, LAM Technologies, Italy) or manually
by means of an Allen key adapter. For the automatic tightening of the ski base during
movement by the stepper motor, two infrared light barriers have been installed
(GL30-IR/32/40a/98a, Pepperl+Fuchs GmbH, Germany). By using aligning bearings,
a compensation of minor misalignments could be obtained. The bearing support with
the fixed flange bearings (RCJTZ35-XL, Schaeffler AG & Co. KG, Germany) on the

drive side was also designed to be movable to facilitate ski base changing.

However, the supports were secured in position by parallel pins. To measure the speed
of both the input and output sides, two incremental encoders (Rl 32, Hengstler GmbH,
Germany) were installed on the faces of the shafts. The difference between the two

signals is used to determine the amount of slippage.
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Self-aligning
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Movability Screw support Spindle screw  Flange bearing Rotary encoder

Figure 3.7: Bearing of the main rollers

3.1.4 Weight force and force measurement

The required normal force was realised by two approaches: a plate with periodically
arranged ball-bearing shafts that creates a line load situation (61804, SKF GmbH, Ger-
many) and a plate with an attached PTFE plate (surface load). Both versions were
secured in mountings below the struts by means of parallel pins, as shown in
Figure 3.8.

| N\

+ Plate with ball bearing shafts

Normal force

Figure 3.8: Application of normal force: plate with shafts (top left) and plate with
screwed-on PTFE plate (top right) and in mounted state (below)
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The ski base in combination with a

PTFE plate showed an excessive ® ® ® ® ®
abrasive behaviour despite the rel- =
atively low coefficient of friction of -
® D ® @ @ Abraded polyethylene

PTFE relative to other materials

and was discarded as a possible Figure 3.9: Weight force plate after several
application during the preliminary runs

test, see Figure 3.9. Due to the inherent weight of the roller plate in combination with

attached weights, normal forces between 50 N and 120 N were generated.

To determine the COF at a predetermined load, the frictional force was measured di-
rectly using a load cell (MBP-10, Interfaceforce e.K., Germany). Figure 3.10 and
Figure 3.11 depict the measurement setup with inserted ice sample. The ice sample
was placed underneath the ski base on which a defined force was applied by means
of the roller plate. The distance between the measuring unit and the ski base could be

adjusted by means of an adjusting screw.

Ice sample
<«—— Measuring unit

Guidance Shafts plate Skibase

<«— Adjusting screw

Figure 3.10: Friction force measurement setup

The ice sample was connected to the sample support by means of a form-fit connection

and joined to the load cell mount by two brass parallel springs (cf. [19]). Due to the
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effect of friction, the ice sample and thus the sample support were deflected in the
direction of the force. This actuated the load cell which was mounted on the fixed part
of the unit. In order to reduce shocks in the opposite direction, a pressure spring was

installed between the force sensor and the sample support.

Ski base

l Direction of movement
_)

Sample support——>

Load cell — . .
— — > Direction of movement

Parallel spring——>

Load cell mount ——

Fixed position

Figure 3.11: Measuring unit

3.2 Ice tribometer

Following the initial results of the proof-of-concept version, a more rigid and robust
design was designed. While retaining the main components such as the steel struts,
rollers, bearings and shafts, the force measurement set-up, mounting of the ice sample
as well as load initiation were modified. Furthermore, guiding rollers were installed to
ensure the horizontal position of the ski base and the overall stiffness was increased.
In the following chapter, the individual design components will be discussed. Table 3.2

displays the design architecture which has been split into 8 sub-assemblies:
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Table 3.2: Tribometer sub-assemblies

1 Frame design

Components that determine the stability and provide support for components

2 Main rollers

Transfer of the ski base including the shafts required for this purpose

3 Bearings

Bearing of the main rollers

4 Guidance rollers

Determine the horizontal movement of the ski base

5 Carriage and force measurement

Guiding the ice sample and measurement of the frictional force

6 Weight force

Initiation of the force perpendicular to the ice sample

3.2.1 Frame design

To ensure the position of the frame components in relation to each other, the entire
construction was mounted on a solid steel plate with the dimensions of
1330 mm x 450 mm x 35 mm as displayed in Figure 3.12. Furthermore, to reduce
vibrations, a rubber pad was mounted underneath the plate. The steel plate featured a
surface roughness of R: 6.3 and specified a horizontal parallelism tolerance of
0.02 mm. Hence, the horizontal contact surfaces of the other structural components
were manufactured with the corresponding tolerance. The base struts are mounted on
detachable fitting struts, which have to be dismounted for a ski base replacement (due
to its belt shape) and on the rear side there are additional support struts which increase
the stability of the structure. Between the base struts, profiles which limit both deflec-
tion and distortion have been mounted for reinforcing reasons and to ensure a defined
distance between the contact surfaces of the bearing seats during assembly. For a
faster ski base replacement, the reinforcing profiles were designed to hold the front

side structure in position as long as the fitting struts are dismounted.
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Base struts

Reinforcing profiles

Base plate -,
Fitting struts

Support struts

Figure 3.12: Frame design

3.2.2 Bearings

The main rollers including the shafts were used unchanged for the bearing selection.
A standard bearing arrangement with one fixed and one floating bearing side each was
chosen for mounting the rollers, as shown in Figure 3.14. Due to the low internal fric-
tion, ball bearings were chosen for installation (W61908, SKF GmbH, Germany). The
fixed bearing side was designed with a precision shaft nut (KMTA 7, SKF GmbH, Ger-
many) that clamps the bearing inner ring while the bearing outer ring is braced against
the housing shoulder by the housing cover. To achieve an adequate clamping force
between the end face of the housing cover and the front face of the bearing outer ring,
an axial clearance of 0.02 mm was realised between the cover and the front face of
the bearing housing before the screws were tightened [122]. The movable outer bear-
ing ring of the floating side can be axially preloaded with a preload force of up to 520 N
by means of compression spring package installed between the housing cover and
bearing plate, which minimises the bearing clearance, allows smoother running, and a
more precise adjustment of the bearing. In order to allow fast disassembly of the input
bearing housings for a ski base change with small lengths, the housings were secured
in position with detachable hardened parallel pins. To protect the floating bearing from
contamination with foreign particles, a groove was machined into the bearing housing,
in which the outer edge of the housing cover protrudes, similar to a labyrinth seal. The
bearing arrangement on the output side of the tribometer was designed identically to
the input side, however, the bearing housings were configured to be adjustable so that

the ski base can be tensioned; either via a stepper motor or manually. The tolerances
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of the bearing bores were chosen according to the specifications of the bearing man-

ufacturer and are listed next to the bearing calculation in the appendix.

Parallel pin

l

&

Housing cover

Housing cover Bearing with spacer

Screws | Springs

Encoder

|

Bearing with spacer : :
Bearing plate I 9 P Bearing housing

Bearing housing

Figure 3.13: Roller bearing arrangement in exploded view

Bearing housing Base strut Bearing housing Preload plate
l ) l Base strut
Bearing

Bearing

Housing cover Housing cover

Shaft

f

Encoder

Spring

Figure 3.14: Fixed bearing side (left) and floating bearing side (right) in cross section

view

3.2.3 Guidance rollers

In order to minimise the curvature of the ski base, two guidance rollers were installed
which determine the horizontal position in relation to the ice sample as can be seen in

the top part of Figure 3.15. Similar to the main rollers, the bearing arrangement was
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designed with a fixed and a spring loaded floating bearing side using ball bearings and
shaft nut (6003 and KMT 0, SKF GmbH, Germany).

Ski base

Roller / Shaft

Bearing  Spring

Bearing

Housing
cover

Preload

Shaft nut plate
Housing Housing
fixed cover

Housing
floating

Figure 3.15: Guidance roller in installed condition (top) and roller in cross section view
(bottom)

3.2.4 Carriage and force measurement

Direct force measurement is carried out by deflecting the ice plate and actuating a
force sensor as a result of friction. To allow the ice sample to move in the direction of
travel of the ski base, it was mounted on a gliding carriage that is supported on preci-
sion rails (LWR 6200, Ewellix GmbH, Germany) as displayed in Figure 3.16. The rails
only allow uniaxial movement and can be finely aligned by means of adjusting screws
to allow very low bearing friction. Mechanical end stops were fitted to limit the move-
ment of the carriage in both directions (load cell protection) and covers were mounted
on each side to protect the precision rails from contamination.
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Figure 3.16: Carriage with mounted ice sample

The connector joins both the carriage and spring-loaded measuring system as illus-
trated in Figure 3.17. The movement of the connector in x-direction is transmitted di-
rectly via a cylinder with a screwed-on adapter to the separately mounted force sensor.
A damping NBR spacer is placed in between to smooth out the force recording. To
ensure that the cylinder is in constant contact with the load cell and that shocks in the
opposite direction are absorbed, the connector is preloaded with a spring and secured
with a reverse screw. This further stabilises the force recording. Both the threaded
mandrel and the bush (here the inner wall of the cylinder) were manufactured to toler-
ance, which has the advantage of generating the highest possible shear of the grease
and thus sufficient viscosity during spring deflection. This increases the sensitivity so
that a proper response of the spring is generated even with small forces. In order to
further improve the operating characteristics at very low shear rates, a grease with
solid lubricant components was used. The infinitely variable adjustment of the spring
force via adjusting nut and lock nut has an additional favourable effect on the response
behaviour. Furthermore, the spring was supported in a cage with a rounded edge on
the cylindrical surface in order to keep the contact surface and thus friction as small as
possible and to improve the system behaviour. To prevent tilting and to ensure the
spatial position in the y-direction, an automatic alignment of the rod by means of a ball
washer and of the rounded cylinder head with a die-cut washer with a rounded opening

was provided. For position assurance in z-direction between the measuring system
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and the carriage, the load cell mount was aligned on one side of a parallel key in rela-

tion to the pin holes of the carriage.

Adapter
Adjusting nut Lock nut
Cylinder Load cell Connector
Lock nut | NBR spacer Reverse
Spring| Cage

Mandrel J

l

- Direction of
[ T —— RN 3 movement

Ball /
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Load cell
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Figure 3.17: Force measurement setup

3.2.5 Weight force

The load is transferred to the ski base via a lever-arm mounted plate with installed
rollers. To increase the grip, these rollers were coated with EPDM Shore 60. The rollers
are beard with grooved ball bearings (W625, SKF GmbH, Germany) and are preloaded
via springs to ensure smooth running. In between the bearings, bushings in which the
shafts run were mounted on struts to prevent bending. Due to the proportionality of
roller diameter and roller speed, in addition to the roller width of 16 mm, the diameter
was set to 24 mm, which results in a speed of 22,282 r/min at a tangential speed of
28 m/s. This represents half the limiting speed of the bearings. The total weight of the
roller plate corresponds to a maximum load of 140 N that can be applied (additional

weights are however possible). In order to keep the distance between the centre axes
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of the rollers as small as possible while maintaining a sufficiently large roller diameter,
the rollers were arranged in a staggered pattern with 44 mm centre distance, as shown
in Figure 3.19. The normal load can be varied in a gradual manner by a lever arm
mounted on rod ends (SA 12C, SKF GmbH, Germany) with removable weight discs,
which is connected to the roller plate through a steel cable. Assuming a uniform move-
ment of the base, the load distribution situation can be divided into a quasi-static and
a dynamic component. The static view for the larger ice sample (cf. chapter 3.2.6)
means a load situation of 53 discrete line loads which are generated by the rollers
through the base on the entire surface of the ice. In the case of the smaller sample,
only 17 rolls are involved, corresponding to the size of the area.
The force of 140 N is thus distributed across 53 or 17 gridded rollers (it is assumed
that all rollers contact the ice uniformly). For each 16 mm long roller this results in a
force of 140 N/ 53 = 2.64 N and 140 / 17 = 8.24 N, which is distributed onto a very
small surface area. The load areas were roughly estimated by computer simulation
(see Figure AP 6) and amount to approximately 0.17 mm x 16 mm (2.72 mm?) for the
large ice sample and 0.33 mm x 16 mm (5.28 mm?) for the small ice sample (see Table
3.3). The simulation parameters can be found in Table AP 40 in the appendix. If the
individual load areas are now added to a total load area, the load area for the large ice
sample is 53 mm x 2.72 mm = 144.16 mm?, and 17 mm x 5.28 mm = 89.76 mm?Z. Table
3.3 displays the area loads depending on the normal force. The nominal contact pres-
sure was determined by division of load and ice sample area.

Table 3.3: Contact pressure nominal (nom) and simulated (sim), transferred by the

roller plate
Ice sample Load Contact pressure Contactlength Contactareain Contact pressure
areainmm? inN in kPa (nom) in mm (sim) mm? (sim) in MPa (sim)
40 2.50 0.10 1.60 1.47
16000 80 5.00 0.20 3.20 1.47
110 6.88 0.27 4.32 1.50
140 8.75 0.33 5.28 1.56
40 1.21 0.04 0.64 1.18
33000 80 2.42 0.07 1.12 1.35
110 3.33 0.09 1.44 1.44

140 4.24 0.17 2.72 0.97
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The dynamic component is created by the flexing of the rubber-elastic rollers as they
rotate. Another dynamic component is caused by the continuous deformation of the
base by the rotating rollers, which also represents flexing. This can lead to temporal-
local pressure fluctuations on the ice surface. The pressure of the rollers through the
belt on the ice varies locally due to the grid structure of the roller arrangement. The
higher the flexibility of the base, the thinner the base and the lower the base tension,
the stronger the effect of the grid on the locally dependent pressure distribution at the

base/ice interface.

Ski base tension was therefore investigated as a potential factor affecting friction. The
base tension is controlled by the horizontal distance between the main rollers. While
one of the rollers is fixed, the other can be set to a variable horizontal position, see
Figure 3.25. This allows the length of the base to be controlled, which in turn controls
the tension of the base. The position of the adjustable roller is measured using a rela-
tive scale: at - 6 mm the base is just tight against the rollers but not yet under tension.
As the roller is moved to larger values, tension is applied to the base, causing it to
elongate. The length of the base was measured at various positions, see Table 3.4. At
the reference position (“O mm”) i.e. in the standard measuring position, the length of
the base was measured to be 2348 mm, which corresponds to an elongation of
0.256 %. Using a tensile testing machine, the base’s modulus of elasticity was meas-
ured to be 865 MPa at - 6 -C. The base’s unloaded cross section amounts to 180 mm?,
if neglecting transverse contraction, corresponds to a nominal tensile force of 398 N
and to a nominal tensile stress of 2.21 MPa at the measurement position. In addition,
the COF againstice was measured at T =-6 °C, v=9 m/s, p = 2.42 kPa and two-sided
hypothesis tests showed no significant effect of base tension on the COF as shown in
Figure 3.18. This is consistent with the assumption that the mechanical losses of the
roller, which are most likely affected by the base tension, do not contribute to the meas-
ured frictional force because they occur before the frictional force is generated and
transmitted to the carriage. It is reasonable to assume that, as a result of the base
tension, the load distribution situation remains constant during the measurements car-
ried out. Despite that, during all tribological experiments in this work, the base tension
was controlled and kept constant by measuring the travel of the tensioning mechanism

after a base change and additionally by monitoring the slip.
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Table 3.4: Estimation of the ski base's tensile stress while mounted on the tribometer

and impact of base tension on COF

Tensile Tensile

Roller position Base length Elongation Elongation stress  force COF in 102

in mm in mm in mm in % inMPa in N
-6 2343 1 0.043 0.37 66 3.87 +/-0.18
-4 2344 2 0.085 0.74 133 3.87 +/-0.18
-2 2346 4 0.171 1.48 266 3.87 +/-0.14
0 2348 6 0.256 2.21 398 3.89 +/-0.15
+2 2349 7 0.299 2.59 465 3.92 +/-0.17
+4 2350 8 0.342 2.95 532 3.94 +/-0.18
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Figure 3.18: Effect of roller distance on COF with 95 % Cl (v =9 m/s, p = 2.42 kPa,
T=-6°C)

Due to the rigidity of the ski base and the resulting two-dimensional distribution of ini-
tiating forces, the line loads are "blurred”, i.e. the contact pressure is significantly lower
than nominally estimated via simulation results. Calculation is, however, complex due
to the viscoelastic characteristics of the ski base and exceeds the scope of this thesis.
Certainly, the real contact pressure is higher than the assumed nominal pressure. Ob-
servations during the series of measurements showed a visible deformation due to the
roller imprints not before 400 m sliding distance and thus outside the measuring range
used in this work. To allow the plate to adjust itself in height, the roller plate is guided
by two parallel pins. The pins have been dimensioned to ensure that in the event of
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the ski base catching, the pins do not break off and the torque protection switch of the
motor is activated beforehand. Due to the high-frequency shocks that occur, plain bear-
ings could possibly be damaged. Therefore, it was chosen to use a bearing with high
pressure grease lubricated O-rings, which are inserted in a 0.2 mm oversized borehole.
This provides sufficient movement clearance, similar to a rotary union, with a simulta-

neous shock-absorbing effect.

Surface contact:

Weights
0.17 x 16 mm?

Support arm
Rod end Lever arm J

Rubberised roller
Bushing

Support

Spring

Shaft

Figure 3.19: Weight force arrangement: lever arm (left) and roller plate (right)

3.2.6 Ice sample

As shown in Figure 3.21 and Figure 3.22, the ice samples were prepared in stainless
steel moulds. In order to conduct tests with varying surface sizes, two different dimen-
sions, 160 mm x 100 mm and 330 mm x 100 mm, were manufactured. Overall, eight
moulds were manufactured, three with dimensions of 330 mm x 100 mm and five with
dimensions of 160 mm x 100 mm. The 100 mm width of the ice sample was chosen to
be smaller than the width of the ski base (120 mm) to eliminate the influence of the ski
base edge. The bottom of the mould features an undercut to secure the ice plate in
place while the lid was coated with a polypropylene (PP) film to reduce the surface
roughness of the ice sample and also prevented adhesion and therefore simplified the
extraction of the ice sample from the mould. The mould was filled in an upright position
as shown in Figure 3.22. Furthermore, the produced ice samples should be planar,
smooth and their edges should not protrude. A chamfer machined into the ice mould

lid allowed for shape deviations due to uneven freezing and capillary forces, so that
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only those parts of the ice samples that were not relevant to the frictional contact were
affected, see Figure 3.21. The planarity of the ice sample was controlled by using a
precision machined lid, whose planarity was less than 0.02 mm. In addition to the screw
fastening, the lid was prevented from bending by attached screw clamps. After extract-
ing the samples and before using them in a tribological test, their planarity was con-

trolled with a precision straight edge.

To investigate the influence of the macroscopic contact area and varying surface pres-
sures, ice samples in the sizes 160 mm x 100 mm and 330 mm x 100 mm were man-
ufactured. This allows surface pressures between 1.2 kPa and 8.8 kPa to be set (ad-
ditional weights are, however, possible). Furthermore, this enables two modes to be
set. In linear mode (Figure 3.20 left), the width of the ice plate is less than the width of
the ski base and a potential interference of the slightly undulating base edge is there-
fore eliminated. In perpendicular mode (Figure 3.20 right) the 160 mm wide ice sam-
ples can be rotated by 90° and protrude laterally by approx. 20 mm over the ski base.
Now the ski base runs with its full width on the ice and as a result, reference surfaces
are formed at the side of the running track for comparative wear measurements to

determine the abrasion effect.

W-Ice < W-Ski W-Ice > W-Ski When filled

with water When frozen

o

Chamfer

—— Ski base

PP coating

.

Ice sample
L Welce
Wk
Figure 3.20: Linear mode (left) and Figure 3.21: Ice sample production

perpendicular mode (right) principle
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Figure 3.22: Steel mould for ice sample production

3.2.7 Ski base sample

In order to achieve a closed belt de-

sign, the ski base manufactured by 2000 Jr

Isosport Verbundbauteile GmbH, 1750

Tensile force in N
o
o
o

Austria, and provided by the Ger- -

man Ski Association (DSV) was 12501

scarfed and bonded adhesively at : : : :
1000 2 25 3 7

the ends (DP 8005 from 3M, see
Figure 3.24 top). During this proce-

. 13
Adhesive width in mm
Figure 3.23: Average yield tensile shear force
vs. adhesive width at -12 °C with

standard deviation error bars

dure the newly formed belt was kept
free from tensile stresses for about
10 hours. For this purpose, the joint
overlap was compressed with a pressure force of 50 N. This also ensured a smooth
transition between the joined ends of the ski base. The whole procedure was carried
out at room temperature, e.g. at about 20 °C. The tensile shear strength of various
adhesive bonds was tested at a sample temperature of -12 °C (DIN EN 1465). Figure
3.23 displays the average shear tensile force (n = 5), calculated from the yield stress
at different adhesive widths. Note that a reduced glue width creates less disturbance

when circulating the rollers and passing the ice sample. Since a similar breaking
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strength prevailed between 2 mm and 7 mm adhesive width and this corresponds to
about 80 percent of the value of the widest test point of 13 mm, an overlap length of 3

mm has been chosen.

3.2.8 Motor

According to chapter 3.1.1.2, a 7.5 kW electric asynchronous motor (MFEMAXX112-
22CIC, Lenze GmbH, Germany) with a torque of 20.3 Nm and an 11 kW inverter drive
(Inverter Drives 8400, Lenze GmbH, Germany) were installed on a base structure of
aluminium construction profiles. The motor was mounted on a linear slide and con-
nected to the 28 mm input shaft by means of a flexible clutch. To reduce vibrations,
the drive can be changed to a belt drive if required, whereby the linear slide is laterally

shifted on the base.

3.2.9 Concept visualisation

Figure 3.24 and Figure 3.25 show the implemented concept of the novel tribometer. A
driven ski base glued at the ends is brought into contact with the ice sample by a weight
plate with rubberised rollers by means of dead weights. The ice plate is mounted on a

rail guide and actuates a load cell due to friction-induced linear deflection.
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Figure 3.24: Weight force arrangement and sample contact
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adjustment
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Figure 3.25: Novel linear tribometer
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Figure 3.26: Built tribometer located in the cooling cell

3.2.10 Parameter settings of the tribometer

The following table shows the range of settings that can be adjusted on the tribometer.

Table 3.5: Parameter range

Normal load (N)

Nominal contact pressure (kPa)
Relative sliding speed (m/s)
Acceleration (m/s?)

Contact partner

Surface quality ice

Surface quality ski
Ambient temperature (°C)
Ice temperature (°C)

Air humidity (%)

40, 80, 110, 140

1.21,2.42,2.50, 3.33, 4.24, 5.00, 6.88, 8.75
Up to 28 (user-adjustable)

Up to 16 (user-adjustable)

Ice surface and UHMWPE ski base

Defined ice surface quality with interchangeable
surface roughness due to plastic film

All ski base material and widths applicable
-25 to -1
Not actively cooled

Not separately adjustable
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4 Ice tribometer verification

41 Sample preparation

In order to eliminate the influence of the ski base structure, a raw ski base was used
for the tests with liquid glide wax. The ski base was manufactured in a peeling process
and therefore featured a surface with production-related longitudinal grinding grooves
as can been seen in Figure 4.14. These grooves were not removed prior to this study.
All investigations in this work were conducted using a single ski base. This approach
was chosen based on previous research indicating that extensive laboratory testing
does not significantly alter the surface properties of ski bases [65]. By using a single
ski base, the variation caused by different ski bases was eliminated, thereby increasing
the ability to isolate the impact of fluorine content on friction. In order to investigate the
influence of the fluorine content of applied waxes, the ski base was first tested unwaxed
and then with waxes of varying fluorine content provided by ZIPPS Skiwachse GmbH,
Germany. These were “ZR 41” which does not contain any fluorine and which therefore
serves as internal wax reference for this study, “GT 20” which contains 1 wt.-% of a
“highly fluorine containing compound” and “H5LF” which contains 4 wt.-% and “ZR NS”
which contains 8 wt.-% of this compound. As a result of the waxing process, a visible
white wax film was present on the surface, which could also be felt. Between experi-
ments, the ski base was cleaned and reused. The cleaning procedure involved using
"C 31 Base Cleaner" from ZIPPS Skiwachse GmbH (Germany), following the manu-
facturer’s instructions. The effectiveness of the cleaning procedure was periodically
validated by measuring the COF between the cleaned ski base and ice using the novel
tribometer. To minimize the risk of potential false positive findings caused by the grad-
ual accumulation of wax residues leading to unnoticed shifts in measured friction, the

sequence of the investigations in this study was randomized.

4.2 Surface characterisation

Prior to wax application, the surface profile of the ski base was recorded using a stylus
profilometer (MahrSurf PS1, Mahr GmbH, Germany). For this, within a lateral range of
100 mm x 100 mm, 10 line scans were conducted at random positions. The scan di-

rection was perpendicular to the sliding direction of the tribometer experiments. Each
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line was 5.6 mm long, which corresponded to 7 segments of 0.8 mm each. From these,
numeric roughness parameters were obtained according to DIN EN ISO 4287 by using
a cut-off length of 0.8 mm. This procedure was repeated after each tribometer experi-
ment, i.e. after a total sliding distance of 20 m, 140 m, 280 m and 470 m respectively.

Additionally, the surface profiles of the prepared ice sheets were recorded. This was
done indirectly by applying a silicon casting compound (Provil Novo Light Fast Set,
Kulzer GmbH, Germany) to the ice surface and letting it cure for approximately two
hours. This process resulted in a negative cast of the ice surface profile. The precision
of this negative cast was better than 1 ym according to the manufacturer. In contrast
to the shiny ice surface, the cast absorbed a considerable amount of light, which pre-
vented overloading of the profilometer's optical sensor even at low surface roughness.
Furthermore, the cast could be taken directly in the cooling chamber and transported
to the profilometer, avoiding complications such as ice melting during transportation.
Additionally, the large closed belt-shaped ski base could not be fixed to the profilome-
ter's sample holder, whereas the casts were small, measuring approximately
120 mm x 70 mm and weighing less than 10 g. Figure 4.1 depicts a silicone cast of the
ice surface. The clearly visible longitudinal grooves indicate significant amounts of

solid-solid interaction.

Figure 4.1: Silicone cast of an ice sample’s surface after 470 m sliding distance

The accuracy of the optical profilometer was validated by measuring several standard
roughness samples. Casts were also made of these standard samples and measured
with the same optical profilometer. The results of these measurements are shown in

Figure 4.2. When directly scanning the standard samples, the profilometer produced
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95 % confidence intervals for Ra, Rz and R: that included the nominal value of the re-
spective standard sample in most cases (indicated by red bars). However, when meas-
uring the casts, slight deviations from the nominal values were observed. For Ra values
greater than 0.1 um, these deviations were random. Starting at Ra= 0.1 ym and below,
the deviations became systematic, with the recorded roughness values being higher
than the nominal values. Consequently, for such smooth surfaces, the cast was not
able to accurately reproduce the surface profile. These deviations were significantly
below the manufacturer’s published "accuracy" of 1 ym and well below the lowest Ra
value measured for any ice or ski base sample in this work, as shown in Figure 4.15.
Therefore, the presented procedure provides a valuable and validated tool for the

quantitative investigation of friction in the field of snow and ice tribology.
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Figure 4.2: Comparison of nominal and measured surface texture parameters. Data
was recorded with an optical profilometer according to ISO 21920.
Red: standard roughness samples, blue: casts of these standard sam-

ples. Bars represent 95 % Cls from 10 individual line measurements.

The surface profile of the cured casts was recorded using a MicroProf 100 white light
profilometer (FRT Fries Research & Technology GmbH, Germany). For this purpose,
within a lateral range of 50 mm x 50 mm, 10 line scans were conducted at random

positions. The scan direction was perpendicular to the sliding direction of the tribometer
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experiments. Each line was 5.6 mm long, which corresponded to 7 segments of
0.8 mm each. Since the casts represented negatives of the original ice surfaces, the
recorded z-data were multiplied by -1 prior to further processing. From these, numeric
roughness parameters were obtained according to DIN EN ISO 4287. To account for
systematic differences between tactile and optical surface profilometry, the evaluation
included a tip needle simulation (90° / 5 um). It was confirmed by measurements with
the stylus profilometer on selected ski base locations that this procedure yielded com-
parative results. Again, this procedure was repeated after each tribometer experiment.
Furthermore, a separate ski base was subjected to the same waxing procedure but
instead of using it for tribometer experiments, it was cut into pieces in order to be able
to record three-dimensional surface profiles. Figure 4.14 exemplarily shows the rec-
orded profiles of the ski base in its as-received state and after waxing with H5LF.

The perpendicular mode shown in Figure 3.20 was

used to measure the wear related height loss of the ice Worn ice track

plate. In practice, however, there is the difficulty of op- Silicone cast

erating the profilometers to be used for measuring the

height loss in the cooling cell. If the ice plate is carried ) —

to the profilometer instead, the ambient conditions o

there quickly lead to frost formation and melting of the

surfaces, which considerably reduces the accuracy of A@

the topographical wear measurement. For this reason, ) g

the ice plate was removed from the tribometer and a )

silicon cast imprint was made while still inside the cool- Figure 4.3: Exam.ple ofan )
abrasion analysis

ing cell, specifically to measure the transition from the

wear track to the surrounding reference surface, see Figure 4.3. After the casting com-

pound had hardened, the cast was transported to the profilometer and the wear related

height loss was determined. The effect of wear on the surface free energy, the contact

angle of water, and diiodomethane were measured with a mobile surface analyser

(MSA One-Click SFE, Kruss GmbH, Germany). The droplet volume was 1 pl. Both the

unwaxed ski base and the base waxed with four waxes were analysed immediately

after the preparation process and as a function of the sliding distance as shown in
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Figure 4.19. The contact angle of each droplet was measured five times. This proce-
dure was repeated again five times at predefined locations and out of these repetitions,

a mean angle was finally calculated.

4.3 Tribometer experiments

The maximum total sliding distance in this study was 470 m, as typically the steady
state was reached around 200 m. Itis expected that longer tests would not have altered
the measurement results, as the focus of this study was to assess the friction-reducing
capability of waxes based on steady state coefficients of friction. It was decided not to
include the determination of the onset of test specimen and wax failure, as this is be-
yond the scope of the work. Non-friction related effects, such as vibration during oper-
ation or the passage of the ski base’s adhesive joint over the tribometer's various roll-
ers, have the potential to affect the measurement of the frictional force. To account for
this, a baseline measurement was recorded. The tribometer was operated in the actual
test configuration, but without the presence of an ice plate. As a result, the base of the
ski did not come into contact with, and exert any force on, the ice plate sample holder.
Figure 4.4 shows the baseline measurement obtained, which was then subtracted from
all the recorded frictional forces before calculating the coefficient of friction. This pro-
cedure was repeated each time a new ski base was mounted on the tribometer, but

only within the speed range of the subsequent experiments.
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Figure 4.4: Exemplary baseline, measured at -6 °C
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At the outset of each experiment, the ice sample was positioned and secured below
the mounted ski base by utilizing the linear configuration, which is illustrated in
Figure 3.20. Unless otherwise specified, the ice sample's cross-sectional area was
33,000 mm? which corresponded to a nominal contact pressure of 4.2 kPa. All experi-
ments were conducted at a consistent ambient temperature, ranging from -19 °C to
-4 °C. To ensure complete temperature equilibrium, all equipment was stored inside
the cooling cell for a minimum of 2 hours prior to testing. The experiments were then
intermittently conducted. Initially, the ski base was at rest and the required normal force
was applied by lowering the roller plate. Each intermittent operation initiated with the
acceleration of the ski base to a preset sliding speed. Although the tribometer had the
capacity to reach speeds of up to 28 m/s, a maximum sliding speed which ranged from
1.5 m/s to 14 m/s was chosen for this study. The acceleration has been constant during
a given experiment and varied from 3 m/s? to 15 m/s? between test runs. Once the
required speed was attained, it was sustained for a certain period of time, known as
the “constant speed duration” (CSD). The exact value of this parameter had a signifi-
cant impact on the test results, as it decisively influenced the amount of friction energy
dissipated during each segment. Together with the latency between segments (ISL),
which controlled the re-solidification of the molten ice, the parameter determined the
amount of water available to build up a lubricating film that could reduce the COF due
to the separation of ice and ski base. Since no valid method currently exists to measure
the water film that occurs or to control its formation, such a difficult-to-trace lubrication
condition was not desired in this study. The main hypothesis of this study was that wax
primarily impacted friction in dry sliding and boundary lubrication conditions. Therefore,
the amount of water generated during the experiments was minimized. Additionally,
the observation and quantification of water films posed significant challenges that have
not been fully addressed and were outside the scope of this study. Hence, objective
and quantitative evaluation of water films was not feasible. Instead, their presence or
absence was determined based on visual inspection immediately after each segment,
the formation of surface damages such as grooves, and the observed range of the
COF. Therefore, a series of experiments were performed at -6 °C, 4.2 kPa and 3 m/s
to determine the maximum value for the constant speed duration before significant
amounts of melted water lead to a reduction in COF. The temperature was chosen to
take into account the following aspects: in the literature, there are several reference
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values for COFs determined by both laboratory and field tests [42,45,49,55,123], and
in competition most events take place in this temperature range [108]. In combination
with an adequate inter-segment latency (cf. Figure 4.6), the ice temperature is not
moved beyond the melting point by the friction-induced energy input since the COF
remained constant (no further lubrication) as preliminary tests had shown. Based on
the results of these experiments, which are shown in Figure 4.5, the constant speed

duration throughout this study was chosen to be between 1.2 sand 1.5 s.
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Figure 4.5: Effect of constant speed duration on COF (p =4.2kPa, T = -6 °C,

v=3m/s)

Subsequently, the ski base was decelerated at a rate of 11 — 15 m/s? until it came to
rest. Overall, such a segment took approximately 1.5 — 3.3 s, also counting in control
latencies (but not the ISL from Figure 4.6). During a segment, friction force, sliding
speed, slip, air temperature, and humidity have been measured and written to a seg-
ment-specific data file. Figure 4.7 exemplarily displays speed and friction force over
time for such an intermittent operation segment. An experiment consists of a series of
such segments. To allow dissipation of the generated frictional heat, a pause was in-
cluded after each segment, which lasted 30 s unless stated otherwise. This value for
the inter-segment latency (ISL) has been determined from a series of experiments in

which different latencies were utilized, see Figure 4.6.
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Figure 4.6: COF of the unwaxed ski base as a function of the inter-segment latency
(p=242kPa, T=-6°C,v=9m/s,s=135m)

Based on the results of the previously shown experiments, suitable test parameters
were defined for the various test series of this study, see Table 4.1. The general guide-
lines for determining the parameters were the usage of realistic values for T, v, a, and
p, the prevention of vibrations and good signal-to-noise ratios. The inclusion of task-

specific considerations resulted in slight variations between the series.

Table 4.1: Test parameters of the various test series of this work

accel.,
Test series — Impact on COF in I':Pa in \r:\/s in-I:’C ::I; CI:nSsD _decel.z

in m/s
Mould number 2.42 9 -6 30 1.2 11, -11
Base tension (N/mm?2) 2.42 9 -6 30 1.2 11, -1
Fluorine content (wt-%) 4.2 3 -6 30 1.33 11, -15
Surface roughness (um) 4.2 3 -6 30 1.33 11, -15
Surface structure 2.42 9 -6 30 1.2 11, -11
Speed and temperature (m/s, °C) 2.42 15t014 -19t0o-4 30 1.2 11, -1
Acceleration (m/s?) 4.2 3 -6 30 1.33 310 15, -11
Acceleration and deceleration (m/s?)  2.42 3to9 -6 30 1.2 3t09,-3t0-9

Contact pressure (kPa) 1.210 8.8 3 -6 30 1.33 11, - 11
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During a segment, frictional force, sliding speed, slip, air temperature and humidity
were measured and written to a segment-specific data file. Slip, i.e. the difference in
rotational speed between the driven and the driving roller, was less than 0.5 % in all
cases. However, it was irrelevant as it does not affect the relative speed between the
ski base and the ice plate and thus on the friction between them. Furthermore, all slid-
ing speeds in this work represent the speed of the driven roller, which takes into ac-
count the potential slip. After the experiment, the recorded data files were evaluated,
as shown in Figure 4.7. To account for scattering in the friction force data, an average
was calculated. The observed scattering is likely attributed to vibrations in the sliding
direction, which are most likely caused by the drive and the spring/damper setup lo-
cated between the ice sample holder and the load cell. It is assumed that these vibra-
tions do not significantly impact the overall level of the friction force, and thus no other
signal post-processing than arithmetic averaging was applied. The boundaries of the
averaging interval were smoothed (dotted line) [124] and from the smoothed data the
boundaries were afterwards determined algorithmically (dash dot and dashed lines)
[125]. The average COF was determined by dividing the averaged friction force by the

applied normal load. Furthermore, the data was plotted for visual inspection.
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All tests were performed repetitively to improve the statistical significance of the exper-
iment results. The exact number of individual experiments, not to be confused with the
number of segments per experiment, varied between the different parts of this study
and are described in each part. Repetitive tests that were conducted with the same
surface condition of the ski base, e.g., unwaxed or waxed with a specific wax, consti-
tuted a series of tests, whose individual numerical results for a given quantity were
treated as statistical samples. The size of these statistical samples was equal to the
number of observations they contained. Arithmetic means and standard deviations
were calculated from these samples. For an automatic analysis, a programme was
designed that determines the constant speed curve in the created data files and then
transfers the corresponding measurement values into a new file for evaluation and
graphical display. The mean value is calculated afterwards and the procedure is re-
peated for the remaining experiment files. When a set was finished, a graph was cre-
ated for the single tests as well as for the entire series of measurements. Figure 4.8

shows the flow chart of this analysis process.

Single data file

Tribometer
Measurement
i=1ton

Speed
Force
Temperature
Humidity

Determination Determination New data Mean Graphical display
of constant —— of associated file value yes 1. Single run

speed range force plot generation calculation 2. Allrun

no

Figure 4.8: Flow chart of the automatic data analysis

4.4 Precision analysis

Despite the observed scattering, the overall precision of the procedure described in
chapter 4.3 has been found to be excellent. The precision of a test procedure regarding
a given quantity is represented by the standard deviation of a series of measurements
of the quantity in question. The precision of the novel tribometer was evaluated based
on the average of the standard deviations that were obtained from the test series on
waxes with different fluorine content, see chapter 4.5.1, which was 0.08 x 10-2. This is
only 7.5 % of the COF of 1.07 x 102 that was found for the wax with the lowest COF.
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In contrast to precision, which is a measure for the repeatability of the COF measure-
ment for a given combination of test sample type and test parameters, resolution is a
measure for the smallest difference between the arithmetic means of two combinations
that a procedure can determine to be "significantly different" from each other. In gen-
eral, resolution depends on the standard deviation, sample size, and confidence inter-
val (Cl). In order to calculate the resolution of the novel tribometer and procedure,
series of two-sided t-tests were conducted. During this, the previously computed (av-
erage) standard deviation was used, and the confidence interval (95 % and 99 %) and
sample size (2 — 20) were varied. Figure 4.9 depicts the results of this procedure. The
curves represent the boundary lines where the result of the t-tests transitions from
"non-significant difference" to "significant difference". Therefore, the areas above the
curves represent differences in COF between two samples that can be classified as
"significantly different", while the areas below the curves represent situations where
the numerical differences are considered insufficient to represent an actual effect. Ac-
cording to Breitschadel et al. [81], the resolution of a testing procedure should be better
than 0.001. For the experiments conducted and the test procedures, this is achieved
for n > 6 for a confidence interval of 95 % and for n > 10 for a confidence interval of 99
%. While this is slightly higher than for the experiment setup of Auganaes et al. [65],
which requires only 2 to 5 individual tests to achieve this limit, the test setup in this
study requires much less effort per individual test and is therefore at least as efficient.
Further experiments were carried out with a number of individual tests between 6 and
15.
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The linearity of the recorded friction force at an applied normal force of 140 N was
verified using a calibrated load cell. Instead of allowing the ski base to slide over the
ice, the frictional force was simulated by pressing a calibrated load cell against the
carriage, in the direction of sliding. By this method, the applied tangential force mim-
icked the frictional force that would otherwise be generated by the ski base as it slid
over the ice sample. The tangential force was gradually increased and at each step it
was recorded from the calibrated load cell and the corresponding "frictional force" on
the load cell of the tribometer. As shown in Figure 4.10, the recorded force deviates
insignificantly from the nominal force, resulting in a linearity error of only 6.6 %, which
is far below the typical scatter observed in repeated tribological experiments. In addi-
tion, the fact that the slope is so close to 1 shows that the total friction losses of the
mechanical setup are negligible compared to the linearity error. It is important to note
that only mechanical losses that occur between the frictional contact and the tribo-
meter’s friction force load cell affect the recorded friction. Therefore, for example, fric-
tional losses of the rollers do not affect the measured friction force. The reason for this
is that the rollers are located "before" the frictional contact. Here "before" refers to the
position of the potential losses within the force transmission line that starts at the drive,
passes through the rollers into the ski base, from there into the ice sample and the

sample holder, and finally through the carriage into the load cell.
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As described in chapter 3.2.6, several moulds were made for each of the two sample
sizes. During tribometer operation, these were used alternately to produce a continu-
ous supply of ice samples. The impact of each mould on the measured COF was there-
fore investigated by performing tests where the used mould number was explicitly

noted and the results were grouped by this mould number.

A normal force of 80 N corresponding to a nominal contact stress of 2.42 kPa was used
in all tests on a 330 mm x 100 mm ice sample at an ambient temperature of -6 °C, a
sliding speed of 9 m/s, an CSD of 1.2 s, an ISL of 30 s, and an acceleration and de-
celeration rate of 11 m/s2. The ski base travelled 18 m per intermittent operation, with
each experiment comprising three such intermittent operations, giving a total sliding
distance of 54 m per experiment. For each mould, five experiments were conducted,
resulting in a total of 15 experiments. The ski base was cleaned of all wax residues for
these experiments and, to prevent drift, the mould number was changed after every
three experiments. The COFs measured for each mould are shown as 95 % confidence
intervals in Figure 4.11. Two-sided hypothesis tests showed that there was no statisti-
cally significant difference in the averages and standard deviations between all three

moulds.
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Figure 4.11: Result of the mould comparison study
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4.5 Results and discussion

4.5.1 Fluorine content experiments

In all experiments, a normal force of 140 N was applied, corresponding to a nominal
contact stress of 4.2 kPa, an ambient temperature of -6 °C, a sliding speed of 3 m/s,
an ISL of 30 s, and a CSD of 1.33 s. The pressure of 4.2 kPa was chosen in order to
improve the signal-to-noise ratio during this part of the study. This was motivated by
the presumably very small differences between the waxes due to their different fluorine
contents. Acceleration and deceleration rates of 11 m/s? and 15 m/s? were used, re-
spectively. Deceleration was higher than acceleration as to reduce the amount of fric-
tional energy that was dissipated. Acceleration was not chosen higher due to vibrations
that occurred above 11 m/s2. In total, the ski base travelled 4.7 m per intermittent op-
eration, see also Table 4.1. 100 intermittent operations were carried out per experi-
ment, resulting in a total sliding distance of 470 m. Six experiments were conducted
for each wax and for the unwaxed ski base. A new ice plate was installed before each
experiment. Overall, the tests were carried out in two series. The first series aimed to
measure the COF of differently prepared ski bases with maximum accuracy. For this
series, Figure 4.12 shows the calculated average COF as a function of sliding distance

for the unwaxed ski base and for the ski base waxed with four waxes.
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Figure 4.12: COF vs. sliding distance of six individual experiments per wax grade and
for the unwaxed ski base (T =-6 °C, v=3 m/s, p = 4.2 kPa)
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In each case, a pronounced running-in was observed, with the COF slowly increasing
with the sliding distance. In addition, a notable scatter was observed between the indi-
vidual trials. This has been observed previously and explained by the increase in real
contact area between the ski base and the ice, the abrasion of the ice surface in multi-
pass experiments (as in this study), the melting and re-freezing of water caused by
friction and the resulting change in surface roughness [34,45,49]. Additionally, variable
brushing quality and variable amounts of applied wax potentially impacted scattering.
All of these effects are uncontrolled parameters during this study. However, starting
from a sliding distance of 300 m, scattering between experiments significantly abated.
Using a two-sided hypothesis test at a 95 % confidence level, the difference between
a fluorine content of 1 % and 8% became statistically significant after 26 intermittent
operations, i.e. at a sliding distance of 122 m, the difference between 4 and 8 % fluorine
content after 174 m, and the difference between 1 % and 4 % after 280 m. Therefore,
the test segments between 280 m and 470 m were considered to represent the steady
states of the experiments. Figure 4.13 and Table 4.2 show the 95 % Cls of the COF of
the four investigated waxes and for the unwaxed ski base. The data shows that all
waxes reduce friction compared to the unwaxed ski base, and that the fluorine content
significantly impacts this reduction. These observations are consistent with long-term
experience from field testing and competition, as confirmed by the German Ski Asso-

ciation.

Table 4.2: Average steady-state COFs of the fluorine content test series

Experiment Unwaxed ZR 41 GT 20 HS5LF ZR NS
number (0 %) (1 %) (4 %) (8 %)
1 0.0247 0.0204 0.0188 0.0137 0.0109
2 0.0242 0.0178 0.0171 0.0148 0.0111
3 0.0240 0.0171 0.0173 0.0127 0.0103
4 0.0229 0.0196 0.0168 0.0131 0.0108
5 0.0231 0.0189 0.0158 0.0145 0.0109
6 0.0231 0.0188 0.0152 0.0127 0.0105
Standard 0.0007 0.0012 0.0012 0.0009 0.0003
deviation
95 % CI 0.0237 + 0.0188 + 0.0168 + 0.0136+ 0.0108 +

0.0008 0.0013 0.0013 0.0009 0.0003
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Figure 4.13: Impact of fluorine content of the applied waxes on the steady-state COF
(95 % CI). The horizontal dashed lines represent the 95 % CI of the COF

of the unwaxed ski base.

To verify the significance of the results, a two-tailed hypothesis test was performed for

all wax combinations. The null hypothesis Ho to be tested assumed, that the friction

forces are comparable in their mean value and therefore no significant difference ex-

ists. This leads to the mathematical expression of the null and alternative hypothesis

Ho : X1 =X, and therefore H1 : X1 #X,. Assuming a 95 % significance level, the rejection

region Z is defined as Z < Z-05 and Z = Zo 5. With a degree of freedom of 10 (2 x n - 2)

the rejection zone yielded a value of 2.228 based on the t-distribution [126]. According

to Eqn. 4.1, the Z-score is calculated for each wax combination and compared with the

rejection zone [127].

With:
Z - Z-score
Xi - Mean sample force
o? - Variance
n - Sample rate

/=

/0§+o§
n

Xq - Xo
Eqgn. 4.1
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Table 4.3 presents the Z-scores of the different combinations. The rejection of the null
hypothesis Ho could be demonstrated for all combinations. The observed difference is
therefore significant, and the order of suitability derived from this hypothesis can thus
be considered objectively proven.

Table 4.3: Hypothesis test

Combination Z-Score Response to Hy
Unwaxed — ZR 41 8.487 False v
Unwaxed — GT 20 11.532 False v
Unwaxed — H5LF 21.097 False v
Unwaxed — ZR NS 39.335 False v

ZR 41 -GT 20 2.772 False v

ZR 41 — H5LF 8.517 False v

ZR 41 - ZR NS 15.965 False 4
GT 20 - H5LF 5.182 False 4
GT 20 - ZR NS 11.620 False 4
H5LF — ZR NS 7.268 False 4

The data indicates that every wax reduces friction compared the unwaxed ski base
and that the wax’ fluorine-content, which wasn’t disclosed numerically by its manufac-
turer, significantly reduces friction between ski base and ice at the chosen test condi-
tions. It has been confirmed by the German Ski Association that this observation is in
accordance with long-term experience from field testing and competition [108].

4.5.2 Surface roughness

Breitschadel investigated the influence of waxing on the surface roughness of ski ba-

ses and did not find any significant impact [81]. However, there are very few reports in
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the literature on this question. Therefore, it was also investigated in this work in a sep-
arate test series, which aimed at elucidating the evolution of the surface roughness
parameters of the ski-base and of the ice as well as the evolution of the wear-related
height loss within the wear track on the ice as a function of sliding distance, Table 4.4
shows the results of the surface profilometry investigations. The change in surface
parameters Ra, Rz and R of the ice cast, the unwaxed ski base, and the waxed ski
base as a function of sliding distance were thus determined and the 95 % CI were
plotted for all parameters.

Table 4.4: Numeric results of the roughness measurements of the ice sample and ad-
ditionally the unwaxed and waxed ski bases before (0 m) and after the tri-
bometer experiments (20 m - 470 m)

Sliding distance in m

0 20 140 280 470

Ra/pym| 026 + 0.20 1033 + 0.06 1033 + 003046 + 0.06: 059 =+ 0.15
§ R;/uym| 122 + 0111178 + 0321257 + 037367 + 050! 441 =+ 0.57

Ri/pm | 203 + 036 (317 + 055520 * 129 1783 * 126 1590 + 2.50
§ Ra/pym| 082 + 0.06 1092 + 007093 + 009090 + 007! 091 =+ 0.10
g R;/uym | 515 + 0411505 + 027 1484 + 038508 + 027 527 + 040
= Ri/pym | 746 + 092 1749 + 142 1731 +* 078 702 +* 100 720 + 0.92
~ |Ra/pym| 067 * 0101069 + 010071 + 0121077 * 011 : 071 + 0.07
; R;/ym| 323 + 0.39 1282 + 0321335 + 020344 + 054 358 + 042
N Ri/ym | 312 + 042 {391 + 0551528 + 107 1486 + 087! 493 + 0.85
o |Rs/ym| 060 * 0.09 1070 +* 010069 + 0111070 * 0.10: 0.65 + 0.06
I‘: R;/ym|3.17 + 0.28 1320 + 031354 + 030349 *+ 035 354 + 0.33
© Ri/ym | 440 + 0.76 {445 + 066 {516 + 097 1480 + 044 492 =+ 0.89
w |Ra/pym|[ 060 + 0111052 + 003 {046 + 003 {060 + 008 076 + 0.08
§ R:/uym| 247 + 0251285 + 0321304 + 020309 +# 039! 380 + 0.23

Ri/pm | 333 + 040 1468 + 151 1575 + 103448 + 079 441 + 0.90
o |Ra/pm| 068 + 0.13 1063 + 0.06 {077 * 0.09 /065 * 014 061 + 0.06
i R;/uym | 357 + 0221318 + 0331324 + 026372 + 034! 360 =+ 040
N Ri/uym | 458 + 080489 + 068 547 + 068 {485 + 107! 494 =+ 1.16

Figure 4.14 shows two 3D profile scans of an unwaxed ski base (left) and of a base
that was freshly waxed with H5LF (right). Above these two, y-averaged projections of

the 3D profiles are also shown.
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The grooves in the y-direction originate from the original peeling process and can be
seen for the unwaxed and the waxed sample. Because the differences in surface
roughness are rather subtle and not perfectly obvious to the naked eye, additional line
measurements were made for the unwaxed ski base and for the ice sample as well as
for all investigated waxes as shown in Figure 4.15. For each, 10 lines at random posi-
tions were recorded. From these scans, surface texture parameters according to
DIN EN ISO 4287 were determined.

(@)
z/um

Figure 4.14: 3D-Scan of the unwaxed ski base (left) and as an exemplary representa-
tion waxed with H5LF (right)

The surface parameters Ra, Rz and R clearly show that waxing significantly reduce
surface roughness. While this was true for all four investigated waxes and for all com-
puted parameters, no significant differences between the individual waxes were found.
Furthermore, they indicate that, on the ski side, changes in surface roughness mainly
happen in the very early phase of the experiment, i.e., between 0 m and 20 m. But
even then, the changes are not statistically significant. After 20 m, surface roughness
does not change significantly as sliding distance increases. This agrees with the COF
vs. sliding distance data shown in Figure 4.12, which also shows a weak breaking-in

effect and then a more or less stable steady state. In contrast to this, for the ice sample,
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all three surface texture parameters increased as the sliding distance increased. This
clearly indicates that there must have been significant solid-solid interaction between
the ski base and the ice. Notably, the surface of the ski base was much less roughened
than the surface of the ice sample. This is consistent with the observations from
Figure 4.1 which shows that grooves were formed on the ice surface as a result of the

ski base continuously sliding over it.

Ice Unwaxed ZR 41 (0 %) GT 20 (1 %) H5LF (4 %) ZR NS (8 %)
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Figure 4.15: Roughness comparison of different waxes with the unwaxed ski base
and ice surface (Cl = 95 %)

In order to quantify the change in surface roughness and the wear-related height loss,
silicone casts were produced at every sliding distance interval, i.e. at 20 m, 140 m,
280 m and 470 m. This caused a delay that would have allowed any formed water to
resolidify by the time the casts were made, potentially affecting the results. Figure 4.16
shows exemplary line scans that show the evolution of such grooves with increasing
sliding distance.
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Figure 4.16: Formation of grooves on the ice sample with increasing sliding distance

4.5.3 Surface structure

A systematic variation regarding the surface structure of the ice samples was not pos-
sible within the scope of this work. In the literature, only few data on the effect of a
surface structuring can be found, and if so, only a description of the surface conditions
in qualitative terms (smooth, fine, course, etc. [19]). However, the effect of an ice sur-
face modification was still investigated. The surfaces of the ice samples were treated
with 180 grit fleeces to determine a possible effect. At -6 °C, 2.42 kPa and 9 m/s, a
total of 15 trials were conducted for each surface modification and ice mould, see also
Table 4.1. To prevent a shift, the ice mould was interchanged between the individual

segments. Two-sided hypothesis tests showed that there was no statistically significant
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difference in the averages and standard deviations between the untreated and struc-

tured ice samples.
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Figure 4.17: Surface structure modification (sample 1* - 3*) at p = 2.42 kPa, v =9 m/s
and T=-6°C

4.5.4 Wear-related surface alteration

Figure 4.18 shows that the increase of sliding distance also causes a steady and sig-
nificant increase of the wear related height loss as sliding distance increases. At 20 m,
the height loss was below the detection limit of the utilized evaluation procedure, and

therefore no data could be obtained for this sliding speed.
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Figure 4.18: Wear-related height loss as a function of sliding distance with a ClI of

95 % (perpendicular mode, refer to Figure 4.3)
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However, afterwards there was a steady and significant increase in the wear-related
height loss as the sliding distance increased. At 470 m, the total height loss of 65 pm
corresponds to a total volume loss of 0.065 mm x 120 mm x 100 mm = 780 mm? (see
Figure 3.20, right). Consistent with this large volume loss, fine ice powder abrasion
was observed. However, this powder was not stable and, presumably due to the low
humidity in the cooling cell and its very large surface-to-volume ratio, dissipated rather
quickly. Therefore, it could not be collected for weighing and validation of the profilo-
metric results. These findings support the conclusion that can be drawn from the pro-
filometric investigations, i.e., the lubrication regime in our experiments was mixed lu-
brication with significant contributions from solid-solid contacts. While the observed
height loss could also occur due to melting and subsequent hydrodynamic sliding, the
formation of grooves and the increase in surface roughness are incompatible with the
assumption of hydrodynamic lubrication and instead indicate the prevalence of solid-
solid interaction. This conclusion is also in agreement with the observed COFs (see
Figure 4.12 and Figure 4.13), which are all above the 0.01 threshold typically used to

discern mixed from hydrodynamic lubrication.

4.5.5 Contact angle measurements

It is known from field trials and from experience from competition that the friction re-
ducing effect of waxes wears off after a certain sliding distance, which typically starts
at about two to four kilometres. The reason for this is the gradual removal of the wax
from the ski base and the adhesion of impurities that have been gathered from the
snow track [81,128,129]. Therefore, in order to quantify any potential wax degradation
during the experiments, the contact angle between the ski base and water and diiodo-
methane were determined after each sliding interval as described in chapter 4.2. This
was done intermittently after 20, 140, 280, and 470 m, i.e., together with the profilo-
metric measurements when the ski base was removed from the tribometer. The ice
samples used degrade with excessive use. To exclude effect overlap, the maximum
sliding distance was set at 470 m to ensure comparability. Figure 4.19 shows the sur-
face free energy as a function of the sliding distance of the unwaxed and waxed bases.



124 Ice tribometer verification

The unwaxed ski base shows the highest free energy, whereas the wax with the high-
est fluorine content (ZR NS) exhibited the lowest free energy over the entire sliding
distance, with the ZR 41, GT 20 and H5LF waxes in between.

Unwaxed ZR 41 (0 %) GT 20 (1 %) H5LF (4 %) ZR NS (8 %)
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Figure 4.19: Surface free energy as a function of sliding distance (95 % Cls)

Comparing the surface free energy data to the COF data from Figure 4.13 shows a
correlation between the COF and surface free energy after the base has been prepared
(see Figure 4.20). However, if the surface free energy is not averaged over the entire
sliding distance (as in Figure 4.20) and only the values at 280 m and 470 m are con-
sidered, the correlation remains, but the differences between the individual waxes be-
come smaller. The differences in the COF, which are still pronounced after 470 m, are
now offset by very small differences in surface free energy, making it a less reliable
predictor of the COF than Figure 4.20 suggests. Therefore, tribometer tests such as
those presented in this work remain the only reliable tool, apart from field tests, for

quantifying the friction-reducing potential of a wax.
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Figure 4.20: Correlation between the COF in steady-state (see Figure 4.13) and the

average surface free energy (see Figure 4.19)

4.5.6 Sliding speed and temperature

In order to investigate the influence of sliding speed on the COF, experiments were
conducted with sliding speeds of 1.5, 3.0, 9.0, and 14.0 m/s with a contact pressure of
2.42 kPa, see also Table 4.1. The acceleration was 11 m/s? for all tests, and the con-
stant speed duration was 1.2 s in all cases, resulting in total sliding distances of 24.2,
50.6, 228.8, and 295.9 m, respectively. The steady-state COFs were determined using
the last 10 % of the total sliding distance. These tests were performed at air tempera-
tures of -2 °C, -4 °C, and -19 °C to investigate the influence of temperature. The results
of these experiments are shown in Table 4.5 and Figure 4.21. As the ice temperature
decreased, the COF increased for all sliding speeds. This might be because, at lower
temperatures, the dissipated frictional energy produces less molten water that can form
a water film. Therefore, solid state friction may contribute to a higher extent at lower
temperatures. Additionally, the COF increased with increasing sliding speed due to the
viscoplasticity of ice, which increases shear stress as shear rate increases [130]. This
observation and explanation have been made by other tribologists as well [42,44,131].

The increase in surface roughness during sliding, as seen in Figure 4.15, suggests that
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an increase in adhesion is unlikely to contribute to the observed increase of COF with

increasing sliding speed.

Table 4.5: Numeric COF results of sliding speed vs. temperature (Cl 95 %)

Sliding speed in m/s

1.5 3 9 14
o 0.0124 0.0145 0.0431 0.0473
e +0.0008 +0.0011 +0.0034 +0.0043
g 12 0.0209 0.0330 0.0511 0.0546
'g +0.0013 +0.0019 +0.0048 +0.0042
g 10 0.0245 0.0385 0.0878 0.0942
- +0.0015 +0.0022 +0.0072 +0.0056
101
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Figure 4.21: COF as a function of sliding speed and temperature (Cl = 95 %)

4.5.7 Acceleration and deceleration

In order to investigate the influence of the acceleration on the COF, experiments were

conducted at an ambient temperature of -6 °C with a contact pressure of 4.2 kPa. The
acceleration to a sliding speed of 3 m/s was varied to 3, 5, 10 and 15 m/s?, as can be

seen in Table 4.1. This caused the acceleration distance to vary between 1.5, 0.9, 0.45

and 0.3 m. Each experiment consisted of 3 intermittent operations and with a steady

constant speed duration of 1 s, the total sliding distance changed between 15.3, 13.5,
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12.15, and 11.7 m. A total of 3 experiments were conducted per mould, resulting in 9
experiments per acceleration set. It should be noted that changing the acceleration
results in an increase in the total sliding distance. As previously shown in Figure 4.12,
the sliding distance influences the COF and possible effects of the acceleration varia-
tion could be superimposed. Table 4.6 presents the friction results of these experi-

ments as 95 % Cls, and Figure 4.22 plots them as a function of acceleration variation.

Table 4.6: Numeric COF results of ski base acceleration

Acceleration in m/s?

Experiment number 3 5 10 15
1 0.02716  0.02605 0.02574 0.02521
2 0.02691 0.02596 0.02516 0.02441
3 0.02599 0.02570 0.02452 0.02450

Standard deviation  0.00050 0.00015 0.00050 0.00036

0.02669 0.02590 0.02514 0.02471
+0.00125 + 0.00037 +0.00124 + 0.00089

95 % ClI

During the test series, a slight decrease of the COF with increasing acceleration was
observed. This can be explained by the higher energy input and thus a variation within
the friction regime due to partial melting of the surface. However, compared to the
change in ambient temperature and contact pressure as shown in Figure 4.21, the
influence of acceleration is not very pronounced. By means of two-sided hypothesis
tests, a statistically significant difference in the averages could only be detected be-

tween the variations 3 m/s? - 5 m/s2, 5 m/s?2- 10 m/s2, and 5 m/s?- 15 m/s2.

No significant difference was found in the standard deviations. In order to keep the
acceleration influence at a constant level, the acceleration was kept uniform for the

remaining investigations of the friction influencing parameters.
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Figure 4.22: Effect of acceleration on COF atv=3m/s,p=4.2kPa, T=-6 °C

Recently, Kalliorinne et al. conducted friction measurements of skis sliding on snow
and found that the COF was higher during the acceleration phase compared to the
deceleration phase [132]. In order to investigate this phenomenon, a series of analo-
gous tests were conducted in this study. The sliding speeds in the tests were set to 3,
6, or 9 m/s, while the corresponding accelerations were 3, 6, and 9 m/s?, respectively.
This resulted in an acceleration phase of 1 s in each test. The deceleration phase
matched the acceleration phase in terms of magnitude, resulting in a trapezoidal shape
of the speed vs. time curve (ramp-up/ramp-down experiment). The CSD was set to
1.5 s and ISL to 30 s (compare Table 4.1). For each acceleration value, 20 segments
were performed. To prevent running-in effects from leading to false positives, the over-
all 60 segments were conducted in a randomized order. Additionally, the ice sample
was changed after 30 segments to minimize any potential sample-specific effects.
Figure 4.22 shows an exemplary result of such a test.

In contrast to the findings of Kalliorinne et al., the experiments conducted in this study
revealed a lower friction during the acceleration phase compared to the deceleration
phase as shown in Figure 4.24. This observation was consistent across all three ap-

plied accelerations.
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Figure 4.23: Exemplary result of a ramp-up/ramp-down-experiment to verify the dif-
ference in COF between acceleration and deceleration. The red sections
indicate the areas where the COFs were determined for the two phases.
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curve.

One possible explanation for this discrepancy could be attributed to the differences in
the experimental setup. Specifically, in the tribometer used in this study, the friction
force transducer remained stationary, whereas in the case of Kalliorinne et al., it was
accelerated together with the ski. In addition, the acceleration and deceleration phases
of the experiments had significantly different height, speed, and acceleration profiles.
Therefore, not only the absolute values of the acceleration and deceleration were dif-
ferent during the two distinct stages of their experiments, but also the average sliding
speeds. Given the significant dependency of the COF on sliding speed found in this
work (cf. Figure 4.21), it seems reasonable to assume that sliding speed could have
had an impact on the COF in their experiments as well. Thus, the observed differences
must not have been solely due to the question of acceleration or deceleration but rather
a question of different sliding speeds. Additionally, although neither the present study
nor Kalliorinne's study explicitly investigated the formation of meltwater films, it can be

assumed that the very different experimental setups and environmental conditions
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could have led to differences in this respect as well. It is worth noting that further in-
vestigation and analysis are required to fully understand the underlying factors contrib-

uting to the observed differences in the COF during acceleration and deceleration

phases.
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Figure 4.24: COF during acceleration (red dots) and deceleration (blue dots) for 20

test segments

4.5.8 Contact pressure

In order to investigate the influence of contact pressure on the COF, experiments were
conducted at an ambient temperature of -6 °C with contact pressures of 1.21, 2.42,
3.33, 4.24, 6.88, and 8.75 kPa. The acceleration to a sliding speed of 3 m/s was
11 m/s? for all tests, and the constant speed duration was 1.33 s in all cases as shown
in Table 4.1. Each experiment consisted of 3 intermittent operations, resulting in a total
sliding distance of 14.1 m per experiment. A total of 3 experiments were conducted per
mould, resulting in 9 experiments per pressure. Table 4.7 presents the results of these
tests as 95 % Cls, and Figure 4.25 plots them as a function of the contact pressure.
The observed decrease in the COF with increasing pressure is consistent with the
findings of other researchers [32,42,44,45]. This decrease is also consistent with the
elastic deformation of asperities within the real contact area, which is a well-known
characteristic of many polymers [133], and in particular of UHMWPE, the material from
which the ski base of this study is made [55]. Elastic asperity deformation has also
been described for ice [67]. An alternative hypothesis involving a reduction of the COF

due to an increasing amount of melt water and thus increasing frictional energy with
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increasing pressure can be rejected, as this should also have been observed in the
velocity-variable experiments, which was not the case. Additionally, Albracht et al. ob-
served a decrease in the COF for PTFE sliding on ice at -10 °C with increasing pres-
sure at a sliding speed of only 0.262 m/s and at normal forces of only 3 — 7 N [44],
supporting the idea that the observed decrease in the COF in this study is most likely
due to elastic contact deformation and not increased melting. This is in agreement with
the results of Baurle et al. from 2006 [19,45].

Table 4.7: 95 % Cls of the COF from contact pressure study (T = -6 °C, v = 3 m/s)

Contact pressure in kPa

Experiment number 1.2 24 3.3 4.2 6.9 8.8
1 0.02441  0.02412 0.02419 0.02374 0.02047 0.02258
2 0.02577 0.02370 0.02455 0.02418 0.02152 0.02158
3 0.02611  0.02501 0.02370 0.02540 0.02299 0.02182

Standard deviation 0.00073 0.00054 0.00035 0.00070 0.00103 0.00043

0.02543 0.02428 0.02415 0.02444 0.02166  0.02199

95% Cl +0.00182 +0.00135 +0.00087 *0.00175 +0.00257 +*0.00106
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Figure 4.25: COF of the unwaxed ski base sliding against ice at different contact

pressures
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5 Limitations

Currently, the tribometer’'s sample holder is designed only to accept ice plates. While
this makes the results highly relevant for ski jumping, the question arises as to how
applicable they are to the broader field of alpine skiing, which primarily takes place on
compacted snow. This design decision was deliberate, as ice is easier to produce and
handle in a laboratory, and it is less susceptible to changes in morphology caused by
compaction from multiple passes. Using the tribometer with samples of compacted
snow would require the development of a suitable sample holder and the introduction
of snow handling and processing equipment and procedures within a laboratory, which
are currently unavailable. However, this represents an interesting topic for future in-
vestigations, particularly since compacted snow becomes more similar to ice in terms
of microstructure and COF as it undergoes multiple pass-overs [19,49]. A common
issue in ski jumping is collisions between the side walls of the ski and the side walls of
the track. Although this study did not investigate this problem, it could be addressed
by using the materials of the track’s side walls instead of the ice sample. However, it
remains to be determined whether the material used for the ski’s side wall could be

manufactured into a closed belt that can withstand the necessary tensile stress.

Although the tribometer is designed to operate at speeds up to 28 m/s, vibrations cur-
rently limit its practical speed range to 14 m/s. Future work is required to either reduce
the generation of vibrations, such as by decoupling the drive and the rollers through a
belt drive, or to improve vibration damping more effectively. One possible approach
would be to optimize the adhesive joint. Despite the current speed limitation, which
only covers the early portion of a ski jump, the presented results are still relevant, es-

pecially for assessing ski waxes and developing novel fluorine-free low friction waxes.

Due to the uneven load distribution below the roller plate, the true local contact pres-
sure acting on the ice sample is unknown. One approach could be the installation of a
locally resolving pressure measuring plate between the ski base and the ice sample

with measurement technology prepared for low temperatures.

Finally, as the COF has been found to increase under a wide range of testing condi-

tions (see Figure 4.21), the upper end of the load cell’'s measurement range is reached
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at speeds above 14 m/s. In the future, this limitation needs to be addressed by using

a load cell with a wider measurement range.
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6 Summary

The overview of literature on ice friction has shown that not all factors influencing fric-
tion on ice or snow and their sliding effects are yet fully understood. Further academic
research is required to identify and thoroughly comprehend all physical mechanisms.
The analytical review of the existing tribometer variants revealed that no currently avail-
able tribometer using ice or snow samples can be reliably used to distinguish waxes
with regard to their sliding behaviour. At present, selection of waxes, grinds etc. still
has to be done solely based on field and indoor tests. Full-size ski systems require
large investments and must be able to operate with high accelerations in order to bring
the ski up to speed in just a few metres. Test rigs that use smaller ski base samples
perform measurements with forces, surface pressures and speeds that are far from
the reality seen in competition. Therefore, valid predictions of wax performance are

difficult to achieve.

In order to bridge the gap between field tests and reliable friction results from laboratory
tests, a concept for a linear tribometer was methodically developed, designed and sub-
mitted for manufacture. Its main novelty, compared to existing snow or ice tribometers,
is the utilization of a full-size ski base as a test specimen within a laboratory-scale
tribometer. The methodical design included the definition of the necessary sub-function
requirements for the assemblies based on a specification list. Using a methodical ap-
proach, partial solutions were developed and evaluated with the help of weighting fac-
tors. A previously conducted feasibility study helped to identify weak points for the final
solution variant, and based on these results, the concept with the highest evaluation
score was passed on to manufacturing. The plate-on-plate test rig is located in a cool-
ing cell and uses a full-size ski base which is shafted at the ends, glued and thereby
connected to form an endless band. Similar to a conveyor belt, two rollers rotate the
base under tension. A mechanism with mounted rubberised rollers transmits the nor-
mal force to the ski base and to the ice sample underneath. The normal force can be
adjusted by dead weights on a lever arm and thus leads to different surface pressures
under the ski base. The deflection of the ice sample due to the generated friction leads
to actuation of a load cell, which is spring-preloaded with the ice sample on a sliding
carriage. Testing parameters such as speed, acceleration, ambient temperature and
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surface pressure can be set in the range relevant to skiing. The tribometer is capable
of measuring not only typical ski jumping base lengths and widths but also cross-coun-

try and alpine bases and can therefore be used across all ski disciplines.

Extensive trial experiments have been conducted to determine its precision, resolution,
and linearity for measuring the COF and the impact of the individual ice sample-man-
ufacturing moulds on the measurement of the COF. Overall, these tests confirmed the
operational capability and suitability of the tribometer. Furthermore, a series of experi-
ments were performed to elucidate the impact of the fluorine content of selected waxes
on the COF. To find the average friction force of a particular wax, consecutive meas-
urements were carried out and the friction forces were recorded in the constant speed
range. For each wax modification, the procedure was repeated a total of six times.
Finally, the corresponding overall mean value for each wax was determined over the
range of the steady-state region and the COF was calculated. With a confidence of at
least 95 %, the differences in the mean friction force between the measured waxes as
a function of their fluorine content could be validated and proven. Throughout the ex-
periments conducted, white light profilometry has shown that the surface roughness of
the ice significantly increases during sliding and that grooves form over time. In com-
bination with a clearly measurable height loss of the wear track on the ice sample,
abrasion has been found as the predominant wear mechanism, especially since the
utilized test parameters do not produce melt water at an elevated rate. At the same
time, a correlation was found between the wax-induced change of surface free energy
and the COF in the steady state. Thus, the hypothesis is supported that the hydropho-
bic effect of the wax, which is clearly related to the fluorine content of the wax, has a
noticeable influence on the COF. Moreover, this remains consistent with the presence
of mixed friction with high contributions to friction from asperity interaction. The suita-
bility ranking of the waxes observed in steady state, with respect to their friction-miti-
gating effect agrees perfectly with observations and empirical data obtained from com-

petition and field testing.

For the first time, it was demonstrated that waxes can be differentiated with regard to
their fluorine content on a tribometer. Furthermore, the suitability order of the German

Ski Association and the wax manufacturer could be reproduced. While a partial corre-
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lation between contact angle and COF has been observed, contact angle measure-
ments cannot be used as the sole predictor for the ability of a specific wax to reduce

friction effectively.

Given the selected experimental conditions, the profilometric investigations clearly
showed mixed lubrication with pronounced solid contact as the superior lubrication re-
gime. The presence of partial solid contact clearly led to measurable abrasion and
roughening of the ice surface. Nevertheless, stationary friction conditions could be re-
producibly established. At the same time, a correlation was found between the wax-
induced change of surface free energy and the coefficient of sliding friction in the
steady-state. This is a clear indication that the hydrophobic effect of the wax at the
specified conditions, being related to the fluorine content of the wax, has a noticeable
influence on the coefficient of sliding friction. Furthermore, this is consistent with the
presence of mixed friction. Additional tests have elucidated the impact of sliding speed,
temperature, contact pressure, acceleration, and deceleration on the COF. The results
also support the hypothesis that the novel tribometer, when operated according to the
results of the parameter trials, produces a mixed friction lubrication regime with signif-
icant contribution from asperity interaction. This is most likely why it has been so suc-
cessful in highlighting the difference between the individual waxes in such a significant

way.

The new laboratory tribometer accommodates entire ski bases, maintains realistic sur-
face pressures and thus ensures that the measured friction forces have a reasonable
signal-to-noise ratio. The rapid ice sample replacement eliminates the need for time-
consuming ice surface preparation and permits testing of various waxes consecutively
and comparing their performance with each other. This and the fast conversion to dif-
ferent ski dimensions is a novelty compared to the existing tribometers. The developed
tribometer represents a reliable tool for the selection of wax candidates for a new era
of novel fluorine-free waxes and for assessing them in terms of their sliding perfor-

mance.
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Appendix

Table AP 1: Summary of key statements

Faraday M., “On regelation, and on the conservation of force”, 1859 [24]

@)
@)

Assumption of the existence of a pre-melted layer of water on ice
Designated as “quasi-liquid” or “liquid-like” due to different properties in compari-
son to an usual liquid

Bowden F. P. et al., “The mechanism of sliding on ice and snow”, 1939 [25]

O

(@]

o

Low kinetic friction of ice is due to a partial lubricating water layer formed by fric-
tional heat

The kinetic friction coefficient is independent of velocity, normal force and appar-
ent contact area, but decreases with decreasing temperature

Pressure melting not alone responsible for creating a water film

Bowden F. P., “Friction on snow and ice”, 1953 [27]

Friction is independent of the apparent surface area

Amontons’ law is applicable in the field of ice friction

Contact area is temperature dependent since the hardness of ice is also temper-
ature dependent

Ratio of real to apparent contact area is estimated to be 1/30000

Increase of friction with decreasing sliding speed

Thermally conductive slider produces higher friction due to an insufficient water
film

Indication that heat conduction plays an important role in ice friction

Cohen S. C. et al., “The friction and lubrication of polymers”, 1966 [28]

O

o

Water is an effective lubricant for hydrophilic (polyamide) plastics as opposed to
hydrophobic (polyethylene) ones

If surface tension of polyethylene is lowered and surface wettability is increased,
the COF can be decreased due to sufficient lubrication performance of the water
film

Evans D. C. B., “The Kinetic Friction of Ice”, 1976 [29]

0O O O O O

Development of Bowden and Hughes frictional heating theory

Calculation of heat loss in contact area during friction

Frictional heat is conducted into the samples as well as into the ice surface

Ice surface temperature is raised until melting point is reached

Thermal energy used for melting the ice is low, most of the energy is conducted
into the sample and ice surface

Kuroiwa, D., “The Kinetic Friction on Snow and Ice”, 1977 [30]
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Sliding on snow deforms snow grains due to stick-slip friction with accompanied
fractures and abrasions

Measuring and calculation of the real contact area

Real contact area is only 3.8 % of the nominal contact area

Average real contact area is around 0.04 mm?

If circular shape is assumed, average contact diameter is around 200 ym
Estimated that only 1 % of the frictional energy is used to melt the snow (the rest
is conducted into the snow and sample)

O

0O O O O O

Ambach, W. et al., “Ski gliding and water film”, 1981 [31]

o Measuring the thickness of a water film during frictional measurements on snow
with a capacitor installed into the ski

o Real skis have been used

Measurement during natural sliding conditions

o Assumed several micrometres thick water film during sliding (5 um at -4 °C snow
temperature)

O

Oksanen, P. et al., “The mechanism of friction of ice”, 1982 [32]

o Further development of the frictional heating theory of Evans

o Assumed that the frictional force is caused by viscous shearing of the water film
layers between the sample and ice

o Real contact area was calculated from the quotient of the normal force and in-
dentation hardness of the ice

o Calculated the friction partner's COF and its dependence on temperature, veloc-
ity and normal force

o Performed pin-on-disc tribometer tests to validate results

Glenne, B., “Sliding Friction and Boundary Lubrication of Snow”, 1987 [33]

o Consideration of wet and dry snow
o Total sliding resistance is the sum of dry friction, wet friction, compaction and im-
pact resistances

Colbeck, S. C., “The Kinetic Friction of Snow “, “A review of the friction of
snow skis”, “A Review of the Processes that Control Snow Friction”, 1988 —

1994 [34-36]

o Developed the mathematical description of friction on snow

o Friction experiments lead to the assumption of three friction mechanisms which
dominate the water film thickness: dry friction, boundary lubrication as a result of
melt water, and capillary drag effects due to water bridge formation

o Heat generated by friction is stored in snow grains: generates water and there-
fore lubrication

o Repeated passing of the sample on snow creates ice-like surface
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@)

Water film thicknesses ranging from 0.2 to 1.2 ym have been determined

Dosch, H. et al., “Glancing-angle X-ray scattering studies of the premelting of

ice surfaces”, “Surface melting of ice”, 1994 — 1995 [37.38]

@)
©)
@)

o

Studied mirror-like ice surfaces by glancing-angle X-ray scattering

Investigated surface melting of ice surfaces and its quasi-liquid layers

Strong evidence that “pre-melting” of the surface builds up water layers below
0°C

Ice builds up a quasi-liquid layer at about -13 °C and the water layer develops to
several nanometres in thickness at -5 °C

Strausky, H. et al., “Sliding plastics on ice”, 1998 [16]

©)

0O O O O

(@]

Performed fluorescence spectroscopy in combination with pin-on-disc experi-
ments

Sample structure both polished (PMMA) and grooved (ski running base)
Identification of interfacial water layers

Limited velocity of 0.005 to 0.1 m/s at a temperature of -2 °C

Experimental detection limit was 50 nm for PMMA and 250 nm for ski running
base

No water film has been detected

COF of 0.03 at -2 °C was measured

Persson, B. N. J., “Sliding Friction: Physical Principles and Applications”, 2000

[40]

@)
@)
@)

@)
©)

Developed general principles of heat flow during sliding

Detailed discussion of interfacial lubrication

Addressing the question of hydrodynamic boundary conditions in the region of a
solid-fluid interface

Focus on interfacial lubrication and dry friction dynamics

Theoretical basis for the explanation of snow and ice friction and the develop-
ment of a numerical simulation by Baurle in 2006 [19]

Doppenschmidt, A. et al., “Measuring the Thickness of the Liquid-like Layer on

Ice Surfaces with Atomic Force Microscopy”, 2000 [12]

@)
©)

Used atomic force microscopy to study the surface melting of ice

Measured a liquid-like film thickness of approximately 11 nm at-10 °C and 32 nm
at a temperature of -1 °C

Similar layer thicknesses to those described by Dosch et al. [37,38]

Investigated increasing effect on surface melting due to influence of impurities

Buhl, D. et al., “The kinetic friction of polyethylene on show”, 2001 [42]

@)
©)

Investigation of sliding process of polyethylene on snow
Both laboratory pin-on-disc tribometer and field experiments
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0O O O O O

O

Limited test speed of 5 m/s with tribometer

Large dependence of the COF on the snow temperature was found

Minimum COF of 0.02 between -3 °C and 0 °C snow temperature

Increase of COF was observed at higher and lower temperatures

Increase of surface temperature due to repeated travel of sample over ice sur-
face

Difference of jumper weight on COF was only measured below - 6 °C

Bluhm, H. et al., “The premelting of ice studied with photoelectron spectros-

copy”, 2002 [43]

o

@)
©)
@)

Addressed the existence of a liquid-like layer at the ice surface near its melting
point through utilization of electron spectroscopy

A liquid-like water film exists even at temperatures down to approximately -20 °C
In the range of 0 °C, the water film is about 2 nm in thickness

Hydrocarbon particles as contamination material highly increase the pre-melting
of ice

Albracht, F. et al., “Untersuchung von Einflussfaktoren auf das tribologische

Verhalten von Werkstoffen gegen Eis‘“, 2004 [44]

@)
©)

Development of a pin-on-disc tribometer

Spiral inward movement of the measuring arm during a measurement to prevent
smoothing and polishing of the ice surface

1.2 m stationary disc speed of max. 9.4 m/s with normal forces of up to 10 N at
-30 °C to +30 °C

Baurle, L. et al., “Sliding friction of polyethylene on snow and ice”, 2006 [19],

“Sliding friction of polyethylene on ice”, 2006 [19,45]

@)
@)
@)

Development of a 1.8 m pin-on-disc tribometer

Investigated the formation of the water film caused by friction

Characterization of contact surface by using scanning electron microscopy, X-ray
computed tomography and optical profilometry

Using numerical modelling to explain energy dissipation mechanisms (dry friction
and melt-water film generation)

Water film thickness and relative contact area are the main factors influencing
the friction

Calculated a film thickness between 30 and 250 nm at -5 °C

Averaged static contact area between ski and snow surface was found to be 5%
of the total surface area (diameter of contact points approximating 100 um at -10
°C)

Friction process can be explained solely by meltwater film, surface topology and
real contact area (even without capillary action, as assumed by Glenne [20] and
Colbeck [21-23])

COFs of approximately 0.06 were measured at -10 °C
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@)

At higher temperatures, a strong dependence of normal force to COF was ob-
served

Winkler, V. et al., “Tribologische Untersuchungen zur Minimierung der Reibung

von Sprungski in einer vereisten Anlaufspur‘, 2007 [46]

©)

(@]

Used pin-on-disc tribometer to study ice friction of UHMW-PE against a planed
off ice surface (developed version of Albracht 2004 [44])

Reproducible measurements up to 2 m/s

Specimen generates “line load”

Decrease of COF due to an increase in normal force (independent of sliding
speed and temperature)

COF decreased with increasing friction speed

It was concluded that by structuring the ski base, the surface pressure can be in-
creased (increased water film formation is stimulated) and thus a decreased fric-
tion force is generated

Measured COF of 0.013 at -5 °C and 3N normal force

Kietziq, A.-M. et al., “Ilce friction: The effects of surface roughness, structure,

and hydrophobicity”, 2009 [13], “Ice friction: the effect of thermal conductiv-

ity”, 2010 [47], “Physics of ice friction”, 2010 [48]

©)

(@) 0 O O O @)

O O O O O

Friction experiments using a modified parallel-plate rheometer

Sliding velocities of 0.0036 m/s to 1.45 m/s at temperatures of -1.5 °C to -10°C
with thermally insulated samples

The higher the insulation performance, the lower the measured values of COF
Classification of ice friction in dry, boundary, mixed and hydrodynamic friction
Region of interfacial friction was described as a very thin quasi-liquid film layer
Influence of thermal conductivity on ice friction decreases with increasing sliding
speed, while surface wettability becomes more important

Only at very low velocities is there an influence of the sample structuring on the
measured COF

Existence of a temperature-dependent minimum of the COF was stated

Under atmospheric conditions no real dry friction can develop

Even at low temperatures a very thin liquid-like film is formed

The temperature in the contact zone is below the melting temperature of ice
Mixed friction occurs when the surface temperature within the contact zone ex-
ceeds the melting temperature of ice

Hasler, M. et al., “Novel Ski-Snow Tribometer and its Precision”, 2016 [49],

Fessler E., ,,Blitzschneller Alles-Messer®“, accessed April 15, 2021 [51]

@)
@)
@)

Design of a linear-type tribometer

Complete ski structure with UHMW-PE ski base

The ski is accelerated to 27.8 m/s (100 km/h) in approx. 0.4 seconds with a maxi-
mum speed-dependent measurement section of 18 m

Loads can be varied between 50 to 700 N at temperatures up to -20 °C
Indication that a plateau is formed when passing over a snow surface several
times
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©)

COFs in the range of 0.04 with a friction speed of 6 m/s at -5 °C have been
measured

Makkonen, L. et al., “Modelling the friction of ice”, 2014 [20]

0O O O O O O

O

O

Developed a thermodynamic model of kinetic ice friction

Squeeze-out of water and the effect of contact pressure were included

Model is limited by the absence of mechanical deformation mechanisms

Size and shape of contact area has to be estimated

A constantly behaving contact surface was assumed

Central statement: the energy of the surface is reduced due to heat dissipation
into the environment

The thermodynamic system is not able to perform mechanical work parallel to the
sliding movement

Makkonen disagrees with Kietzig et al.

No relevance of the region of boundary friction for ice friction

Temperature in the mixed friction region cannot be above the melting tempera-
ture of ice

Calculation of a COF of 0.05 and a water film thickness of 0.05 um at -10 °C

Bottcher, R. et al., “Zur Tribologie von strukturierten Skibelagen auf Eis und

Schnee®, 2015 [55], “Sliding of UHMWPE on ice”, 2017 [56]

@)
©)
@)

O

0 O O O

Developed a 1.6 m plate-on-plate linear tribometer

Measured a COF of 0.05 at -10 °C with structured UHMW-PE ski bases
Forces of up to 100 N with temperatures up to -20 °C and max. 1 m/s sliding
speed

Combination of friction model of Makkonen et al. [20] and elastic contact model
of Hertz [57]

Linked the measured friction values with characteristics of the ski structuring
Temperature of the sliding partners was identified as a decisive factor
Hardness of the sliding bodies changes with temperature

Both factors are significantly responsible for temperature-dependent behaviour of
the coefficient of friction

Scherge M., “Gliding: Skischliffe falsch interpretiert“, 2017 [58]

0 O O O

O

Presented a more energetic view of ski grinds on snow

Mechanistic view of friction process leads to contradictions

Question: how much frictional power is generated during sliding contact?
Capillary forces account for a large proportion of the resistance when a ski glides
over snow

Most of the friction power is converted into heat; water film thickness increases
with increasing sliding speed or heavier ski (increased surface pressure)

Skier does not come within the range of hydrodynamics because skis offer too
little surface area
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Increase in speed and/or decrease in pressure on the ski, results in a decrease
in friction

Contrary effects: Water quantity increases with increasing friction power density,
but the water film is squeezed out of the friction contact faster with increasing
pressure

Canale, L. et al., “Nanorheology of Interfacial Water during lce Gliding’’, 2019

[59]

@)
©)
@)

O

Studied microscopic mechanisms of ice lubrication using a stroke-probe AFM
Observation of viscoelastic properties of meltwater

Measured viscosity was up to 2 orders of magnitude higher than that of pure wa-
ter

Due to “oily” behaviour, meltwater is an excellent lubricant

No temperature increase as a result of friction was measured

Formation of water film due to abrasion and not melting

Velkavrh et al., “The Influence of Isotropic Surface Roughness of Steel Sliders

on Ice Friction Under Different Testing Conditions” 2019 [61], “Variations of ice

friction regimes in relation to surface topography and applied operating param-

eters”, 2021 [61,62]

©)

Ice friction experiments on inclined ice track tribometer and oscillating plate-on-
plate tribometer

Observation of inverse roughness-friction correlation dependent-on measuring
set-up and temperature

Comparison of results generated by different measuring devices must be under-
taken with caution

Liefferink et al., “How Temperature, Pressure, and Speed Control the Slipperi-

ness of Ice”, 2021 [63]

©)

Addressed the hardness of an ice surface as one of the dominant variables
(pressure and temperature dependent)

At contact pressures well below the hardness of ice and at temperatures in the
range of the melting temperature, friction is dependent on the mobility of water
molecules

When contact pressure is increased to within the range of ice hardness, plough-
ing of the friction partner through the ice surface becomes dominant

Only low material dependence if all samples are hydrophilic in character

No friction-related dependence on thermal conductivity at low speeds

Lemmettyla et al., “The Development and Precision of a Custom-Made

Skitester®, 2021 [64]

@)
©)

Introduction of a linear snow tribometer with real ski sizes
14 m length and with realistic normal forces and surface pressures
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o Simulation of a ski-kicking situation
o Huge variation and influence on measurement results due to ski preparation
o No comparable results

Auganaes et al., “Laboratory testing of cross-country skis”, 2022 [65]

Similar ski-snow linear tribometer as Hasler et al.

O

o Accommodation of full-size cross-country skis with realistic force situation

o Four different snow tracks

o Similar high precision as Hasler, though with precision variation between snow
tracks

o No attempt to distinguish between waxes in terms of their sliding behaviour

Table AP 2: Weighting factors for subfunction | (dominance matrix based on [109])
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Temperature measurement of ski and ice sample during friction measurement

Low induced vibration

Acceleration of 5.6 m/s”2 can be achieved

Speed of 100 km/h can be achieved

At least several speed and acceleration gradations possible
Friction direction of the ski base in the direction of structuring
Sufficient sample size to achieve real surface pressure
Planar contact of the samples to each other

No transversal movement of samples to each other

Ice surface preparation

Fast change of ski and ice sample

\Weighting Factor (3=1)
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Table AP 3: Assessment of solution variant 1

Solution Variant 1 — Plate-on-Plate

Points
1 = Does not fulfil
4 = Completely fulfilled

Weighting

Requirement F Points | Product
actor

Low induced vibration 0.091 3 0.273
Acceleration of 5.6 m/s? can be achieved 0.086 4 0.345
Speed of 28 m/s can be achieved 0.118 4 0.473
At least several speed and acceleration gradations possible 0.055 4 0.218
Friction direction of the ski base in the direction of structuring 0.127 4 0.509
Sufficient sample size to achieve real surface pressure 0.132 3 0.395
Planar contact of the samples to each other 0.077 4 0.309
No transversal movement of samples to each other 0.100 4 0.400
Ice surface preparation 0.086 3 0.259
Temperature measurement of ski and ice sample during fric- 0.082 4 0.327
tion measurement

Fast change of ski and ice sample 0.045 4 0.182
Total Score 3.691

Table AP 4: Assessment of solution variant 2
| Solution Variant 2 — Plate-on-Disc
Points
1 = Does not fulfil
4 = Completely fulfilled
Requirement ngghtlng Points | Product
actor

Low induced vibration 0.091 2 0.182
Acceleration of 5.6 m/s? can be achieved 0.086 3 0.259
Speed of 28 m/s can be achieved 0.118 3 0.355
At least several speed and acceleration gradations possible 0.055 4 0.218
Friction direction of the ski base in the direction of structuring 0.127 1 0.127
Sufficient sample size to achieve real surface pressure 0.132 4 0.527
Planar contact of the samples to each other 0.077 3 0.232
No transversal movement of samples to each other 0.100 2 0.200
Ice surface preparation 0.086 1 0.086
Temperature measurement of ski and ice sample during fric- 0.082 3 0.245
tion measurement

Fast change of ski and ice sample 0.045 1 0.045
Total Score 2.477
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Table AP 5: Assessment of solution variant 3

| Solution Variant 3 — Plate-on-Ring

Points
1 = Does not fulfil
4 = Completely fulfilled

Requirement Wle__:lghtmg Points | Product
actor
Low induced vibration 0.091 4 0.364
Acceleration of 5.6 m/s? can be achieved 0.086 4 0.345
Speed of 28 m/s can be achieved 0.118 4 0.473
At least several speed and acceleration gradations possible 0.055 4 0.218
Friction direction of the ski base in the direction of structuring 0.127 4 0.509
Sufficient sample size to achieve real surface pressure 0.132 4 0.527
Planar contact of the samples to each other 0.077 2 0.155
No transversal movement of samples to each other 0.100 4 0.400
Ice surface preparation 0.086 2 0.173
Temperature measurement of ski and ice sample during fric- 0.082 4 0.327
tion measurement
Fast change of ski and ice sample 0.045 1 0.045
Total Score 3.536
| Average of total score 3.235
Table AP 6: Pairwise comparison - bearings installation
Evaluation Criteria _5 c B
o S |2
s | & | = g
: o2 | ™ | B 2
3 = less important == » € ©
@ £ 9] o)
. [} S 8 [2]) E >
2 = equally important > O v 2 o] o
5 | 28| £ |8 2
. (0] = @© [} S
1 = more important & = 2 9 ) g
L w © > — =
8 | 85| & | 82| B
O o = Ll u o |
Cost-effective 2 1 1 1
Possibility for a pre-version with a lower cost input 2 1 2
Easy bearings installation 3 3 3
Easy replacement of the ski base 3 3 3
Low induced vibrations 3 2 1
Total (3>=40) 11 10 4 6 9
Ranking 1 2 5 4 3

| Weighting Factor (> =1)

| 0.275 | 0.250 | 0.100 | 0.150 | 0.225 |
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Table AP 7: Assessment for solution variant 1
| Solution Variant 1 — Two-sided bearing
Points
1 = Does not fulfil
4 = Completely fulfilled
Requirement Weighting Points | Product
Factor
Cost-effective 0.275 4 1.100
Possibility for a pre-version with a lower cost input 0.250 4 1.000
Manageable bearings installation 0.100 3 0.300
Easy replacement of the ski base 0.150 1 0.150
Low induced vibrations 0.225 3 0.675

| Total Score |

Table AP 8: Assessment for solution variant 2

| Solution Variant 2 — Cantilevered bearing

Points
1 = Does not fulfil
4 = Completely fulfilled

Requirement Wle__:lghtmg Points Product
actor
Cost-effective 0.275 2 0.550
Possibility for a pre-version with a lower cost input 0.250 2 0.500
Manageable bearings installation 0.100 2 0.200
Easy replacement of the ski base 0.150 4 0.600
Low induced vibrations 0.225 3 0.675

| Total Score |

| Average of total score |
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Table AP 9: Pairwise comparison — mounting of the ice specimen

g
=]
[}
[}
o
o
[0}
Evaluation Criteria Q@ S Q2
[oX +“= Q.
€ =] S
5| 2 3
3 = less important o o ° ot
5 8 o 3 ©
2 = equally important = 'z o = 2 £
= n < c » = 5
b = & Qo ) 5
1 = more important £ S o 3 Q o 2
Sl | S| <c]|%
£ £ ® © S 2 S
— o —— = = @® c
17} o c o © s o
8l s | 8|S |5| % |3
2 S £ 2 17 2 ©
S | a | 3| 8| & | 8|4
Low-cost implementation 2 1 1 1 1 1
Planar contact with ski base sample 2 1 1 1 2 2
Sufficient size to achieve real surface 3 3 > y 3 3
pressure
Low inherent friction 3 3 2 1 3 3
Fast change of ice sample 3 3 3 3 3 3
Low-vibration mounting 3 2 1 1 3
Exclusion of tilting of the ice sample 3 2 1 1 1 1
Total (3=84) 17 15 9 9 6 13 15
Ranking 1 2 5 5 7 4 2
Weighting Factor (3=1) 0.202 | 0.179 | 0.107 | 0.107 | 0.071 | 0.155 | 0.179
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Table AP 10: Assessment of solution variant 1
| Solution Variant 1 — Parallel spring
Points
1 = Does not fulfil
4 = Completely fulfilled
Requirement Weighting Points | Product
Factor
Low-cost implementation 0.202 4 0.810
Planar contact with ski base sample 0.179 2 0.357
Sufficient size to achieve real surface pressure 0.107 4 0.429
Low inherent friction 0.107 4 0.429
Fast change of ice sample 0.071 4 0.286
Low-vibration mounting 0.155 1 0.155
Exclusion of tilting of the ice sample 0.179 1 0.179
| Total Score 2.643
Table AP 11: Assessment of solution variant 2
Solution Variant 2 — Rail Guide
Points
1 = Does not fulfil
4 = Completely fulfilled
Requirement Weighting Points | Product
Factor
Low-cost implementation 0.202 1 0.202
Planar contact with ski base sample 0.179 4 0.714
Sufficient size to achieve real surface pressure 0.107 4 0.429
Low inherent friction 0.107 3 0.321
Fast change of ice sample 0.071 4 0.286
Low-vibration mounting 0.155 4 0.619
Exclusion of tilting of the ice sample 0.179 4 0.714
Total Score 2.571
Average of total score 2.607
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Table AP 12: Pairwise comparison — load application

Evaluation Criteria

3 = less important
2 = equally important

1 = more important

Load (surface pressure) equivalent to real jumper weight

w [Homogeneous load distribution
w |Load must be defined at all times

w |Vibration-independent

N [Adjustable

Load (surface pressure) equivalent to real jumper
weight

N

Homogeneous load distribution

Vibration-independent 1

Adjustable 2

Load must be defined at all times 1

Total (3 =40) 5 7 10 7 11
Ranking 5 3 2 3 1
Weighting Factor (> =1) 0.125 | 0.175 | 0.250 | 0.175 | 0.275
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Table AP 13: Assessment of solution variant 1

Solution Variant 1 — Mechanical Spring

Points
1 = Does not fulfil
4 = Completely fulfilled

Requirement WIG__:Iagclztt)I:g Points | Product
Load (surface pressure) equivalent to real jumper weight 0.125 4 0.500
Homogeneous load distribution 0.175 4 0.700
Vibration-independent 0.25 1 0.250
Adjustable 0.175 4 0.700
Load must be defined at all times 0.275 2 0.550

Total Score

Table AP 14: Assessment of solution variant 2

Solution Variant 2 — Lever Arm

Points
1 = Does not fulfil
4 = Completely fulfilled

Requirement nggcft'g?g Points | Product
Load (surface pressure) equivalent to real jumper weight 0.125 4 0.500
Homogeneous load distribution 0.175 4 0.700
Vibration-independent 0.25 4 1.000
Adjustable 0.175 3 0.525
Load must be defined at all times 0.275 3 0.825
Total Score 3.550
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Table AP 15: Assessment of solution variant 3

Solution Variant 3 — Weight

Points
1 = Does not fulfil
4 = Completely fulfilled

Requirement ngagclzgpg Points | Product
Load (surface pressure) equivalent to real jumper weight 0.125 4 0.500
Homogeneous load distribution 0.175 4 0.700
Vibration-independent 0.25 4 1.000
Adjustable 0.175 3 0.525
Load must be defined at all times 0.275 4 1.100
Total Score 3.825

Average of total score
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Table AP 16: Pairwise comparison — friction measurement

Evaluation Criteria

3 = less important
2 = equally important

1 = more important

Low-cost implementation

Low-cost implementation

- |Force measurement with low inherent friction

w | = [Direct force measurement (no influence by bending of attachments)

N | w | = Vibration resistant

N N [w ] = |Minus temperature range

Force measurement with low inherent friction 3

Direct force measurement (no influence by bending of attach- 3 1
ments)

Vibration resistant 3 1
Minus temperature range 3 1 2

Total (>=40)

Ranking

| Weighting Factor (3 =1)

|03 ]01[02|02]02]
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Table AP 17: Assessment of solution variant 1

| Solution Variant 1 — Plate Distance

Points
1 = Does not fulfil
4 = Completely fulfilled

Requirement Weighting Points | Product
Factor

Low-cost implementation 0.3 4 1.2
Force measurement with low inherent friction 0.1 3 0.3
Direct force measurement (no influence by bending of at-

0.2 4 0.8
tachments)
Vibration resistant 0.2 3 0.6
Minus temperature range 0.2 4 0.8

Total Score

Table AP 18: Assessment of solution variant 2

| Solution Variant 2 — Conductor

Points
1 = Does not fulfil
4 = Completely fulfilled

Requirement Weighting Points | Product
Factor

Low-cost implementation 0.3 3 0.9
Force measurement with low inherent friction 0.1 3 0.3
Direct force measurement (no influence by bending of at-

0.2 3 0.6
tachments)
Vibration resistant 0.2 3 0.6
Minus temperature range 0.2 3 0.6

| Total Score |

g

| Average of total score |
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Table AP 19: Pairwise comparison — cooling

Evaluation Criteria

3 = less important

Ski base and ice are at the same temperature during measure-

—|—=|Ski base and ice sample are cooled during measurement

w |w|w|Possibility to examine ice and ski sample during measurement

2 = equally important },5,
£
1 = more important c g
o N
=] @©
© O
S €
£ 2
Q0 e
Q
©
g | 3 2
Q 1% = ‘B
2 = S 5
S 2 £ o
Low-cost implementation 1 1 1
Adjustable 3 3
Ski base and ice sample are cooled during
3 3 3 3
measurement
Ski base and ice are at the same temperature
. 3 1 1 2 3
during measurement
Consistent during measurement 3 1 1 2 2
Possibility to examine ice and ski sample dur- 1 1 y 1 >
ing measurement
Total (> =60) 13 7 5 10 11 14
Ranking 2 5 6 4 3 1

| Weighting Factor (y=1) | 0.217 | 0.117 | 0.083 | 0.167 | 0.183 | 0.233 |
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Table AP 20: Assessment of solution variant 1
Solution Variant 1 — Both samples cooled individually
1 = Does not fulfil
4 = Completely fulfilled
Requirement W:lghtmg Points | Product
actor

Low-cost implementation 0.217 3 0.650
Adjustable 0.117 2 0.233
Ski base and ice sample are cooled during measurement 0.083 2 0.167
il;lnbtase and ice are at the same temperature during measure- 0.167 > 0.333
Consistent during measurement 0.183 2 0.367
Possibility to examine ice and ski sample during measurement 0.233 3 0.700

Total Score

Table AP 21: Assessment of solution variant 2

Solution Variant 2 — Tribometer encapsulated

1 = Does not fulfil
4 = Completely fulfilled

Requirement Weighting Points | Product
Factor

Low-cost implementation 0.217 3 0.650
Adjustable 0.117 3 0.350
Ski base and ice sample are cooled during measurement 0.083 4 0.333
Ski base and ice are at the same temperature during meas- 0.167 4 0.667
urement

Consistent during measurement 0.183 4 0.733
Possibility to examine ice and ski sample during measure- 0.233 1 0.233
ment

Total Score 2,967
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Table AP 22: Assessment of solution variant 3
| Solution Variant 3 — Cooling cell
Points
1 = Does not fulfil
4 = Completely fulfilled
Requirement Weighting Points | Product
Factor
Low-cost implementation 0.217 2 0.433
Adjustable 0.117 4 0.467
Ski base and ice sample are cooled during measurement 0.083 4 0.333
Ski base and ice are at the same temperature during meas- 0.167 4 0.667
urement
Consistent during measurement 0.183 3 0.550
rI::():;‘s;blhty to examine ice and ski sample during measure- 0233 4 0.933

| Total Score

| Average of total score
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Table AP 23: Pairwise comparison of general requirements including subfunctions
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Table AP 24: Assessment of overall solution 1
Overall Solution1-A1-A2-A3-B4-A5-C6
Points
1 = Does not fulfil
4 = Completely fulfilled
Requirement Weighting Points Product
Factor
Cost-effective (manufacturing / operation) 0.073 3.000 0.219
Fast realization 0.031 3.000 0.092
Possibility of disassembly 0.028 4.000 0.111
Space saving (lab size) 0.039 4.000 0.157
Safety and security 0.077 2.000 0.154
Functions manageable in university environment 0.060 4.000 0.239
Low maintenance and easy to maintain (low wear) 0.035 3.000 0.105
Low incidence of vibrations 0.054 2.000 0.108
Tilt stable 0.047 2.000 0.093
tiI\/i;assurement with practice-oriented loads and condi- 0.047 3.000 0.140
High reproducibility 0.051 2.000 0.102
Operable by instructed personal 0.063 4.000 0.250
Transportable system 0.038 2.000 0.076
Subfunction | 0.058 2.703 0.157
Subfunction Il 0.060 2.419 0.144
Subfunction 111 0.060 1.982 0.118
Subfunction IV 0.060 2.663 0.159
Subfunction V 0.060 2,775 0.166
Subfunction VI 0.060 2.538 0.151
Total Score 2.741
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Table AP 25: Assessment of overall solution 2
Overall Solution 2 -A1-A2-A3-C4-A5-C6
Points
1 = Does not fulfil
4 = Completely fulfilled
Requirement nga%:g?g Points Product
Cost-effective (manufacturing / operation) 0.073 4.000 0.292
Fast realization 0.031 4.000 0.122
Possibility of disassembly 0.028 4.000 0.111
Space saving (lab size) 0.039 4.000 0.157
Safety and security 0.077 2.000 0.154
Functions manageable in university environment 0.060 4.000 0.239
Low maintenance and easy to maintain (low wear) 0.035 4.000 0.140
Low incidence of vibrations 0.054 2.000 0.108
Tilt stable 0.047 2.000 0.093
Measurement with practice-oriented loads and conditions 0.047 3.000 0.140
High reproducibility 0.051 2.000 0.102
Operable by instructed personal 0.063 4.000 0.250
Transportable system 0.038 3.000 0.114
Subfunction | 0.058 2.703 0.157
Subfunction II 0.060 2.419 0.144
Subfunction I 0.060 1.982 0.118
Subfunction IV 0.060 2.869 0.171
Subfunction V 0.060 2.775 0.166
Subfunction VI 0.060 2.538 0.151
Total Score 2.930
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Table AP 26: Assessment of overall solution 3

Overall Solution 3 - A1 - A2 -B3-B4-A5-C6

Points
1 = Does not fulfil
4 = Completely fulfilled

Requirement ngagcf::)i:lg Points Product
Cost-effective (manufacturing / operation) 0.073 1.000 0.073
Fast realization 0.031 1.000 0.031
Possibility of disassembly 0.028 4.000 0.111
Space saving (lab size) 0.039 4.000 0.157
Safety and security 0.077 2.000 0.154
Functions manageable in university environment 0.060 4.000 0.239
Low maintenance and easy to maintain (low wear) 0.035 3.000 0.105
Low incidence of vibrations 0.054 4.000 0.215
Tilt stable 0.047 4.000 0.186
Measurement with practice-oriented loads and conditions 0.047 4.000 0.186
High reproducibility 0.051 4.000 0.204
Operable by instructed personal 0.063 4.000 0.250
Transportable system 0.038 2.000 0.076
Subfunction | 0.058 2.703 0.157
Subfunction Il 0.060 2.419 0.144
Subfunction IlI 0.060 1.929 0.115
Subfunction IV 0.060 2.663 0.159
Subfunction V 0.060 2.775 0.166
Subfunction VI 0.060 2.538 0.151
Total Score 2.880
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Table AP 27: Assessment of overall solution 4

Overall Solution4-A1-A2-B3-C4-A5-C6

Points
1 = Does not fulfil
4 = Completely fulfilled
Requirement w;;gc2gpg Points Product
Cost-effective (manufacturing / operation) 0.073 1.000 0.073
Fast realization 0.031 1.000 0.031
Possibility of disassembly 0.028 4.000 0.111
Space saving (lab size) 0.039 4.000 0.157
Safety and security 0.077 2.000 0.154
Functions manageable in university environment 0.060 4.000 0.239
Low maintenance and easy to maintain (low wear) 0.035 3.000 0.105
Low incidence of vibrations 0.054 4.000 0.215
Tilt stable 0.047 4.000 0.186
Measurement with practice-oriented loads and conditions 0.047 4.000 0.186
High reproducibility 0.051 4.000 0.204
Operable by instructed personal 0.063 4.000 0.250
Transportable system 0.038 2.000 0.076
Subfunction | 0.058 2.703 0.157
Subfunction Il 0.060 2.419 0.144
Subfunction I 0.060 1.929 0.115
Subfunction IV 0.060 2.869 0.171
Subfunction V 0.060 2.775 0.166
Subfunction VI 0.060 2.538 0.151
Total Score 2.892
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Table AP 28: Weighting factors for the user’s requirements

Evaluation Criteria

o
£ 5
: Sl | 2l35| S
3 = less important g_g o i % g
. c3g hat £ = @
2 = equally important 3o s} 5 o s
ES |fo2| x| 2| o
1 = more important 2S5 | 2= | = = g
(0] o -— N [e] @) =
L o n L pd — ()
Easy mounting of the counter bodies 3 1 2
Stability of the wear test rig 1 3 1 1
No risk of injury 1 1 1
Low noise level 3 3
Simple operation 2 3
Total (3> =40) 7 10 12 7
Ranking 3 2 1 5 3
Weighting Factor (3 =1) 0.175 | 0.25 | 0.3 | 0.1 0.175

Table AP 29: Tolerances main roller bearings

Part Part Num- Basic Size of Fit Tolerance Limits Min./Max. Size [mm]
ber [mm] [mm]
0 62
. 2 62 -0.013 61.987
Bearing N62
@ 40 0 40
-0,012 39.988
-0.01 69.14
69.15 g6 -0.029 69.121
Bearing 04-01 +0,03 62.03
Seats 04-02 @ 62 H7 0 62
+0.02 19.52
@19.5 0 195
-0.01 69.14
Bearing 04-03 69.15 g6 -0.029 69.121
Seats 04-04 262 H7 +0,03 62.03
0 62
+0.013 40.013
Shaft 03-03 @ 40 k5 +0.002 40.002
+0.013 40.013
Shaft 03-04 @ 40 k5 +0.002 40.002
. +0.021 19.521
Bushing 04-09 @ 19.5 m6 +0.008 19 508
02-07 +0.03 69.18
Base Strut 02-08 69.15 H7 0 69.15
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Parts Joined

Basic Size of Fit

Lowest Interference

Highest Interference

Bearing / Bearing Seat
Bearing / Shaft

Bushing / Bearing Seat
Bearing Seat / Base Strut

J 62
40
319.5
69.15

-0.043
+0.002
+0.006
-0.059

0
+0.025
+0.021

-0.01

Table AP 30: Tolerances ski base preload

Part Part Num- Basic Size of Fit Tolerance Limits Min./Max. Size [mm]
ber [mm] [mm]
0
228 28
. -0.009 27.991
Bearing N70 0
2 12 12
-0.008 11.992
+0.021
Bearing Seat 04-11 @ 28 H7 28.021
0 28
0 12
Shaft 04-10 12 h7 20.018 11.982
Parts Joined Basic Size of Fit Lowest Interference Highest Interference
Bearing / Bearing Seat J 28 -0.03 0
Bearing / Shaft 12 -0.018 +0.008

Table AP 31: Tolerances guidance Roller

Part num- Basic Size of Fit Tolerance Limits . .
Part ber [mm] [mm] Min./Max. Size [mm]
0
035 -0.011 "
Bearing N69 : 34.989
@17 0 17
-0.008 16.992
Bearing 05-03 2 35 H7 +0.025 35.025
Block 05-04 0 35
+0.009 17.009
Shaft 05-07 17 k5 +0.001 17.001
Housing -0.03 34.970
05-05 3517
Cover 9 -0.05 34.950
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Highest Interfer-

Parts Joined Basic Size of Fit Lowest Interference ence
Bearing / Bearing Block J 35 -0.036 0
Bearing / Shaft g 17 +0.001 +0.017
Bearing Block / Housing Cover J 35 -0.03 -0.075

Table AP 32: Tolerances roller plate

Part Part Num- Basic Size of Fit Tolerance Limits Min./Max. Size [mm]
ber [mm] [mm]
0 16
16
-0.008
Bearing N64 15.992
0 5
@5 -0.008 4.992
-0.005 15.995
Roller 07-22 J 16 N7 :
-0.023 15.977
0 5
Shaft 07-12 3 5h6 -0.008 4.992
07-13 r0012 5.012
Strut 1+4 0714 @ 5 H7 0 :
5
07-20 r0012 7.012
Strut 2+3 07.91 @7 H7 0 :
7
+0.019 7.019
07-15 @7 n6
07-16 +0.01 7.01
Bushing 07-17
07-18 +0.006 5.006
07-19 @5Jr -0.006 4.994
Parts Joined Basic Size of Fit | Lowest Interference | Highest Interference
Bearing / Roller J 16 -0.003 -0.023
Bearing / Shaft 5 -0.008 +0.008
Shaft / Strut 1+4 a5 -0.02 0
Shaft / Strut 2+3 a7 -0.02 0
Bushing / Strut 2+3 a7 -0.002 +0.019
Shaft / Bushing 5 -0.014 +0.006
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Table AP 33: Tolerances shoulder screw
Part Num- Basic Size of Fit Tolerance Limits Min./Max. Size
Part
ber [mm)] [mm] [mm]
-0.02 19.98
Shoulder 04-12 @ 20 f9
Screw -0.07 19.93
- 02-01 +0.02 20.02
Fitting Strut 02-02 @ 20 H7 0 20
02-07 +0.39 21.39
Base Strut 02-08 @ 21 H13 0 1
+0.02 20.02
Bearing Seat 8282 @ 20 H7
) 0 20
Parts Joined Basic Size of Fit Lowest Interference H|ghe:tn::|lterfer-
Shoulder Screw / Fitting Strut a 20 -0.02 -0.09
Shoulder Screw / Base Strut @20 -1.02 1.46
Shoulder Screw / Bearing Seat a 20 -0.02 -0.09
Table AP 34: Tolerances parallel pin
P Part Num- Basic Size of Fit Tolerance Limits Min./Max. Size
art
ber [mm)] [mm] [mm]
) +0.021 25.021
Parallel Pin 04-12 D 25 m6
+0.008 25.008
02-07 +0.021 25.021
Base Strut 02-08 @ 25 H7 0 25
+0.021 25.021
Bearing Seat 8282 @ 25 H7
) 0 25
Parts Joined Basic Size of Fit Lowest Interference nghe::nlzr;terfer-
Parallel Pin / Base Strut @ 25 H7/m6 25.013 25.021
Parallel Pin / Bearing Seat @ 25 H7/m6 25.013 25.021
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Table AP 35: Simulation results of the input shaft at bending stress

Meshing type

Meshing type used

Jacobi-Points

Element size

Tolerance

Total number of knots

Total number of elements

Maximum aspect ratio

% of elements with aspect ratio <3
% of elements with aspect ratio > 10

% of distorted elements (Jacobi)

Force input
Type
Min.
Max.

Mesh information
Volumetric meshing
Standard mesh
4 points
4.16397 mm
0.208199 mm
84,235
57,108
13.693
98.7
0.0158
0

Results
307 N
Mises criterion

1.29e-07 MPa / Knots: 81,681
2.22 MPa / Knots: 68,437

Min: 5,54e-11

von Mises (N/mm*2 (MPa))

Figure AP 1: Mises stress of the input shaft
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Table AP 36: Simulation results of the output shaft at bending stress

Meshing type

Meshing type used

Jacobi-Points

Element size

Tolerance

Total number of knots

Total number of elements
Maximum aspect ratio

% of elements with aspect ratio <3
% of elements with aspect ratio > 10
% of distorted elements (Jacobi)

Force input
Type
Min.

Max.

Mesh information
Volumetric meshing
Standard mesh
4 points
4.24012 mm

0.212006 mm
82,405

55,538
13.415
98.6
0.0108
0

Results
2000 N

Mises criterion
3.87e-10 MPa/ Knots: 73,436

3.87e-10 MPa / Knots: 73,436

Min: 1, 29607

Max 2,22

won Mises (b/mm 2 (MPa))

120

Figure AP 2: Mises stress of the output shaft
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Table AP 37: Simulation results of the input shaft at torque stress

Meshing type

Meshing type used

Jacobi-Points

Element size

Tolerance

Total number of knots

Total number of elements
Maximum aspect ratio

% of elements with aspect ratio <3
% of elements with aspect ratio > 10
% of distorted elements (Jacobi)

Torque input
Type
Min.
Max.

Mesh information

Volumetric meshing
Standard mesh
4 points
4.14035 mm
0.207365 mm
82,419

53,379

13.429

98.2

0.0111

0

Results

60 Nm
Mises criterion

5e-10 MPa/ Knots: 34,879
33.6 MPa / Knots: 1,021

won Mises (NfmmA2 [MPa)]

Figure AP 3: Torsional stress of the input shaft
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Table AP 38: Simulation results of the output shaft at torque stress

Meshing type

Meshing type used

Jacobi-Points

Element size

Tolerance

Total number of knots

Total number of elements
Maximum aspect ratio

% of elements with aspect ratio <3
% of elements with aspect ratio > 10
% of distorted elements (Jacobi)

Torque input
Type
Min.
Max.

Mesh information

Volumetric meshing
Standard mesh
4 points
4.24012 mm
0.212006 mm
82,405

55,538

13.415

98.6

0.0108

0

Results

60 Nm
Mises criterion

5e-11  MPa/Knots: 34,444
33.9 MPa / Knots: 1,024
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Figure AP 4: Torsional stress of the output shaft
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Table AP 39: Simulation results of the parallel pins at bending stress

Meshing type

Meshing type used

Jacobi-Points

Element size

Tolerance

Total number of knots

Total number of elements
Maximum aspect ratio

% of elements with aspect ratio <3
% of elements with aspect ratio > 10
% of distorted elements (Jacobi)

Torque input
Type
Min.
Max.

Mesh information
Volumetric meshing
Standard mesh
4 points
1.35901 mm
0.0679505 mm
62,977
42,901
4.602
99.9
0.0108
0

Results
286 Nm

Mises criterion
1.53e-06 MPa / Knots: 2,786

1.53e-06 MPa / Knots: 61,624

Max: 46,5

Figure AP 5: Mises stress of the parallel pins
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Table AP 40: Simulation results of the roller's contact deformation length under load

Name

Model type
Tensile strength

Young's modulus
Poisson's ratio
Mass density

Type of analysis

Solver type

Incompatible connection options
Control method

Iterative method

Integration method

Meshing type
Meshing type used

Material information
EPDM (ethylene propylene diene monomer)
Linear, elastic, isotropic

24 MPa
3 MPa

0.495
900 kg/m?

Study properties
Non-linear, static
FFEPIus
Simplified
Force
Newton-Raphson

Newmark
Mesh information

Volumetric meshing
Curve-based mesh

Jacobi-Points 4 points
Element size 4.90554 mm
Total number of knots 5,423
Total number of elements 3,074
Maximum aspect ratio 3.5201
% of elements with aspect ratio < 3 99.9
% of elements with aspect ratio > 10 0
% of distorted elements (Jacobi) 0

Results
Normal force 0.75 N

Type Mises criterion
Min. 5.125e-16 MPa / Knots: 1,039
Max. 3.434e-03 MPa / Knots: 16
Deformation length at contact 0.04 mm

Results
Normal force 151N

Type
Min.
Max.

Deformation length at contact

Mises criterion
1.031e-15 MPa / Knots: 1,039

6.914e-03 MPa / Knots: 16
0.07 mm
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Normal force

Results

2.08 N

Type Mises criterion
Min. 1.419e-16 MPa / Knots: 1,039
Max. 9.524e-03 MPa / Knots: 16
Deformation length at contact 0.09 mm

Results
Normal force 235N
Type Mises criterion
Min. 1.603e-16 MPa / Knots: 1,039
Max. 1.076e-02 MPa / Knots: 16
Deformation length at contact 0.1 mm

Results
Normal force 264N
Type Mises criterion
Min. 1.710e-15 MPa / Knots: 1,039
Max. 1.148e-02 MPa / Knots: 16
Deformation length at contact 0.17 mm

Results
Normal force 471N
Type Mises criterion
Min. 3.205e-15 MPa / Knots: 1,039
Max. 2.158e-02 MPa / Knots: 16
Deformation length at contact 0.2 mm

Results
Normal force 6.47 N
Type Mises criterion
Min. 4.394e-15 MPa / Knots: 1,039
Max. 2.964e-02 MPa / Knots: 16
Deformation length at contact 0.27 mm

Results
Normal force 8.24 N
Type Mises criterion
Min. 5.586e-15 MPa / Knots: 1,039
Max. 3.776e-02 MPa / Knots: 16

Deformation length at contact

0.33 mm
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Normal force Solid
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Figure AP 6: Simulation visualisation
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