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1   INTRODUCTION  

A large part of the total energy losses (dissipation) arises during transmissions or 

transformations of mechanical energy due to resisting forces (friction). Energy 

dissipation, transmission of traction/friction forces, wear, and fatigue of the contact 

surfaces are conditioned by mechanisms taking place at the interface of machine 

components. Unfortunately, the occurrence and overall significance of these 

mechanisms are considerably affected by contact conditions, and this 

interdependence then creates relatively complex issues. Understanding the physical 

origins of the mechanisms is essential for a reliable prediction of the behaviour of 

these often-lubricated contacts, and consequently for a suitable design of machines. 

The field of science that attempts to describe and clarify these interactions of 

mechanisms on the interfaces of contact surfaces together with the interrelated 

processes of friction, lubrication, and wear has been called tribology since 1966. 

Most of the lubricated contacts working under severe conditions belong to the so-

called elastohydrodynamic lubrication (EHL) regime. This type of fluid-film 

lubrication is associated with counterformal surfaces in relative motion when these 

surfaces are separated by a continuous film of lubricant. Friction results exclusively 

from shearing of the lubricant, but the relationship between friction and film 

thickness is rather complicated. EHL provides the smallest friction compared to 

other lubrication regimes; therefore, there is an attempt to design machines so that 

their contacts can work in this regime. Thanks to developments in tribology, the 

physical origins of EHL for steady operating conditions are nowadays well 

described. Both experimental and numerical studies coincide in this area of research 

and provide satisfactory predictions of film thickness and friction. However, there 

are no ideal steady operating conditions in actual engineering applications. Many 

machines employ reciprocating mechanisms where periodic variations in velocity 

and load of lubricated surfaces usually occur. Moreover, even the machines with 

only basic mechanical movements such as shaft rotation, which operate at seemingly 

constant speeds and torques, include bearings whose rolling elements are subjected 

to vibrations and shocks arising, for example, in transmissions. All these unsteady 

operating conditions and vibrations affect the essential mechanisms of EHL and 

could be one of the reasons for EHL film failure that causes an excessive wear 

leading to a shorter service life of machines. 

The current thesis aims at the study of behaviour and frictional response of EHL 

films within the concentrated contacts under transient rolling/sliding motions and 

impact loads. An emphasis is put mainly on the experimental investigations of film 

thickness under such conditions. This work, due to its limited scope, does not 

include investigations of the transient effects resulting from changes in the contact 

curvature or simultaneous variations in load and tangential speeds (such as in cam 

mechanisms and some gears), or due to surface asperities; and it is primarily focused 

on point EHL contacts that are a special case of more general elliptic contacts 
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2  STATE OF THE ART  

Please note that this document is a shortened version of the PhD thesis, the 

interested reader is referred to the full version of the thesis where following 

publications are described in a greater detail; additionally, comprising a knowledge 

about EHL, its history, basic lubrication mechanisms, experimental methods, etc. 

Transient operating conditions can positively or negatively influence the 

behaviour and frictional response of EHL film depending on the specific conditions. 

However, there is currently no universally applicable theoretical model that predicts 

these behaviours and responses, and the models for steady state conditions [1-3] 

often fail in these cases. Many studies in this area end with hypotheses that need to 

be proven or refuted, and likewise many scientists demand more experimental 

results for a variety of operating parameters. These facts confirm the topicality of 

issue. 

The early studies involved a free-falling body onto a flat lubricated surface to 

introduce a pure squeeze action. It was predicted [4-7] that a higher pressure occurs 

in the lubricated contact compared to the dry contact, and a dimple film shape can be 

formed in the centre of contact due to a high viscosity of lubricant in this area. Both 

the long-lasting entrapment of highly pressurized lubricant in the central dimple 

with the minimum film thickness at the periphery of contact [8, 9] and the 

generation of high pressures [10] during the impact load were proved 

experimentally. The increase in ambient viscosity [9, 11-13], pressure-viscosity 

coefficient [11, 12], and impact speed [11-14] cause a generally thicker entrapped 

film in the central dimple. In addition, a variation of film shape is roughly in the 

reverse order under a driven cyclic approach-separation motion [15, 16]. This points 

out to a viscoelastic behaviour and a possible glassy state of entrapped lubricant. 

Moreover, the dimple formation is weakened by produced air bubbles during 

unloading process for high frequencies and small amplitudes, as was demonstrated 

experimentally [15], whereas the numerical approach [16] predicted the increase of 

film thickness as a power function of frequency. 

Besides that, the film entrapped in the periphery area of contact (periphery 

dimple) with the minimum film thickness in the central area was revealed [17] for 

the preloaded contact and forced impact load. The related theoretical [18, 19] and 

experimental [20, 21] studies identified that the initial impact gap between the 

approaching surfaces and the loading speed are substantial parameters for formation 

of periphery dimple when the dimple shifts away from the central area to the 

periphery with a reduction in the initial gap or an increase in the initial speed. 

Moreover, a local resistance of lubricant to the Poiseuille flow was suggested to be 

the purpose of dimples formation (both the central and periphery one) [18, 20]. The 

results of experimental study [20] also indicated that the entrapped film is affected 

by the rate of change in the Hertzian contact radius during the impact load. When 

the two-stage impact is employed [19, 21], the consequential shape of two 
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concentric dimples is given by the superposition of individual dimples from 

one-stage impacts. Furthermore, a numerical analysis [19] showed a remarkable 

effect of mass of moving body, which determined the approaching (squeezing) 

speed, on film entrapment. The simulations [19, 22] pointed out the importance of 

the initial stage of impact when the central dimple is formed almost immediately 

with a build-up of pressure and viscosity with respect to the initial loading speed. A 

high-pressure rheology including the lubricant fragility and glass transition should 

be considered in the analyses of entrapped films, especially in the late stage of 

impact, when the lubricant leaks out of the contact [23, 24]. Otherwise, the analyses 

can lead to the predictions contradicting the actual behaviour of entrapment [23]. A 

distribution of temperature during the impact follows the pressure distribution within 

the contact [25] where the dissipation to heat results from the compressive work and 

shear heating. Based on the references [26-29], the effect of surface forces is 

negligible for films over 5 nm, as well as the effect of lubricant adsorption on film 

thickness regarding the EHL regime. Recently, the analytical predictions of central 

entrapped film thickness for line [30] and point [31] contact have been derived from 

numerical results. 

 
Fig. 2.1 Influence of initial impact gap (a) and loading speed (b) on entrapped film thickness [20]. 

When the impact or variable of loads are applied on the rolling/sliding contact, the 

squeeze action corresponding to viscous damping enhances the resistance of film to 

its variations originating from transient conditions [32-34]. Film thickness is 

affected mainly at the contact periphery and not directly within the contact during 

sudden loading of the rolling/sliding contact. Then, a thick, often crescent-shaped, 

squeezed film passing through the contact from the inlet without a change in its 

shape at the entrainment speed, as was demonstrated by many authors [17, 20, 21, 

33-37]. The effect of slide-to-roll ratio (SRR) on the entrapped film is 

unimportant [17]. A comparison of numerical solutions pointed out that the 

assumption of Newtonian fluid and isothermal conditions may substantially 

devaluate the predictions of temperature and friction [38, 39]. Additionally, the 

approximations of transient film thickness applicable for line contacts may 

underestimated the thickness in point contacts [40]. 
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Other conclusions can also be drawn from the works investigating the influence of 

transient unidirectional motions at steady load. It was proved experimentally and 

numerically that a hysteresis occurs for accelerated or decelerated motions when 

different values of both the central film thickness [29, 39, 41-51] and friction [39, 

47, 48, 51-53] can be obtained at the same entrainment or sliding speed. Hysteresis 

loops for dynamic motions are created around steady state values [42, 43, 45-47, 49-

53] when the central film thickness and friction are higher at deceleration and lower 

at acceleration of motion than in the case of steady conditions. This effect is nearly 

linear for low accelerations (under 0.5 m/s2) [29, 42-44]. The differences in central 

film thickness, and consequently in friction, are attributed to the squeeze effect 

(viscous damping) and to the distortion due to the time (transport) delay of 

lubricant [29, 42, 43, 45, 46, 49, 51, 53]. Besides that, a temperature-viscosity 

wedge effect, caused by different thermal properties of contacting materials and high 

sliding speeds, can amplify the squeeze effect [47]. This squeeze effect was 

unimportant for films under 5 nm [29]. Moreover, the size of hysteresis loops grew 

with the increase in frequency of motion [42, 43, 47, 49, 52, 53] and viscosity of 

lubricant [42, 43, 52], while the increase in entrainment and sliding speeds 

diminished these differences from steady state values. The changes in size of friction 

loops are not necessarily proportional to those of film thickness [48, 54]. It was 

elucidated that the total friction is given by contributions of individual contact 

sub-areas of different sizes and film thicknesses [54]. 

In the case of unidirectional intermittent motion, a set of crescent-shaped 

entrapped films can be gradually formed during a sudden stop of motion at the 

contact inlet [55]. Moreover, the film collapse consists of two stages [24, 56, 57] 

during a sudden stop: reduction of overall film thickness without a change in film 

shape during deceleration and formation of central dimple (pure squeeze action) 

after the stop. Film thickness before the pure squeeze action is influenced 

substantially by lubricant properties [24, 56] and by a value of deceleration [24, 57], 

albeit the effect of initial speed (thickness) of stopped motion is negligible [56, 57]. 

This thickness linearly increased with deceleration and correlated with the product 

of deceleration and the low-pressure lubricant parameter   [24]. Simulations of 

film behaviour during halting of motion were only partially successful [58-60]. 

Friction can be reduced in the course of motion start-up if the entrapped lubricant is 

present between the contact surfaces [23]. A film formation at the start-up of motion 

takes place in individual fronts of entrained lubricant establishing a stepped 

(S-shaped) film profile; it is also significantly affected by acceleration and the 

lubricant rheology [61]. In addition, the speed of fronts alters within a passage of oil 

through the contact and differs from the mean speed of surfaces. Again, only a 

partial agreement of numerical simulations [62, 63] with the observed 

behaviour [61] was achieved. 

For reciprocating motions, film thickness varies cyclically (film breathing) with 

respect to the lubricant rheology and acceleration/deceleration of motion [49-51, 64-



 8 

71] since the entraining and squeeze action are out of phase. A central film dimple is 

formed at the end of stroke separating the contact surfaces and avoiding wear [66] at 

zero entrainment speed. A critical case occurs for high frequencies and short stroke 

lengths when the EHL cavitation zone reaches contact inlet at reverse of motion 

causing starvation, film failure [65, 66, 68, 71], and a substantial increase in 

friction [66]. Starvation is also significant for the grease-lubricated contacts [72]; 

under such conditions, a replenishment of oil is not fast enough. The failure of film 

can be suppressed by cyclic impact loading (thick film entrapment) during 

reciprocation [66]. On the other hand, it was pointed out that the entrapped solid-like 

film may collapse under shear stress [55, 65]. However, it is unclear what happens 

in the starved (cavitation) zone at the contact inlet [71] and the behaviour of this 

zone is very difficult to predict [73]. Furthermore, S/D ratio of 1.6 (ratio of stroke 

length and diameter of contact area) is needed at least to separate the contact 

surfaces by EHL film over the whole pure sliding reciprocation cycle [74]. A 

frictional response follows the course of sliding speed according to the rheological 

state of lubricant (viscous, viscoelastic, glassy state) and the distribution of film 

thickness; the higher the sliding speed, the lower the EHL friction due to thermal 

phenomena [51, 66, 70]. Theoretical studies [69-71, 75] showed a general agreement 

with experimental findings, but some deviations of results can be found due to 

simplifying assumptions (omitted cavitation zone and neglected inertia forces, 

complex rheology, and/or thermal effects). Moreover, investigation of EHL friction 

via the oscillatory (reciprocation) approach is very beneficial in terms of operating 

conditions, low values of friction and accuracy of measurements [51, 75, 76]. 

Some initial investigations have been conducted to understand the influence of 

lateral vibrations on film thickness by one of scientific groups [77-82] during the 

years 2005-2013; however, it seems that this attempt was terminated. Lateral 

vibrations can be one of the mechanisms causing a track replenishment in 

grease-lubricated rolling element bearings [80, 81] when S/D ratio is an important 

parameter for track replenishment and thus for a reduction of EHL starvation [82]. 

Crescent-shaped fluctuations of film thickness can take place under specific 

conditions of lateral vibrations [79, 82]. These fluctuations caused by the squeeze 

action pass through the contact according to the instantaneous entrainment velocity 

[78, 79, 82] and are significantly influenced by lubricant rheology [82] and a ratio 

between the main rolling speed and the lateral speed from vibrations [78, 79, 82]. 



 9 

3  SUMMARY AND CONCLUSION OF STATE OF THE ART 

In the final summary, the foregoing works revealed that a distribution of EHL 

film under impact load, i.e. a pure squeeze action, is mainly determined in the initial 

stage of impact. The essential parameters for film entrapment are the initial impact 

gap, loading speed/rate of change in Hertzian contact radius, impact/approaching 

speed, and rheological properties of lubricants (viscosity, pressure-viscosity 

coefficient, molecular weight, complex viscosity-pressure-temperature 

characteristics, etc.). It should be pointed out that the effect of approaching speed 

was analysed only theoretically; thus, an experimental evidence of the impact of this 

parameter is still missing. Similarly, the recently published prediction of entrapped 

film thickness [31] is based on the approaching speed and numerical results, while 

the validity of the prediction has not been experimentally verified yet. On the other 

hand, the loading speed parameter has been employed exclusively in experimental 

studies, and so an exact role of simultaneous action of approaching and loading 

speed on the formation of entrapped film is not clear. Moreover, the previous 

investigations frequently used/analysed a limited number of very specific lubricants 

and unrealistically large initial gaps in contrast to the EHL contacts of actual 

machines. 

In the case of transient conditions including tangential motions of the contact 

surfaces, film thickness is driven by the entraining and squeeze action while friction 

is the result of lubricant film shearing. The effects of lubricant parameters and 

rheology, acceleration, frequency, stroke length, S/D ratio, ratio of main rolling 

speed and lateral speed were emphasised for their major impact on film thickness 

and friction. Nevertheless, no quantitative description of most of these effects, 

except for the effect of acceleration on film thickness, has been derived from 

experimental findings. Furthermore, numerical simulations, even though they were 

directly designed to evaluate EHL contacts under non-steady state conditions, have 

not agreed to the results of measurements in certain details. Although the presence 

of vibrations in EHL contacts is indisputable, there is a very limited knowledge 

about the influence of lateral vibrations on film thickness; excessive values of S/D 

ratio were particularly applied. Besides that, a frictional response under lateral 

vibrations has been completely omitted. The aim of the present thesis is defined on 

the basis of these facts in the next chapter. 
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4  AIM OF THESIS 

The aim of the dissertation is to experimentally determine the effects of operating 

parameters on the EHL film behaviour in the point contact under impact load and 

lateral vibrations with an emphasis on the film thickness. For this purpose, the film 

thickness distribution during impact loading will be examined via the optical 

interferometry method. In the case of lateral vibrations, the same method will be 

employed for the measurement of film thickness and a frictional response will be 

investigated in two perpendicular directions by means of force sensors. Achieving 

the main goal of the dissertation is conditional upon the fulfilment of the following 

partial objectives: 

 

• Modifications of the measuring devices required to excite the impact loading 

and lateral vibrations enabling the measurement of film thickness and friction. 

• Creation and debugging of systems for controlling the test conditions enabling 

their repeatability. 

• Selection of the spectrum of lubricants with respect to their rheological 

properties. 

• Execution of introductory measurements to verify the applicable range of 

operating parameters and the accuracy of their control together with the 

accuracy of friction force measurements. 

• Implementation of a systematic series of experiments considering various 

operating parameters and/or lubricants. 

• Analysis of measured data and description of EHL film behaviour under 

specific conditions. 

• Comparison of the results with theoretical predictions (film thickness after 

impact load). 

• Comparison of the results obtained under transient and steady state conditions 

at corresponding instantaneous values of operating parameters (film thickness 

and friction under lateral vibrations). 

• Deduction or derivation of new empirical rules, laws, or knowledge. 

• Discussion and publication of research results. 
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4.1 THESIS LAYOUT 

The dissertation is composed of the two papers published in a journal with an 

impact factor [A, B] and one paper [C] published in a peer-reviewed journal 

 

Paper [A] [83] FRYZA, J., P. SPERKA, M. KANETA, I. KRUPKA and M. 

HARTL. Effects of lubricant rheology and impact speed on EHL film 

thickness at pure squeeze action. Tribology International. 2017, vol. 

106, p. 1-9. DOI: 10.1016/j.triboint.2016.10.023. 

(Author’s contribution 60%) (Journal impact factor = 2.903) 

Paper [B] [84] FRYZA, J., P. SPERKA, I. KRUPKA and M. HARTL. Effects 

of lateral harmonic vibrations on film thickness in EHL point 

contacts. Tribology International. 2018, vol. 117, p. 236-249. DOI: 

10.1016/j.triboint.2017.08.022. 

(Author’s contribution 75%) (Journal impact factor = 2.903) 

Paper [C] [85] FRYZA, J., P. SPERKA, I. KRUPKA and M. HARTL. 

Frictional response of lubricant in EHL contact under transient bi-

directional shear loading. Tribology in Industry. 2017, vol. 39, no. 4, 

p. 506-518. DOI: 10.24874/ti.2017.39.04.10. 

(Author’s contribution 70%) (CiteScore = 1.32) 

 

After the preparatory stage of work, the experiments under transient conditions of 

impact load were conducted. The results are reported in paper [A]; establishing new 

rules of dimple film shape formation and film entrapment considering both 

operating conditions and lubricant rheology. Consequently, the EHL point contact 

was exposed to lateral vibrations. The film thickness is investigated in 

publication [B] providing the quantitative description of the effects of lateral 

vibrations on EHL film thickness and stating relevant empirical relationships. The 

last part of the thesis, reflected by the related study [C], reveals simultaneous 

frictional responses of lubricant in the main and lateral direction of the contact and 

their interactions with respect to operating conditions of lateral vibrations. 
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5  MATERIALS AND METHODS 

 

5.1 EXPERIMENTAL APPARATUS 

The original measuring apparatus, referred to as the optical tribometer, was 

designed in a tribological laboratory at the Institute of Machine and Industrial 

Design during the 1990s. Since then, this apparatus has undergone a gradual 

development. The optical tribometer consists of the following main parts: a 

microscope imaging system with a light source and camera, a test rig, and a control 

and evaluation computer-aided system. With respect to the purpose of this thesis, the 

design of the test rig and some components of the control and evaluation system 

differs through the papers [A-C]. A point EHL contact is realized in the test rig 

described below according to its individual modifications. The contact area is 

illuminated and observed through an optical train of the industrial microscope 

employing Köhler illumination technique. The stabilized white light is provided by a 

continuous 1 kW xenon lamp where an optical fibre transmits the light from the 

lamp to the microscope. The microscope is equipped with chromatic aberration free 

objectives (20x and 10x magnification) to produce a parallel beam of light and form 

an interference pattern without optical aberrations. The contact area is recorded by a 

colour high speed CMOS camera (Vision research Phantom v710). Interferometric 

images were captured with a resolution of 800 x 800 pixels, where one pixel 

corresponds to 1 and 2 µm for the objective with 20x and 10x magnification, 

respectively. At this resolution, the sampling rate of the camera was maintained at 

10 000 frames per second with camera timing resolution better than 20 ns. The 

xenon lamp allows to use a short exposure time of camera of 40 µs, while keeping 

an appropriate brightness of images. With this setting, it is possible to capture short 

term transient phenomena in the EHL contact with a negligible motion blur. 

 

5.1.1 Optical tribometer for measurement of film thickness under impact 

loading 

A scheme of the test rig employed for impact loading of the EHL point contact is 

illustrated in Fig. 5.1. To introduce a pure squeeze action of lubricant, a ball is 

pushed against a fixed lubricated plate by a preloaded piezoelectric linear drive. The 

highly-polished ball is 25.4 mm in diameter and is made of bearing steel 100Cr6. 

The plate, made of glass (BK7), is 13 mm in thickness. As the optical interferometry 

method is used, the glass plate is coated with a semi-reflective layer of chromium on 

its underside (contact surface) and an anti-reflective layer on its upper surface. The 

initial gap between the surfaces of the ball and the plate was set manually with an 

accuracy about 10 nm. The total moving body mass is 0.2675 kg. A motion of the 

piezoelectric actuator can be driven by a microprocessor controller in an open-loop 

or close-loop operation regime. In the open-loop regime, the piezoelectric actuator 

moves according to the used voltage. The advantage of the close-loop regime is that 

the target position (absolute distance) and speed of the motion can be set. On the 
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other hand, an achievable speed and acceleration of motion are lower than in the 

case of open-loop regime. Moreover, the set position and speed was found to be 

affected by a stiffness of the flexible hinges and EHL contact. Regarding the 

required precision of the control of experimental conditions to ensure their 

repeatability, the close-loop regime is not suitable for this purpose. Consequently, 

sets of instructions (scripts), based on the empirical data, are applied in the 

open-loop regime to control the motion of the piezoelectric actuator while the 

controller is commanded via a computer. The lubricant temperature is measured by a 

small thermocouple (accuracy 0.5 °C; repeatability 0.2 °C) near to the contact. 

 
Fig. 5.1 Scheme of the test rig for impact loading [A]. 

 

5.1.2 Optical tribometer for measurement of film thickness under lateral 

vibrations 

In this configuration, the optical tribometer utilizes a modified version of the 

ball-on-disc simulator as the test rig. The EHL contact is formed between the ball 

and a glass disc with a diameter of 150 mm and thickness of 13 mm, see Fig. 5.2. 

The load of contact is applied through the disc by putting a deadweight on a lever 

arm fixed in a tilting frame. The rotational speed of the disc is driven by an AC 

servomotor. Another AC servomotor is used to drive the rotation of the ball about its 

horizontal axis. Since both servomotors are driven separately by close-loop servo 

drivers, various combinations of entrainment and sliding speeds can be achieved in 

the main (rolling) direction of the contact. Besides the rotatory motion of the ball 

and the disc, the ball can perform a harmonic reciprocating motion in the direction 
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perpendicular to the main rolling direction. This reciprocating motion, simulating 

lateral vibrations, is excited by means of a simple cam mechanism, which is driven 

by a DC motor. A frequency of the ball reciprocation can be adjusted continuously 

up to 300 Hz via a laboratory power supply. The amplitude of the lateral motion is 

given by an exchangeable eccentric part of the cam mechanism. A capacitive 

displacement transducer with a dynamic resolution under 20 nm is utilized to record 

the lateral motion of the ball at a sampling rate of 10 kHz determining precisely the 

applied frequency and stroke length. The lubricant in an oil reservoir is heated by 

two cartridge heaters. The temperature of the lubricant is measured near the contact 

inlet by the thermocouple and is maintained by a PID temperature controller. 

 
Fig. 5.2 Scheme of the modified ball on disc simulator for excitation of lateral vibrations [B]. 

 

5.1.3 Optical tribometer for measurement of friction under lateral 

vibrations 

A very similar test rig as the previous one is used to measure friction forces 

simultaneously in the main direction and the lateral direction of the contact. The disc 

is replaced by a transparent window fixed in a compliant mechanism with flexure 

hinges when a rigid part of this mechanism is mounted on the tilting frame. The 

chromium-coated window, made of BK7 glass or sapphire, is 3 mm in thickness and 

12.5 mm in diameter. It is evident that this design is well suited for measurement of 

film thickness. However, the film thickness measurement plays only a supporting 

role in paper [C] where this apparatus is used, whereas the main emphasis is put on 

the frictional response of the lubricant. Since the window does not rotate, only a 

pure sliding motion can be applied in both directions of the contact. The friction 

forces, due to a bi-directional shear loading of the lubricant, are transferred from the 
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contact through the compliant mechanism and connecting rods to load sensors. An 

overall stiffness of this system in the lateral and main direction of the contact is 

0.165 N/µm. This system is capable to measure a coefficient of friction (CoF) with 

an uncertainty under 0.0005 in the range from 0.005 to 0.2. The friction forces, 

coefficients of friction, lateral position of the ball, and frequency and stroke length 

of lateral motion are evaluated and recorded synchronously in real time at a 

sampling frequency of 10 kHz. 

 
Fig. 5.3 Photo and scheme of the test rig enabling friction measurement under lateral vibrations [C]. 

 

5.2 MEASUREMENT METHOD 

To study the behaviour and thickness of EHL film, the Thin Film Colorimetric 

Interferometry (TFCI) method is employed in this thesis. TFCI was developed at the 

author’s workplace by Hartl and Krupka et al. [86-89]. The method makes it 

possible to precisely determine the thickness of lubricating film sandwiched between 

the contact surfaces (one transparent and other with reflective surface) for each pixel 

of the contact image (interferogram) and thus to reconstruct the EHL film shape. 

TFCI is a combination of chromatic (white light) interferometry with digital image 

processing. The principle of optical interference along with the film thickness 

calibration and evaluation is illustrated in Fig. 5.4. 

When the interference system is illuminated by a beam of white light, the Fizeau 

fringes of different intensity are produced. This interference phenomenon is due to 

the rays of light reflected at different interfaces of the system and their subsequent 

coherent superposition. The creation of a Fizeau fringe can be explained as follows: 

the beam of light transmits through the transparent plate and is divided into two by 

the semi reflective layer of chromium. One part of the beam reflects from the layer, 

while the other part passes through the film of lubricant and reflects from the 

polished surface of the ball. Since these reflected parts travelled different lengths of 

their paths, a phase shift between the rays occurs, resulting in interference. With 

respect to TFCI, the interference images can be evaluated in real time using 

AChILES software. At first, a calibration is needed for given lubricant, lighting 
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conditions and camera setting, all must be retained for the rest of the measurement at 

this calibration. The calibration is carried out for a static lightly loaded contact, 

when the interferograms of this contact are captured under a monochromatic and 

chromatic light. The geometry of the space between the surfaces is approximated 

from the monochromatic interferogram by fitting of Fizeau fringes. Similarly, the 

fitting is applied on the chromatic interferogram to obtain colour-coordinate profile 

expressed in CIELAB colour model establishing the calibration by a reference 

CIELAB model. During the film evaluation, the captured interferogram is 

transformed into CIELAB colour space and a film thickness distribution is 

reconstructed by a colour-matching algorithm comparing the reference CIELAB 

model with CIELAB values of individual pixels in the interferogram. The resolution 

of TFCI is better than 1 nm. 

 
Fig. 5.4 Optical interference by reflection (left) and TFCI method (right). 

 

5.3 TEST SAMPLES, EXPERIMENTAL CONDITIONS, AND 

EXPERIMENTAL DESIGN 

The experiments were conducted for two material configurations of contact 

bodies. The configuration steel ball - glass disc/plate was applied in papers [A, B], 

where the film thickness behaviour was investigated. Both configurations steel 

ball - glass window and steel ball - sapphire window were used in paper [C] devoted 

to a frictional response of lubricant under vibrations. The effect of different material 

configurations is analysed only with respect to frictional response, since the impacts 

of contact area size, contact pressure, and thermal properties are more pronounced 

for friction than for film thickness. The surface of the steel ball was polished with a 

diamond paste before each series of measurements. The average roughness of the 

ball surface, analysed via a using a 3D optical microscope, was kept under Ra 

0.007 µm. The contact surface of the chromium layer is considered to be optically 
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smooth. The contact bodies and some parts of the test rig, which come into contact 

with the lubricant, were cleaned with acetone before measurements. Small objects 

were cleaned in an ultrasonic acetone bath. 

 

5.3.1 Paper A – EHL film thickness at pure squeeze action 

In the first experimental study, the entrapment of the lubricant in the EHL point 

contact was investigated during the introductory part of the linear impact loading as 

the film distribution is mainly determined during this short interval. Before the 

impact load was carried out, an initial gap of 0.5 or 0.8 µm was established. These 

initial gaps, measured by TFCI, were chosen considering film thicknesses in EHL 

contacts of actual machines. 

The introductory part of the impact is divided in paper [A] into the approach stage 

of the contact bodies and the loading stage of the contact. The approach stage is 

characterized by the time of approach and the rate of decrease in the gap between the 

contact surfaces (approaching speed). Let us recall that the effect of the approaching 

speed on EHL film was investigated by previous authors only theoretically. The 

loading stage is represented by the time of loading (impact time) and the rate of 

change in the Hertzian contact radius (loading speed), when the instantaneous load 

is calculated from the Hertz theory. Five loading curves (LC1 to LC5) were used in 

the experiments for two initial gaps. The loading and approaching speeds and 

corresponding times were determined for contact without lubricant (dry contact). In 

order to distinguish whether the film was affected by the approaching speed or by 

the loading speed, the approaching speeds were different for individual 

combinations of initial gaps and loading curves, whereas the loading speeds were 

almost equal for both initial gaps. Although the maximum contact load during the 

impact was 125 N, the film distribution was examined only to the instantaneous 

value of a load of 110 N (contact pressure of 0.8 GPa) to avoid distortive effects that 

could affect the results. The first undesirable effect is that the rate of loading ceases 

to be linear at the end of the impact (near to the maximum load) due to inertia 

forces. The second effect is that the dimple film shape is gradually affected by 

lubricant leakage in the peripheral area as time passes, especially when the rate of 

loading is reduced at the end of the impact. The numerical data of used impact 

loadings are summarized in Table 1. 

When the kinematic conditions were established for a dry contact, the gap 

between the top of the ball and the glass plate was filled by a lubricant. To 

encompass the influence of lubricants rheology, eleven lubricants were employed in 

this study. Their rheological properties can be seen in Table 2. The experiments 

were performed for all combinations of load curves, initial gaps, and used lubricants 

at ambient temperature 25 ± 2 °C. Subsequently, the results were analysed and film 

profiles compared with each other to determine the role of approaching and loading 

speed during the formation of entrapped film. The influence of lubricant rheology on 

film distribution was evaluated in a similar way. Finally, the empirical relationships, 

describing the dependence of dimple film shape and its central film thickness on the 
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operating parameters, were established, when the experimental results were 

confronted with the theoretical prediction recently published by Venner, Wang, and 

Lubrecht [31]. 

 

Table 1 Summary of experimental conditions for impact loading [A]. 

Load 

curve 

Initial 

gap (µm) 

Approaching 

speed (µm/ms) 

Loading 

speed 

(N/ms) 

Approach 

time 

(ms) 

Impact 

time (ms) 

Time at 

110 N 

(ms) 

LC1 0.5 1.358 24.6 0.5 4.7 5.2 

 0.8 2.170 22.9 0.6 4.8 5.4 

LC2 0.5 0.948 14.0 0.7 8.9 9.6 

 0.8 1.144 12.1 0.9 9.1 10.0 

LC3 0.5 0.737 9.2 0.9 13.0 13.9 

 0.8 0.783 8.3 1.3 13.3 14.6 

LC4 0.5 0.489 6.5 1.2 17.4 18.6 

 0.8 0.579 6.1 1.5 18.0 19.5 

LC5 0.5 0.409 5.1 1.4 21.5 22.9 

 0.8 0.473 5.0 1.8 22.0 23.8 

 

Table 2 Viscosity at ambient pressure, pressure-viscosity coefficient (PVC) and molecular weight 

of lubricants at 25 °C used in paper [A]. 

Lubricant Viscosity (Pa·s) PVC (GPa-1) Mol. wt. (g/mol) 

GC 1.01 5.4 92 

SQ 0.025 22.3 423 

PAO 4 0.023 11.9 437 

PAO 6 0.046 11.1 529 

BS 0.903 22.67 ≈ 600 

CAS 0.75 14 927 

DMPS 1 15.2 ≈ 32 000 

KTF-1 0.062 34.8 ≈ 250 

SR 90 0.032 21.9 ≈ 410 

SR 150 0.056 22.8 ≈ 430 

SR 600 0.245 24 ≈ 450 

 

5.3.2 Paper B – EHL film thickness under lateral vibrations 

In the next paper [B], an EHL contact was exposed to harmonic lateral-sliding 

vibrations to study the impact of these vibrations on film thickness behaviour via 

TFCI. First, the kinematics within the contact was analysed describing instantaneous 

magnitudes (speeds) and vectors of surface entrainment and sliding velocities (see 

Fig. 5.6). The kinematic analysis is based on time-independent angular speeds of the 

ball and the disc, taking into account their radii in the point of the contact, together 

with the time-dependent motion of the ball in the lateral direction (perpendicular to 

the main rolling direction) of the contact. A stroke length, frequency, and time of the 

lateral motion of the ball are used to determine the ball position, speed, and 
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acceleration in this direction via harmonic functions. The time-dependence causes 

non-steady state operating conditions. Furthermore, an elementary estimation of 

lubricant passage through the contact was introduced involving the entrainment 

velocity and ignoring the sliding velocity to clarify a control mechanism of the 

lubricant passage, which affects film thickness distribution under transient 

conditions 

 
Fig. 5.6 Movement of EHL contact (left) and velocities within rolling/sliding EHL contact (right) under lateral 

vibrations [B]. 

Pure rolling was applied in the main direction of the contact, while pure sliding 

took place in the lateral direction of the contact. Different main rolling speeds, 

lateral-sliding harmonic motions, contact loads, and lubricants were combined. The 

ranges of the instantaneous values of individual operating parameters are listed in 

Table 3. Five liquid solutions (lubricants or its mixtures), whose rheological 

properties can be found in Table 4, were employed in the experiments representing 

different types of lubricants. 

 

Table 3 Ranges of operating parameters used in paper [B]. 

Operating 

parameter 

Minimum 

value of 

parameter 

Maximum 

value of 

parameter 

Entrainment speed 

(m/s) 

0.006 0.55 

SRR (1) 0 -1.99 

Frequency (Hz) 0 300 

Stroke length (µm) 80 400 

Lateral entrainment 

acceleration (m/s2) 
0 335 

Entrainment 

acceleration (m/s2) 
0 250 

S/D ratio (1) 0.1 0.9 

Contact pressure 

(GPa) 

0.45 0.88 
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Table 4 Viscosity at ambient pressure, pressure-viscosity coefficient (PVC) and molecular weight 

of lubricants at given temperature used in paper [B]. 

Lubricant 
Temperature 

(°C) 

Viscosity 

(Pa·s) 

PVC 

(GPa-1) 

Mol. wt. 

(g/mol) 

SN650+PIP 30 1.007 ≈ 12 ≈ 450/40 000 

CAS 40 0.239 12.4 927 

R560/88 40 0.406 ≈ 30 ≈ 500 

SQ+PIP 40 0.071 20.9 423/40 000 

PGLY 40 16.3 13.2 12 000 

 

In order to quantitatively evaluate the effect of lateral vibrations on film 

thickness, the central film thickness of the lubricants was first measured under 

steady state conditions. The same contact loads/pressures and temperatures were 

applied as those used in the transient conditions, but both the entrainment speed and 

SRR slightly exceeded the ranges in Table 3. Subsequently, the empirical 

relationships between the film thicknesses and operating parameters were 

determined by fitting these data via polynomial models. The central film thickness 

estimated from these relationships for equivalent instantaneous values of operating 

parameters is referred to as the reference film thickness. The reference film 

thicknesses were compared with film thickness distribution in the contact under 

lateral vibrations considering the time of lubricant passage through the contact. This 

enable to elucidate the origin of film thickness distribution and its predictability by 

means of usual film thickness predictions for steady state conditions. Thereafter, 

film profiles were compared for conditions, where one operating parameter was 

changed, while other parameters were kept fixed, to determine the effect of this 

parameter on film thickness. The effects of operating parameters on film thickness 

were evaluated using the dimensionless numbers (ratios) defined as the relative 

deviations of film thickness (positive, negative, and overall) related to the mean 

value of film thickness in this area, and represented by a ratio of this mean film 

thickness and the reference film thickness resulting from steady state conditions. 

Based on the effects of lateral and main entrainment speed on film thickness, their 

ratio was assumed as the rate of lateral vibrations. The effect of lateral vibrations on 

film thickness was subsequently identified by a systematic comparison of film 

profiles for various conditions considering the dimensionless numbers and the rate 

of lateral vibrations. 

 

5.3.3 Paper C – frictional response of EHL film under lateral vibrations 

Similar kinematic conditions as in article [B] were also employed in paper [C], 

where the frictional response of lubricant was examined simultaneously in the main 

and the lateral direction of the contact. The utilized lubricant was bright stock 

mineral oil with ambient viscosity of 0.329 Pa·s and PVC of 19.03 GPa-1 at 40 °C. 

Measurements were carried out for steady state and non-steady state conditions. 
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Under steady state conditions, the steel ball rotated at its surface sliding speed 

ranging from 0.01 to 0.5 m/s. Under non-steady state conditions the sliding speed in 

the main direction was maintained at 0.1 m/s and, at the same time, the ball 

performed reciprocating motion in the lateral direction of the contact at frequency 

from 30 to 100 Hz and stroke length from 30 to 220 µm. Since two loads and two 

material configurations were employed, three contact pressures and two diverse 

diameters of the contact were combined with the kinematic conditions. The 

experimental conditions are summarized in Table 5. These conditions were chosen 

with respect to findings in paper [B] to ensure an almost stable central film thickness 

for given main sliding speed. 

 
Table 5 Experimental conditions of measurements under lateral vibrations employed in paper [C]. 

Window 

material 

Contact 

load 

(N) 

Contact 

pressure 

(GPa) 

Contact 

diameter 

(µm) 

Main 

sliding 

speed 

(m/s) 

Lateral 

sliding 

speed 

(m/s) 

SRR 

Glass  35 0.53 357    

Glass  89 0.72 487 0.1 0 to 0.07 -2 

Sapphire  89 1.32 358    

 
The CoFs in the main and the lateral direction of the contact were calculated in 

real time by dividing the individual friction forces by the normal load of the contact. 

Since the contact window is attached to the rigid part of the compliant mechanism 

by means of the flexure hinges, the friction forces cause the windows movement to 

allow their measurement. The window movement was included in calculations 

through the stiffness of this system to quantify a relative displacement and sliding 

speed between the surface of the ball and the surface of the window. First, the 

frictional response of lubricant was measured under steady state conditions 

(unidirectional shearing) to assess the regime of friction and related phenomena 

according to the similarities with a general traction curve. Then, the lubricant was 

exposed to transient bi-directional shear loading due to lateral vibrations. The 

influences of operating conditions on the frictional response in the lateral direction 

of the contact were analysed using the Lissajous curves. Moreover, the viscoelastic 

response was investigated, because such friction behaviour is expected at high 

pressures and oscillation shear loading of lubricant. To clarify an interdependence of 

the frictional responses in the lateral and the main direction of the contact, the 

responses were compared for different transient conditions considering thermal and 

other effects, and a total friction. The total friction was calculated as a vector sum of 

the friction components in the direction of sliding velocity vector. Furthermore, the 

frictional responses of uni- and bi- directional shear loaded films were compared to 

deduce their origins. Besides of this, the direct comparison was used to assess the 

impact of the rate of lateral vibrations on the total friction. 
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6  RESULTS AND DISCUSSION 

In the first experimental study [A], the role of approaching and loading speed on 

dimple film shape formation and resulting film thickness was examined under 

conditions of pure squeeze action using the optical tribometer. For these purposes, 

two realistic initial gaps were combined with five loading curves of differently 

graded loading and approaching speeds calculated for dry conditions. 

First, a single mineral oil was employed and the temporal evolutions of its film 

profiles were analysed with respect to individual conditions. Due to a pressure 

build-up and growth in lubricant viscosity particularly in the central area of contact 

during the impact process, the amount of entrapped lubricant within the central 

dimple and accordingly the central film thickness increased with the increase in the 

approaching speed, loading speed, and initial gap. These results followed the 

previous theoretical and experimental findings. Nevertheless, a crucial feature of the 

central dimple formation was revealed. It was observed that the apex of the dimple 

began to be visible at a time, which was close to the approach time of a dry contact. 

It means that the beginning of the dimple formation took place at the end of the 

initial approach stage of the impact process. The central film thickness was then 

directly given by the apex of dimple. Moreover, the time of the apex occurrence was 

not affected by the different initial gaps and was driven by the used loading curve. 

The central film thickness can therefore be attributed to approaching speed or 

loading speed. The former determines the approach time, close to which the apex 

was observed. The higher approaching speed, the shorter approach time, and hence 

the top of the dimple is formed at a thicker residual film. On the other hand, if the 

latter was changed, the central film thickness did would not necessarily follow these 

changes. This is clear evidence that the approaching speed is one of the key factors 

determining the central film thickness, whereas the loading speed is irrelevant in this 

respect. Another key factor is the initial gap; it predetermines the residual film 

thickness at which the dimple is formed. 

Once the initial approach stage was over, the dimple film shape started to be 

formed during the loading stage of the impact process. The shape of the dimple was 

analysed with respect to the slope of its sides. Since a linear loading progress was 

applied, a major part of dimple sides was straight, where the film thickness 

diminished at a gradually increasing radius from the contact centre. The analysis 

proved that the slope of dimple sides is linearly dependent on the loading speed and 

is influenced by the initial approach stage of the impact. At a high loading speed, the 

rate of increase in viscosity was high as well; the lubricant could not leak out and a 

steeper shape of the dimple was formed. Correspondingly, the flattened shape was 

formed with a small amount of entrapped lubricant at low loading speeds. These 

results support the theoretical findings in [22], where non-linear progresses of 

loading speed were simulated. 

After that, the tests were repeated with the same loading curves and initial gaps 

for the next ten various lubricants to assess the effect of lubricant rheology. It was 

demonstrated that ambient viscosity is another key factor affecting overall film 
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thickness of the dimple, while PVC plays only a minor role. The effect of ambient 

viscosity took place mainly during the initial approach stage, when it determined the 

rate of the reduction in the central film thickness and the time required for its 

stabilization. The low viscosity lubricants quickly escaped from the closing gap at 

the contact periphery due to their low flow resistance. Hence, the apex of the dimple 

was produced at low residual film thickness at a time close to the approach time of 

dry contact and the lubricant was almost immediately entrapped within the dimple 

resulting in stable central film thickness. This is in accordance with the numerical 

results presented in [60]. The higher flow resistance caused the low rate of reduction 

in film thickness of high viscosity lubricants. Consequently, a deep dimple was 

formed, but the stabilization of the central film thickness took more time. 

Furthermore, it was shown that the slope of dimple sides can be affected by PVC, 

since it determines the rate of viscosity build-up during the loading stage of the 

impact. However, the influence of PVC was proved only for the loading curve with 

a high rate of the increase in the contact pressure.  

The central thicknesses of entrapped films obtained in the experimental study [A] 

were subsequently compared with their predicted values by means of the analytical 

solution recently published by Venner et al. [31].  

 

 
Fig. 6.1 Comparison of experimental (symbols) and analytical (lines) results of central film thickness [A]. 

This direct comparison revealed that the theoretical prediction underestimates the 

central film thickness by 32% on average. Moreover, the predicted data differed 

from the measured ones in their trend according to the impact times/speeds on which 

this prediction is based. This trend is stated in the theoretical solution by a fixed 

value of the index of the power-law dependence resulting from the impact analysis 

for dry contact by Johnson [90]. Nevertheless, the impact times/speeds are also 

affected by the used lubricant, because its rheological properties influence the rate of 
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the reduction in the central film thickness. The effect of impact time, loading and 

approaching speed on the central film thickness, as well as the index of the 

power-law dependence, was found to be given by the product of ambient viscosity 

and PVC of lubricant. Optionally, only the ambient viscosity can be considered 

when PVC is unknown, because the effect of PVC is less pronounced. In view of 

this, the empirical relationships were established and, if implemented in the 

prediction [31] instead of the fixed value of index, lead to satisfactory estimates of 

the central film thickness of entrapped lubricant in the central dimple despite 

different initial gaps. 

The previous theoretical and experimental studies of other authors showed that 

the squeeze action is also important when the tangential speed of contact surfaces 

vary over time. Although vibrations are inseparably linked to the operation of every 

machine, their impact on EHL film thickness was examined only sporadically 

lacking any quantitative description and exceeding realistic values of S/D ratio. To 

correct this unjustified overlook, study [B] including a variety of conditions of 

harmonic lateral vibrations was performed, when S/D ratio was kept under one. 

In the first part of study [B], the lubricant passage through the contact and the 

origin of film thickness distribution was investigated at fixed conditions of lateral 

vibrations. The actual passage of a small section of lubricant was directly compared 

with the estimated position of this section via a sequence of interferograms captured 

at different times. The theoretical estimation was based on the kinematic conditions 

when it involved entrainment velocity but neglected sliding velocity. A very good 

agreement was obtained between the estimated and actual passage of the section of 

lubricant. This result emphasized that the effect of sliding vector is negligible in this 

respect and the passage of lubricant can be simply predicted considering only 

entrainment speed. After that, the individual film thicknesses in the contact were 

assigned to the times at which the thicknesses were entrained into the contact inlet 

under lateral vibrations. In this way, it made possible to determine the immediate 

values of entrainment speed and SRR responsible for the formation of the film at the 

contact inlet at given times. The design of this experiment was straightforward, if 

film thicknesses acquired under lateral vibrations are comparable with the 

thicknesses formed under corresponding steady state conditions in terms of 

entrainment speed and SRR, then the overall film thickness distribution can be 

estimated from the thickness under steady state conditions or from 

Hamrock-Dowson predictions [1-3] in the case of low SRR. It was revealed that 

fluctuations of central film thickness due to lateral vibrations cannot be directly 

estimated via a common film thickness predictions or by means of thickness formed 

under steady state conditions. 

When the origin of film distribution under vibrations was clarified, the influence 

of the main entrainment speed, lateral entrainment speed, and lubricant rheology on 

the central film thickness was studied using the dimensionless numbers. As the 

frequency increased up to 300 Hz, the overall film deviation grew exponentially to 

almost 100% of the mean value of central thickness due to the entrainment of thin 
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and thick films in the central area of the contact and more pronounced squeeze 

action. Simultaneously the relative mean film thickness exponentially declined to 

70%. The effect of the main entrainment speed was found to be opposite to the 

effect of the lateral entrainment speed. Very high values of the coefficients of 

determination (above 0.998) were achieved by fitting the experimental data with 

general exponential functions. Thereafter, the film thickness distributions of four 

lubricants were compared under the same non-steady state conditions of lateral 

vibrations. The influence of lubricant rheology was substantial. It was pointed out 

that the squeeze/entrapment effect was more significant for lubricants forming a 

thicker film. Besides this, another source of the film thickness deviations was 

unexpectedly found. The film of non-Newtonian polyglycol (PGLY) was disrupted 

by low-thickness sharp stripes in the central area of the contact, which may affect 

contact fatigue. Surprisingly, the stripes were not produced at the contact inlet but 

directly in the central area of the contact at the moment of maximum sliding speed 

and they disappeared before reaching the contact outlet. Regardless of these 

differences in film distributions due to lubricants rheology, the relative mean 

thickness was almost the same for all lubricants, since this dimensionless number 

involves the reference film thickness of particular lubricant suppressing these 

differences. 

 
Fig. 6.2 The effect of lateral vibrations on the mean value of the central film thickness [B]. 

Further, a broad spectrum of operating parameters was employed to gain a 

quantitative description of film behaviour under lateral vibrations. Based on the 

knowledge that the effects of main and lateral entrainment speed are inverse, the 

parameter referred to as the rate of lateral vibrations (entrainment speeds ratio) was 

stated to summarize the impact of these opposing influences on film thickness. A 

simple exponential relationship was established from a large amount of experimental 

data to estimate the effect of lateral vibrations on the reduction in the mean film 
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thickness uniformly for all lubricants considering the reference film thickness. 

Along with that, the appropriate equations were established also for the positive, 

negative, and overall film deviations common to all lubricants. All deviations 

exponentially grew with the increase in the rate of lateral vibrations. 

In the last article [C] of this dissertation thesis, the frictional response of lubricant 

was investigated under lateral vibrations. So far, there was no experimental or 

numerical study examining the effect of lateral vibrations on EHL friction; 

especially inspecting the frictional responses simultaneously in both the main 

direction and the lateral direction of the EHL contact. Due to this lack of knowledge, 

the focus of paper [C] is not only on the influence of operating conditions but also 

on the interaction of these responses considering total friction under steady state and 

non-steady state conditions, and on an evaluation of lubricant rheology via this 

unusual approach. To achieve these goals in a non-distorted way, experimental 

conditions were designed to avoid the significant fluctuations of film thickness 

observed in study [B], i.e. the rate of lateral vibrations was maintained below 0.6. 

The starting point in study [C] was the determination of CoF, friction regime and 

associated phenomena affecting friction under appropriate steady state conditions, 

which can be subsequently compared with friction under lateral vibrations. All 

measured frictions curves belonged to the thermal regime while CoF decreased with 

the increase in the sliding speed due to a drop in lubricant viscosity resulting from 

the effects of in-contact shear heating and/or shear thinning. The frictional response 

in the lateral direction was examined in the first place when the contact was 

subjected to lateral vibrations and the lubricant underwent transient bi-directional 

shearing. The level of viscoelasticity was quantified via an analysis of the phase 

shift between the lubricant excitation (lateral position representing a strain of 

lubricant) and its response (CoF representing lubricant shear stress). The mean value 

of the phase shift about π/2 and its low standard deviations indicated a purely 

viscous behaviour of lubricant for different combinations of kinematic and contact 

conditions; even at a pressure exceeding 1.3 GPa. This was also confirmed by 

Lissajous curves (lateral position – CoF). The frictional response was linearly 

dependent on lateral sliding speed pointing to an isothermal Newtonian behaviour of 

lubricant. It should be emphasized that such response is highly desirable for 

determination of rheological properties of lubricants, but at the same time it is very 

difficult to obtain this response unaffected by thermal phenomena under severe 

conditions of actual EHL contacts involving high pressures and sliding. In addition, 

it is also remarkable that the contact pressure and material configurations had no 

impact on CoF in the lateral direction of the contact in contrast to CoF in the main 

direction of the contact under both steady state and non-steady state conditions. 

These results led to the important conclusion that the frictional response and thus 

effective viscosity of lubricant cannot be considered as isotropic, because they are 

predetermined by a measurement direction in spite of the same shear rate. 

Subsequently, the reason for absence of above-mentioned effects in the lateral 

direction of the contact was investigated via a comparison of origins of frictional 
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responses under uni- (steady state) and bi- (lateral vibrations) directional shear 

loadings. It was deduced that the isothermal Newtonian response in the lateral 

direction of the contact originated from short-term perturbation of lubricant 

structural arrangement in the perpendicular direction to its main flow while the 

lubricant structure was re-arranged after its unloading at the ends of strokes of 

lateral motion. 

Furthermore, it was revealed that the frictional response in the main direction of 

the contact was influenced by the friction in the lateral direction of the contact, but 

not vice versa as the majority of shear flow was maintained in the main direction. 

This was found from the comparison of CoFs in the different directions of the 

contact with its total friction. Although various stroke lengths and frequencies of 

vibrations were used and resulted in different lateral sliding speeds, the total CoF 

remained the same until the pressure was kept fixed. The independence of friction 

on the sliding speed indicated the achievement of the limiting shear stress 

phenomenon, when the shear stress transferred through a film of lubricant (CoF) is 

unable to exceed a certain value. The total friction measured under vibrations 

therefore corresponded to the total friction measured under steady state conditions. 

This means that the effect of lateral vibrations on the total friction was negligible in 

the range of used experimental conditions, similarly as in the case of film thickness 

when the rate of lateral vibrations was lower than 0.6 (as demonstrated in [B]). 

 
Fig. 6.2 The effect of lateral vibrations on the overall friction [C]. 
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7  CONCLUSIONS 

The current thesis is devoted to the study of the behaviour of elastohydrodynamic 

lubricating films and their frictional response under transient operating conditions. 

The elastohydrodynamic lubrication (EHL) is the most beneficial regime of 

lubrication considering no wear and low friction and is frequently employed in the 

contacts working under severe non-steady state conditions. In spite of that the main 

attention of researchers is still paid to EHL under steady state conditions 

contradicting the actual operations of machines. Due to the lack of knowledge about 

the effects of transient conditions on the EHL mechanisms and consequent absence 

of adequate predictions for estimation of EHL film thickness and friction, 

components of machines are often designed by means of unmodified predictions for 

steady state conditions. This simplistic approach may not provide the desired 

efficiency, reliability, and service life of these machines. 

Scientific investigations pointed out that the transient operating conditions can not 

only negatively but also positively influence the behaviour of EHL film and friction. 

For instance, the entrapped EHL film ensuring separation of the contact surfaces 

even at zero speeds can be produced because of the squeeze action resulting from 

sudden loading of the contact or rapid deceleration of the motion. Moreover, lateral 

vibrations can be one of the mechanisms causing a track replenishment and 

reduction of starvation in rolling bearings. In contrary, lateral vibrations can cause as 

well a film failure in the dependence on the operating conditions. Previous 

numerical studies revealed the importance of the approaching speed for the 

formation of entrapped films, and the analytical prediction of the entrapped film 

thickness was recently established. However, the validity of the prediction has not 

been experimentally verified yet. Furthermore, only the loading speed was analysed 

in experimental studies instead of the approaching speed. The real role of these 

simultaneously acting essential parameters is thus far from clear. Although 

vibrations are inseparably linked to the operation of every machine, their impact on 

EHL film thickness was examined only sporadically lacking any quantitative 

description. Besides that, there has not been an experimental or numerical study 

considering the effect of lateral vibrations on EHL friction. 

The above-mentioned facts were extracted from the first part of this thesis 

providing a summary of the literature review in the field. Subsequently, the aim of 

the thesis was defined based on the critical analysis of the current state of the art. 

The main goal of the thesis was to experimentally determine the effects of operating 

parameters on the EHL film behaviour in the point contact under impact load and 

lateral vibrations when the emphasis was placed on the film thickness.  For this 

purpose, laboratory test rigs have been developed for measurement of film thickness 

and friction of EHL films under controlled non-steady state conditions. Since the 

thesis was conceived as a set of scientific articles, the original results of this study 

are presented in three related papers. 

The first paper dealt with the film thickness behaviour under conditions of pure 

squeeze action (linear impact loading). The purpose of the paper was to clarify the 
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mechanism of entrapped film formation and determine the effects of individual 

operating parameters including lubricant rheology. New rules of dimple film shape 

formation and film entrapment were established with respect to operating 

conditions. Experimental results were compared with a recent theoretical solution by 

other authors pointing to its shortcomings. The appropriate improvements of this 

solution were proposed in the form of empirical relationships to provide a realistic 

and yet simple to apply estimate of film thickness considering lubricant rheology 

and operating conditions. 

The following paper was devoted to the behaviour of film thickness distribution 

under lateral vibrations taking into account the actual ratio between the stroke length 

of lateral motion and the diameter of the contact. The effects of vibrations on film 

thickness were identified for a wide range of operating conditions, both qualitatively 

and quantitatively. The origins of the film behaviour were detected together with the 

thresholds of local and overall film breakdowns. Exponential functions were 

derived, describing the effect of lateral vibrations on the central film thickness and 

its deviations uniformly for all lubricants. 

The simultaneous frictional responses in the main and lateral directions of the 

contact under mild lateral vibrations were examined in the last paper. Although the 

impact of lateral vibrations on the total EHL friction was found to be negligible 

because of the limiting shear stress phenomenon, where the impact on the film 

thickness was likewise unimportant for given conditions, the used innovative 

approach gives a new insight into lubricant rheology. The important conclusion was 

that the effective viscosity and frictional response of lubricant should not be 

assumed as isotropic. 

The original results of the current thesis, which were confronted with the previous 

scientific studies, extended the knowledge in the field of EHL lubrication under 

transient conditions. The main contribution of the thesis can be summarized into the 

following points: 

 

• For the first time, the influence of approaching speed on entrapped films 

was investigated experimentally. 

• The role of approaching and loading speed on dimple film shape formation 

and resulting film thickness was revealed. 

• Empirical relationships for prediction of EHL film thickness were 

established for conditions of both impact loading and lateral vibrations. 

• For the first time, the effect of lateral vibrations on EHL friction was 

studied as well as the simultaneous frictional responses of lubricant were 

analysed in two directions of EHL contact. 
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ABSTRACT 

 

The dissertation thesis deals with the behaviour and frictional response of 

elastohydrodynamic lubricating (EHL) film under non-steady state operating 

conditions. The introductory part of the thesis summarizes the knowledge about 

EHL; ranging from its history, through basic lubrication mechanisms and 

experimental methods, up to recently published studies focused on transient 

conditions. The main goal of the doctoral thesis was to experimentally determine the 

effects of operating parameters and lubricant rheology on the behaviour of EHL 

films in a point contact during its impact loading and exposure to lateral vibrations. 

For this purpose, laboratory test rigs have been developed for measurement of EHL 

film thickness distribution and friction under controlled non-steady state conditions. 

The experiments revealed a crucial role of an approaching and loading speed on a 

formation of squeezed films under impact loading. The results were confronted with 

a recent theoretical solution. Its shortcomings were pointed out and subsequently 

eliminated by an implementation of empirical relationships taking into account the 

lubricant rheology. In the case of the lateral vibrations, the thresholds of film 

breakdowns were found and relationships were established describing the effect of 

lateral vibrations on the central film thickness and its deviations uniformly for all 

lubricants. The final part of the thesis provides a new insight into lubricant rheology 

through an innovative approach in which frictional responses of a lubricant are 

measured simultaneously in two directions of the EHL contact under lateral 

vibrations. These original results deepen the understanding of EHL mechanisms and 

can be used to enhance the design of machines improving their efficiency, 

reliability, and service life. 
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ABSTRAKT 
 
Disertační práce se zabývá chováním a odezvou elastohydrodynamického (EHD) 

mazacího filmu za neustálených provozních podmínek. V úvodní části práce jsou 

shrnuty poznatky z oblasti EHD mazání; od jeho historie, přes základní mechanismy 

mazání a používané experimentální metody, až po nedávno publikované studie 

zaměřené na transientní podmínky. Hlavním cílem práce bylo experimentálně 

objasnit vliv provozních parametrů a reologických vlastností maziv na chování 

mazacího filmu v bodovém kontaktu při jeho nárazovém zatěžování a vystavení 

příčným vibracím. Za tímto účelem byla vyvinuta laboratorní zařízení umožňující 

měření rozložení mazacího filmu a tření za kontrolovaných nestacionárních 

podmínek. Experimenty odhalili zásadní roli přibližovacích a zatěžovacích rychlostí 

na formování stlačených mazacích filmů při nárazovém zatěžování. Výsledky byly 

srovnávány s nedávným teoretickým řešením. Bylo ukázáno na jeho nedostatky, jež 

byly následně odstraněny implementací empirických vztahů zohledňujících reologii 

maziv. V případě příčných vibrací byly nalezeny hranice selhání mazacího filmu a 

určeny vztahy popisující vliv příčných vibrací na centrální tloušťku filmu a její 

fluktuace jednotně pro všechny maziva. Závěrečná část práce poskytuje nový pohled 

na reologii maziv pomocí inovativního přístupu měření třecích reakcí maziva 

současně ve dvou směrech kontaktu za podmínek příčných vibrací. Tyto původní 

výsledky rozšiřují pochopení mechanizmů EHD mazání a mohou být použity 

k dokonalejším návrhům strojů, a vylepšit tak jejich účinnost, spolehlivost a 

životnost. 
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