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ABSTRACT

This dissertation investigates the operational safety of large-scale hydrostatic bearings, in
which load capacity is provided by an externally pressurized lubricating film separating
sliding surfaces. Although hydrostatic lubrication enables negligible wear and very low
friction even at zero speed, bearings of large diameter exhibit reduced safety margins.
Segmentation of pads and tracks, assembly inaccuracies, structural compliance, thermal
effects, and hydraulic disturbances can locally reduce film thickness and move the system
toward contact-prone conditions. The dissertation therefore adopts a safety-oriented
perspective in which the minimum lubricating film thickness and its distribution are treated
as the key parameters governing reliability in rigid, segmented hydrostatic bearings. The
main aim of this dissertation is to investigate, through analysis and experimental validation,
how geometric deviations, hydraulic instabilities, and operating conditions affect the
minimum lubricating film thickness in large-scale hydrostatic bearings, and to assess
lubricating film thickness and its distribution as safety-relevant indicators of proximity to
surface contact in rigid segmented bearing arrangements. The work is structured as three
peer-reviewed journal papers. The first paper develops a contactless optical point tracking
method for measuring lubricating film thickness without permanently installed sensors and
validates it experimentally. The second paper examines pad alignment as a direct safety
factor by comparing mechanical leveling, pressure-based alignment, and optical coordinate
measurement method, demonstrating that optical alignment provides the most uniform film
thickness distribution. The third paper applies the methodology to the hydrostatic bearing
system of the Very Large Telescope, where contactless measurements reveal film-thickness
variations caused by segmentation and simulated restrictor faults. Overall, this dissertation
provides experimentally validated diagnostic tools and supports a preventive, film-
thickness-based safety strategy for large hydrostatic bearings.
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Tribology, Hydrostatic lubrication, Lubricating film thickness, Bearing safety, Lubricating
film distribution



ABSTRAKT

Tato disertacni prace se zabyva provozni bezpecnosti hydrostatickych lozisek velkych
rozmérl, u nichz je nosnost zajisténa tlakovym mazivem, tvoticim film oddélujici kluzné
povrchy. Prestoze pii hydrostatickém mazani prakticky nedochazi k opotiebeni a tfeni i pfi
nulové rychlosti, loziska velkych primérd vykazuji omezené bezpeCnostni rezervy.
Segmentace kapes a pojezdovych drah, montazni nepiesnosti, poddajnost konstrukce,
tepelné vlivy a hydraulické poruchy mohou lokalné snizovat tloustku mazaciho filmu a
piiblizovat systém ke staviim nachylnym ke kontaktu, a tedy kolizi. Prace proto uplatiuje
bezpecnostné orientovany piistup, v némz jsou minimalni tloustka mazaciho filmu a jeji
rozlozeni povazovany za kli¢ové parametry urcujici spolehlivost pevnych segmentovanych
hydrostatickych lozisek. Hlavnim cilem této disertacni prace je analyticky i experimentalné
prozkoumat, jak geometrické odchylky, hydraulické nestability a provozni podminky
ovliviiuji minimdlni tloustku mazaciho filmu u velkorozmérovych hydrostatickych lozisek,
a posoudit tloustku mazaciho filmu a jeji rozlozeni jako bezpecnostné relevantni indikatory
vzniku kontaktu mezi kluznymi povrchy v tuhych segmentovanych loziskovych
usporadanich. Prace je strukturovdna do tii recenzovanych clankl. Prvni Clanek vyviji
bezkontaktni optickou metodu sledovani bodi pro méfeni tloustky mazaciho filmu bez
trvale instalovanych snimaci a experimentalné ji ovéiuje. Druhy ¢lanek se zabyva ustavenim
kapes jako pfimym bezpecnostnim faktorem porovnanim konvenénich méfidel, ustaveni na
zaklade tlakt a optického méfeni a ukazuje, ze optické ustaveni poskytuje nejrovnomernéjsi
rozlozeni tloustky mazaciho filmu. Tteti ¢lanek vychazi z predeslych poznatki a zabyva se
hydrostatickym loziskem teleskopu Very Large Telescope, kde bezkontaktni méteni
odhaluji zmény tloustky mazaciho filmu zpiisobené segmentaci a simulovanymi poruchami
Skrticich prvki. Celkové tato disertacni prace pfinasi experimentalné ovéfené diagnostické
nastroje a podporuje preventivni, na tloust’ce mazaciho filmu zaloZenou strategii bezpecnosti
pro hydrostaticka loziska velkych rozmért.
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1 INTRODUCTION

Hydrostatic bearings belong to the class of fluid film bearings in which a pressurized
lubricant is supplied between sliding surfaces to generate load-carrying capacity. The
externally pressurized lubricating film ensures complete separation of the contacting
surfaces, thereby eliminating direct contact, significantly reducing wear, and enabling
smooth motion with very low friction. A key advantage of hydrostatic bearings is their ability
to maintain a stable lubricating film even at low or zero relative speed, which distinguishes
them from hydrodynamic and rolling element bearings. These properties make hydrostatic
systems particularly suitable for applications requiring high positioning accuracy, long
service life, and effective vibration damping, such as precision machine tools, large rotary
tables, antennas, and astronomical telescopes.

Unlike rolling bearings, whose performance is governed by discrete contact points, or
hydrodynamic bearings, which rely on relative motion to generate pressure, hydrostatic
bearings operate independently of speed. However, this benefit is accompanied by strict
requirements on the control of the lubricating film. The thickness and pressure distribution
of the oil film must remain within a narrow operational window to ensure safe and reliable
performance. In large-diameter hydrostatic bearings, maintaining a consistent film thickness
becomes increasingly challenging, as even small deviations in geometry, alignment, or
loading conditions can lead to local instabilities in the lubricating layer. Such instabilities
may manifest as excessive pressure gradients, local film thinning, or, in extreme cases,
collapse of the lubricating film and direct contact between sliding surfaces.

As the size of the supported structure increases, so do the technological, manufacturing, and
logistical challenges associate with the bearing system. Bearings with diameters of several
meters, and in some cases tens of meters, cannot be manufactured as monolithic components.
Instead, both the bearing pads and the mating track surfaces are typically divided into
multiple segments to enable feasible production, transport, and installation. While
segmentation is unavoidable in large-scale systems, it introduces assembly-related
inaccuracies such as height offsets, angular misalignments, and local deviations from
flatness and parallelism. These imperfections directly influence the distribution of the
lubricating film and the load-sharing behavior of individual bearing pads.



1.1 Motivation

The motivation for this research arises from the need to better understand how these
deviations affect the safety and reliability of the hydrostatic lubrication regime. In segmented
bearing systems, minor misalignments or local geometric errors can cause uneven pressure
distribution among bearing recesses, leading to localized reduction of film thickness. Such
conditions significantly increase the risk of lubricating film collapse and unintended contact
between sliding surfaces, which can result in severe damage, costly repairs, and extended
downtime.

Since perfect flatness, parallelism, and alignment across very large diameters are practically
unattainable, a certain level of geometric imperfection must be expected and systematically
managed. This necessitates reliable methods for bearing alignment, precise measurement of
lubricating film thickness, and diagnostic techniques capable of identifying critical states
before irreversible damage occurs. The motivation of this work is therefore to contribute to
a deeper understanding of how assembly precision, hydraulic behavior, and diagnostic
methods interact in large-scale hydrostatic bearings, and how this knowledge can be used to
improve operational safety and robustness in applications where absolute geometric
perfection cannot be guaranteed.

20 m

5// 0,1 m

Figure 1 Scheme of hydrostatic bearings applications size comparison.



2 STATE OF THE ART

Hydrostatic bearings were first introduced by L.D. Girard in 1851 [1] as a water-lubricated
bearing for railway applications. The concept was publicly presented at the Paris
International Exposition in 1878. Since then, hydrostatic bearings have found widespread
use in machinery, with components ranging in size from a few millimeters to several tens of
meters. In 1989 Rowe [2] published paper about advances in this field. The main progress
shifted from basic concepts to optimization and application: numerical methods and design
charts were developed for hybrid bearings operating over wide power-ratio ranges, new
geometries such as slot- and hole-entry, partial-arc and combined journal-thrust
configurations were introduced, and cavitation, thermal and dynamic stability phenomena
were incorporated into design practice. Next, in 1992 Bassani and Piccigallo [3] wrote book
about main aspects of hydrostatic bearings. In 2014, Li et al. [4] analyzed research progress
of large hydrostatic bearings. He stated that future focus in hydrostatic bearings will be in
optimization of thermal influence. Liu et al. [5] evaluated development of hydrostatic
bearings in basic theory and applications. In his opinion, future research will focus on
reliability of these bearings. Later, Michalec et al. [6] summarized design and optimization
of large hydrostatic bearings. He stated that the challenges will lie in estimation of tolerable
error specification and failure prevention.

2.1 Hydrostatic bearings

The fundamental principle of hydrostatic bearing is the supply of pressurized fluid into the
gap between two sliding surfaces. This creates a thin pressurized film that supports the load
and prevents direct surface contact [7]. Unlike hydrodynamic bearings, hydrostatic bearings
do not require relative motion between surfaces to generate a load-bearing film, which is a
key advantage during machine startup and shutdown. From a design perspective, hydrostatic
bearings are classified by the type of fluid (oil, water [8,9], or cryogens [10]), and by
configuration (radial, thrust, or combined). Recently, hybrid bearings combining hydrostatic
and hydrodynamic principles have emerged [11-14], enabling efficient operation at high
speeds where part of the load is carried hydrodynamically. The bearing receess (Figure 2)
formed within the pad is supplied with pressurised lubricant from a hydraulic power unit
through an inlet hole. The bearing pad is loaded with a force F. Once the pressure source is
activated (Figure 3), the pressure in the recess increases until it reaches the value required to
lift the load. This pressure level is given by p; = F/S, where S is the projected area of the
recess in the direction perpendicular to the applied load.

10
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Figure 2 Scheme of hydrostatic bearing contact.

At this moment, separation of the sliding surfaces occurs, and a lubricating film is formed.
Pressurized lubricant then begins to flow through the bearing. As the lubricant passes
through the throttling region (land), a pressure drop occurs, followed by outflow and return
of the lubricant to the reservoir. Different load levels result in different recess pressures p,
and corresponding lubricating film thicknesses h [3].

o Pr pr +Ap y o Wi

Figure 3 Principle of a hydrostatic bearing: pressure distribution in an axial bearing.

Hydrostatic bearings offer several benefits. Continuous separation of frictional surfaces
ensures minimal wear and low friction even at low rotational speeds, same as no stick-slip
effect [15]. They exhibit high positional accuracy and substantial stiffness, making them
ideal for precision engineering applications. They can carry heavy loads and provide
excellent damping, which helps suppress vibrations [16-18]. When properly designed and
maintained, hydrostatic bearings have a long service life. However, these advantages are
offset by certain drawbacks. Their operation requires a complex fluid supply and filtration
system, increasing both initial investment and operational costs [19]. Continuous fluid
pumping raises energy consumption, and sensitivity to contamination necessitates high-
quality filtration. In some cases, thermal management issues may affect lubricant viscosity
and system stability.

11



2.1.1 Hydraulic system

Hydrostatic bearings operate on the principle of externally supplied pressurized lubricant
that forms a load-carrying film. However, it is strongly dependent on the design and
reliability of the hydraulic supply system. The primary task of the supply system is to sustain
a stable lubricant film thickness over a wide range of loads and operating conditions.
Accurate regulation of lubricant pressure and flow rate is therefore fundamental. The
hydraulic system must continuously deliver an adequate quantity of pressurized fluid to the
bearing recesses so that load support is maintained without surface contact. According to the
method by which lubricant is supplied to the pads, hydrostatic bearing systems are generally
classified as constant-pressure or constant-flow systems.
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Figure 4 Scheme of hydrostatic bearing hydraulic system parts.

To ensure stable and safe operation, hydrostatic bearing systems incorporate a range of
auxiliary hydraulic components (Figure 4), largely independent of the chosen supply
principle. These typically include pressure relief valves, check valves, and throttling
elements. Temperature control of the lubricant is achieved by means of cooling units,
maintaining viscosity within a defined operating window. As the lubricant is often
discharged to atmosphere and subsequently returned to the reservoir, effective filtration is
essential to prevent particulate contamination that could damage the bearing surfaces. For
increased operational safety, hydraulic accumulators and redundant supply lines may also
be integrated.

12



Within a hydrostatic lubrication circuit, the accumulator [20] serves as a critical safety
component during abnormal or transient conditions. It consists of a pressure vessel
containing a deformable separation element—most commonly an elastomeric membrane—
that isolates the incompressible lubricant from a compressible gas volume.

During normal operation, the accumulator is charged to system pressure and stores a reserve
quantity of pressurized fluid. Proper functionality requires installation in conjunction with a
check valve, which prevents backflow toward the pump and ensures that any discharge from
the accumulator is directed solely at the bearing pads. In the event of a sudden pump failure,
the pressure within the bearing recesses would otherwise collapse rapidly, potentially
causing contact between sliding surfaces while relative motion is still present. Such a
scenario can lead to severe surface damage. The accumulator mitigates this risk by
temporarily sustaining pressure and supplying lubricant, thereby providing sufficient time to
decelerate and stop the bearing motion under lubricated conditions. Additionally, due to the
elastic behavior of the membrane, the accumulator attenuates pressure pulsations originating
from pump operation, contributing to improved stability of the lubrication film. The use of
multiple accumulators can further reduce hydraulic pulsation levels.

For applications demanding uninterrupted operation, critical elements of the hydraulic
supply—such as filters, auxiliary pumps, heat exchangers, and accumulators—may be
installed in parallel redundant branches. Under conventional arrangements, maintenance or
failure of any of these components would necessitate system shutdown and loss of
lubrication. With a parallel configuration, the affected line can be isolated while lubrication
is maintained through the backup circuit, preserving pressure and flow to the bearing.
Although this approach increases system complexity and initial cost, it substantially
improves long-term operational reliability and fault tolerance of both the hydraulic system
and the hydrostatic bearing.

Constant flow system

The defining requirement of a constant-flow hydrostatic system is that each bearing pad
receives the same volumetric flow rate (Figure 5). Under this condition, uniform lubricant
film thickness across all pads can be achieved. Implementing this principle in practice
presents challenges, particularly as the number of pads increases. Each pad requires an
independent flow source, which traditionally implies the use of multiple pumps. Because
individual pumps exhibit variations in internal leakage and efficiency, mechanical
synchronization is often required to ensure equal delivery. In gear pump arrangements, for
example, the pump shafts may be mechanically coupled to enforce identical displacement
per revolution. Modern constant-flow systems increasingly rely on actively controlled
[21,22] hydraulic components to achieve uniform flow distribution.

13
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Figure 5 Constant flow hydraulic system.

Proportional or servo-controlled flow valves can adjust the supplied flow based on feedback
signals from flow sensors installed in each branch. While this approach offers flexibility and
precision, it necessitates advanced control hardware and sensor infrastructure. The overall
effectiveness of such regulation depends on the dynamic response of the control system and
the accuracy and stability of the measured feedback signals.

Constant pressure system

Constant-pressure systems are designed to provide approximately equalized supply pressure
to all bearing pads [23]. A single central pump (Figure 6) delivers pressurized lubricant to
the bearing through throttling elements (restrictors) that create a controlled pressure drop
between the supply manifold and the recesses [24]. When the bearing is subjected to
disturbances such as load asymmetry, the pressure loss across the restrictor allows each
recess pressure to adjust autonomously [25]. Without restrictors, lubricant would
preferentially flow toward the least-loaded pad, starving heavily loaded regions and causing
a reduction in local film thickness.
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The restrictor counteracts this tendency by limiting the flow into unloaded pads in proportion
to the pressure difference, thereby redirecting lubricant toward more heavily loaded pads.
This mechanism promotes a more balanced pressure distribution and stabilizes the lubricant
film across the bearing. Compared with constant-flow systems, constant-pressure
configurations require fewer pumps and simpler hydraulic layouts, but their performance is
highly sensitive to the proper selection and design of the restrictor elements.

Restrictors

Restrictors, also referred to as compensation elements, are essential components in constant-
pressure hydrostatic systems. Their function is to generate a pressure drop that enables recess
pressure to increase as the bearing clearance decreases. Restrictors can be classified as fixed,
adjustable, passive self-regulating, or actively controlled.

Fixed restrictors possess invariant geometry and include orifice plates and capillary tubes.
Orifices [9,26,27] are short flow passages typically operating under turbulent or transitional
conditions, whereas capillaries [28-30] are long, narrow tubes designed for laminar flow.
Due to the absence of moving parts, fixed restrictors are simple, robust, and highly reliable.
They are dimensioned such that a substantial pressure drop occurs at nominal operating flow,
enabling effective compensation for clearance variations.

15



Adjustable restrictors, such as needle valves or throttle valves, allow manual adjustment of
flow resistance during system commissioning or maintenance. Once set, they operate as
fixed restrictors during normal operation but can be readjusted to accommodate changes in
load or manufacturing tolerances. This flexibility is particularly valuable in large-scale
bearings where precise machining of identical restrictors is impractical.

Passive self-adjusting restrictors respond automatically to pressure variations. Membrane-
based restrictors [31-34] employ an elastic diaphragm that deflects under pressure changes.
An increase in recess pressure causes partial closure of the flow path, increasing flow
resistance and further elevating pressure, while a pressure decrease results in opening of the
passage and increased flow. This self-regulating behavior provides strong compensation
without external control.

Active restrictors [35] represent the most advanced class of compensation elements. Their
flow characteristics are continuously adjusted using external actuators, such as piezoelectric
or electromagnetic devices. By enabling real-time modulation of flow to individual pads,
active restrictors allow hydrostatic bearings to adapt dynamically[36-39] to variations in
load, speed, or misalignment, thereby maintaining optimal lubricant film conditions.

Hydrostatic bearings are always part of a larger hydraulic circuit, including a pump,
accumulator, valves, filters, and piping. The pump provides fluid at the required pressure,
the accumulator smooths pressure fluctuations and supplies fluid during temporary load
peaks, filters remove contaminants that could damage the bearing or restrictors, and valves
control flow direction and magnitude. Piping must minimize pressure losses and maintain
system stability. Modern systems often integrate pressure, flow, and temperature sensors to
enable real-time active control and diagnostics.

2.1.2 Large hydrostatic bearings

Large-diameter hydrostatic bearings necessitate a fundamentally different design philosophy
compared with bearings of smaller scale. To classify a bearing as belonging to the large-
diameter category, explicit geometric limits must be established; in practice, several
engineering constraints naturally delineate this threshold. The sliding surfaces impose
stringent requirements on flatness and low roughness, yet conventional machining and
subsequent grinding inherently restrict the feasible size of clamped workpieces. Increasing
diameter amplifies these manufacturing challenges, as maintaining micro-level precision
across meter-scale surfaces becomes progressively more difficult. Transportability provides
an additional boundary condition: components such as bearing races would form massive
rings whose handling, transport, assembly, and servicing would be logistically prohibitive.
Considering these constraints jointly, bearings with diameters on the order of 5 m can be
reasonably designated as large-scale units.
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At such dimensions, the design paradigm must shift toward segmentation of critical
elements. Dividing the bearing slider and the hydrostatic pads into segments improves
manufacturability, simplifies transport, and allows targeted maintenance. In the event of
surface damage, a single pocket or slider segment can be replaced without dismantling the
entire structure. Segmentation, however, introduces a new engineering challenge:
maintaining the flatness and geometric continuity of the divided sliding surface, which is
essential for preserving stable film thickness and uniform load distribution.

Large-scale hydrostatic bearings also operate under conditions that may fluctuate more
substantially than in smaller systems. Variations in ambient temperature induce changes in
lubricant viscosity, influencing load capacity and stiffness, while shifts in loading direction
or magnitude—arising, for example, from structural movements or repositioning of the
supported equipment—modify the pressure distribution within the film. These factors
collectively necessitate a design and control approach that explicitly accounts for geometric
segmentation, manufacturing tolerances, and variable operating conditions to ensure long-
term reliability of large hydrostatic bearing systems.

Applications of hydrostatic bearings are broad, typically where precision, reliability, and
high load capacity are required. In machine tools, they are used in spindles and linear guides,
allowing micrometer-level precision even under heavy cutting loads. In astronomy, they
support large telescopes and antennas, providing extreme stability and vibration suppression.
In energy systems they are used in turbine and generator bearings. In aerospace and space
applications, hydrostatic bearings are employed in precision gyroscopes, simulators and
radar antennas. Bearing surface materials are selected for wear resistance, lubricant
compatibility, and thermal conductivity. Traditionally, bronze, copper, or brass alloys are
used, often with tin or lead additives to improve adhesion resistance. In modern precision
applications, composite materials and ceramic coatings are also employed, combining low
friction with high hardness. Shafts are typically hardened and finely ground or polished to
ensure a uniform pressure film and minimize micro-vibrations.

The applicability of hydrostatic bearings in machining centers is best illustrated by the
progression from precision tables and gantry machines to today’s large-scale systems, where
an axis or table travels distances on the order of meters while stable micrometer-level
accuracy is required. As machine dimensions increased, conventional rolling guides became
a limiting factor due to restricted stiffness, significant vibration transmission, and rising
friction. In contrast, hydrostatic guides with a thin oil film made it possible to maintain
smooth motion and high load capacity without stick-slip effects, even over long travel
lengths. In specific designs, this benefit is evident, for example in linear guides with film
thicknesses of only a few micrometers implemented in a high-precision machining center,
where stiffness was increased by up to an order of magnitude while simultaneously reducing
the overall drive energy demand, without degrading accuracy over long table travels [40].

17



In large rotary tables of horizontal boring machines, hydrostatic axial and radial bearing
surfaces support workpieces weighing tens of tonnes; here, optimization of pocket layout is
deliberately aimed at limiting table deflection under eccentric loading and maintaining
flatness of the clamping surface over diameters of several meters [41,42]. Complementary
numerical and thermo-mechanical analyses of complete machine frames with hydrostatic
guides show that bearing behavior cannot be separated from the large-scale structure, as
temperature distributions and deformations over meter-long axes strongly affect film
thickness uniformity and thus the resulting tool-path accuracy [43].

In turbines and generators, hydrostatic bearings gained importance when increasing shaft
lengths and rotor diameters began to impose extreme demands on rotor stability during start-
up, low-speed operation, and transient conditions. For machines with shafts on the order of
meters in length, it became evident that purely hydrodynamic bearings cannot reliably
prevent surface contact at low speeds while maintaining a uniform film thickness over the
entire bearing segment. Hydrostatic support makes it possible to generate a consistent
pressure cushion independent of rotor speed, thereby stabilizing massive shafts at moments
when their dynamic behavior is most sensitive. Analysis of large axial thrust bearings in
steam turbines shows that an auxiliary hydrostatic mode significantly suppresses torsional
and bending vibrations, which otherwise accumulate in long rotors and may lead to
unwanted contact [44]. In hydraulic turbines with rotor diameters exceeding several meters,
pressure uniformity within the pocket system plays a decisive role, as pressure
inhomogeneity in the axial bearing can induce tilting of the entire shaft assembly; numerical
simulations and experimental measurements demonstrate that optimized oil supply to
individual pads reduces thermal imbalance and uneven wear on large sliding surfaces [45].

In antenna and radar systems, hydrostatic bearings began to be adopted when increasing
diameters of rotating platforms and supporting structures—commonly reaching meter-scale
dimensions—simultaneously required high load capacity, extremely fine motion control,
and minimal vibration generation. Deep Space Network (DSN) 64 m [46,47] antennas (later
upgraded to 70 m [48]) use an azimuth hydrostatic thrust bearing: 3 rectangular pads each
with 6 recesses, mounted via a self-aligning spherical joint. The supply system is designed
for high pressures (pump capability up to 27.58 MPa) and film thickness over 127 pm level.
In practice, these constraints translate into a clear operational requirement for deep-space
antennas: maintain oil temperature/viscosity control, preserve runner flatness (shim control),
and manage incremental mass additions of new instruments with pressure measurement.

18



In the development of large optical telescopes, hydrostatic bearings appear once the diameter
of the primary mirror and the size of the supporting structure reach tens of meters and
conventional rolling supports become insufficient in terms of both stiffness and motion
controllability. In the Giant Magellan Telescope (GMT), hydrostatic axil (Figure 7) and
radial segments support the alt-azimuth mount with a total mass on the order of thousands
of tons; during sky tracking, the structure moves on an oil film approximately 50 um thick,
enabling smooth motion and pointing accuracy at the arcsecond level even under significant
eccentric loading and seismic excitation [49].
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Figure 7 GMT hydrostatic pad [49].

A similar philosophy, realized in a concrete implementation, can be observed in the Very
Large Telescope (VLT): its main axes are supported by hydrostatic bearings that allow
rotation of the entire structure on an oil film ten of micrometers thick. The third stage of this
evolution is represented by ESO’s Extremely Large Telescope (ELT), whose azimuth axis
is supported on a system of concentric circular tracks with diameters of approximately 51
m, 34 m, and 6 m, together with a radial guide; all of these tracks employ hydrostatic oil
bearings (Figure 8) to allow the exceptionally large structure to deform in a controlled
manner while retaining the required stiffness and smooth motion during tracking [50].
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Figure 8. Section of a typical hydrostatic pad with some elements highlighted: 1) structure in solid with the pad. 2) pad base.

3) pad body with the oil pockets. 4) track. 5) central shaft, 7) bush. 8) seal. 9-10) spherical joint, 11-12) LVDT
transducer. 13) cover. 14) oil rear chamber.

Figure 8 ELT hydrostatic pad scheme: [50].
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Across all these domains, the adoption of hydrostatic bearings reflects a common set of
functional requirements: high stiffness, excellent damping, minimal friction at wide range
of speeds, and the absence of wear. Although the specific operating parameters vary widely
between applications (Table 1), the underlying motivation remains the need for precise,
stable, and durable support of critical machine elements.

Table 1  Examples of the largest hydrostatic bearings (azimuth bearings):
. Dimension i : Recess
Application . Film thickness | Total flow
(outer diameter) pressure
52 m (3 tracks) 720 I/min
ELT - -
[50] [50]
VLT ~20m - - -
65 - 70 um 276 1/min 3.5 MPa
GMT 21.2 m [49]
[51,52] [52] [52]
64-meter antenna 24.49 m [46] 127 — 254 um 545.4 I/min | 6.21 MPa
' [46] [46] [47]
127 — 250 um 594 I/min 10 MPa
70-meter antenna 24.49 m [48]
[48] [48] [48]

2.2 Safety of lubrication film

The operational safety of hydrostatic bearings is governed by the integrity of the externally
pressurized lubricating film. For large-scale bearings, the admissible operating range is
defined not only by the nominal film thickness, but by its spatial distribution under realistic
combinations of load, temperature, geometric errors and hydraulic disturbances. Each of
these alters the local pressure field and thus the minimum film thickness, potentially driving
parts of the contact towards critical contact conditions.
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2.2.1 Lubrication-related failures

Failures associated with lubrication occur when the bearing is unable to sustain a continuous,
sufficiently thick, and spatially uniform fluid film. Under such conditions, the fundamental
separation between sliding surfaces is compromised, making the system sensitive to
hydraulic, thermal, and contamination effects.

Material degradation may result from erosive action [53] caused by high-speed lubricant
flow in narrow gaps, around recess boundaries, or within restrictors. Sustained high shear
rates and localized turbulent jets progressively remove material, increase effective
clearances, and distort the intended pressure field, thereby diminishing the bearing’s load-
carrying capability. When the lubricant contains solid contaminants, abrasive particles
intensify erosion and may damage restrictor geometries, further destabilizing flow control
and film formation. Hydrostatic bearings depend on accurately calibrated flow-control
components to preserve pressure balance; even partial obstruction can induce asymmetric
pressure distributions, localized film breakdown, and intermittent solid contact, rapidly
degrading the bearing surfaces. Such blockages are commonly linked to particulate
contamination, or lubricant ageing.

Thermal instability represents an additional failure pathway [54]. Excessive lubricant
heating—caused by insufficient cooling, high shear in extremely small clearances, or
externally imposed thermal loads—reduces viscosity and directly lowers film thickness
(Figure 9). This may initiate thermal runaway, in which viscosity loss leads to further
thinning of the film and increased heat generation, potentially culminating in complete film
collapse if corrective measures are not implemented.
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Figure 9 Change of oil film height with temperature for selected lubricants [54].
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Among the most critical hazards is interruption of lubricant supply due to pump malfunction,
cavitation, air entrainment, or pressure losses from leakage. Because hydrostatic bearings
rely entirely on externally pressurized fluid to maintain separation, even brief supply
disruptions can cause immediate surface contact, resulting in severe scoring, plastic
deformation, or catastrophic seizure. In multi-pad configurations supplied from a common
source, a localized supply failure may propagate instability throughout the entire bearing
system.

2.2.2 Design-related failures

Failures attributable to design [55] arise either from inappropriate assumptions made at the
early stages of development or from deviations between the intended and the realized
geometry, materials, or assembly conditions of the bearing, even when the design
documentation itself is formally correct. Such discrepancies may result in uneven pressure
fields, misalignment, increased losses [56], or direct interaction between opposing sliding
surfaces. The design of a hydrostatic bearing inherently requires consideration of elevated
energy losses arising from lubricant flow through very thin clearances, as well as the
continuous need to supply pressurised lubricant to the bearing interface.
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Figure 10 Comparison of losses in HS and HDf bearings at different rpms [56].
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Errors in machining of recesses, pads, or the bearing slider can disturb lubricant flow paths
and diminish bearing stiffness. Likewise, incorrect installation of pads or bearing surfaces
may introduce local steps, alter recess geometry, or change the nominal clearance, leading
to non-uniform load distribution and contact in locally overloaded zones. Differences in
segment height, commonly referred to as offset, represent a significant geometric error in
large-scale applications and must be explicitly considered in the design. To avoid direct
surface contact, this deviation must be evaluated relative to the nominal thickness of the
lubricating film, as the ratio [57] between the two governs the risk of film thinning (Figure
11).
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Figure 11 Film thickness distribution for step-up error [57].

Surface quality represents a particularly sensitive parameter. To achieve the designed film
thickness and pressure distribution, hydrostatic bearings rely on surfaces [58-60] that are
highly planar, smooth, and dimensionally stable. Deviations in the form of waviness,
excessive roughness, or geometric inaccuracies [61] can generate localized pressure maxima
(Figure 12), trigger collapse of the lubricating film, or induce instability under dynamic
loading.
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Even small departures from straightness [62] or parallelism of the bearing lands shifts the
pressure distribution (Figure 13) and therefore decreasing precision of carried object. The
models of rough surfaces demonstrate that surface topography modifies both static capacity
and dynamic stiffness; circumferential roughness can enhance stiffness, whereas radial
roughness tends to reduce it [63,64]. Another work on topography confirms that neglecting
realistic surface statistics can introduce errors exceeding 10 % in predicted load capacity
[65]. From the perspective of safety, the manufacturing tolerance on flatness and waviness
must therefore be chosen such that peak-to-valley deviations remain well below the
minimum film thickness expected under the most adverse load and temperature conditions.
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Figure 13 Results of the geometric errors of guide rail under different pressure [62].
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Asymmetrical loading is inherent to many large hydrostatic bearings, for example in
machine tool rotary tables, telescope mounts or repair turntables, where the resultant load
does not remain at the geometric center. Under such conditions the lubricant tends to flow
towards the least resistant path, i.e. towards unloaded pockets, which can lead to starvation
in heavily loaded recesses. Load asymmetry, originating from inadequate structural support,
unexpected shaft bending [66], or uneven mass distribution, can further amplify variations
in flow and therefore in the film thickness. When such asymmetry coincides with unequal
restrictor behaviour or geometric imperfections, it may cause pad tilting, partial loss of the
lubricating film, or intermittent solid contact. In large bearings carrying massive rotating
components, these effects can spread through the system and manifest as unstable vibrations
or severe damage.

To further increase safety margins, actively controlled restrictors have been proposed. Servo-
valve-based gap control and membrane-type active restrictors are capable of adjusting recess
pressure (Figure 14) or flow in real time based on film thickness or pressure feedback [67],
thereby compensating for asymmetrical loading and dynamic disturbances [68]. The design
of control laws and feedback loops must therefore explicitly consider robustness against
sensor noise and ensure that no excitation of self-oscillations in the film occurs, which could
otherwise accelerate film collapse instead of preventing it.
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Figure 14 Influence of convergence rate on pressure feedback [67].
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Another major contributor to design-related failure is deformation [69] of bearing
components. Elastic compliance in the housing [70], pad supports, or the surrounding
machine structure can cause the recess geometry to change under load [71], thereby altering
the film thickness, and reducing stiffness (Figure 15). Thermal deformation produces
analogous consequences [72,73], particularly in large-scale or high-speed applications
where temperature gradients distort bearing lubricant, resulting in misalignment and
degraded performance. With prolonged operation, accumulated mechanical and thermal
deformations may displace the operating point sufficiently from its nominal condition to
provoke instability, oscillatory behavior, or recurring contact events.
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Figure 15 Film thickness distribution across pad for different rotational speeds [71].

Errors in material selection often stem from the implicit assumption of continuous full-film
lubrication. This premise becomes critical during abnormal conditions such as loss of oil
supply, when transient solid contact dominates the damage mechanism [74]. Benchmark
tests under oil-starvation conditions have shown (Figure 16) that galvanized steel exhibits
the most severe wear due to rapid removal of its protective coating, while structural steel
and aluminium bronze are also unfavourable because of their combined wear, frictional, and
thermal characteristics. From a safety-oriented design perspective, pairing structural steel
with tin-based materials or PTFE offers superior robustness, as these combinations
demonstrate low friction and limited heat generation, thereby mitigating the risk of scuffing
during emergency operation.

26



® Structural steel

Tin bronze

X Leaded bronze

Aluminium bronze

COF (-)

e O Galvanized steel

e — == Tin composition
UHMWPE

& PTFE

0.4 0.6 0.8 1 1.2
Sliding speed (m.s!)

Figure 16 COF change with sliding speed of observed materials [74].

If extremely high stiffness and positioning accuracy are not required, compliant elements
beneath the pads or within the pad structure can be introduced. Rubber or elastomeric blocks
or engineered compliant supports allow the individual pads or pockets to tilt and adapt to
local geometric imperfections, thereby redistributing pressure (Figure 17) and preventing
local film collapse [75,76]. Experimental evidence indicates that compliant support can
increase tolerable misalignment by several multiples compared with rigid supports, while
maintaining sufficient load capacity for many large-scale applications [77]. The residual risk
lies in the long-term stability and ageing of compliant materials and the potential for
increased low-frequency deformations under varying loads, which must be addressed by
appropriate material choice and periodic inspection.

e

Figure 17 Rigid (left) versus comliant (right) bearing system: recess pressure influence comparison [75].
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Finally, component replaceability should be addressed during the design phase. From the
standpoint of material selection, assigning the softer material to the more easily replaceable
part—typically the bearing pad—is advantageous. In the event of accidental contact, this
approach minimizes repair costs and often simplifies maintenance by enabling replacement
of the damaged pad rather than the more complex counter face.
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3 ANALYSIS AND CONCLUSION OF LITERATURE
REVIEW

Large-scale hydrostatic bearings constitute a distinct category of tribological systems whose
principal advantage lies in their ability to support extremely high loads with negligible
friction, including operation at zero or near-zero relative speed. This decoupling of load
capacity from kinematic conditions enables applications that are unattainable with rolling or
purely hydrodynamic bearings. At the same time, as bearing diameters increase to the order
of tens of meters, the operating margin that guarantees safe separation of sliding surfaces
becomes progressively smaller relative to geometric, hydraulic, and thermal disturbances. In
such systems, safety can no longer be considered an automatic consequence of conventional
design rules but must be treated as an explicit and primary design objective.

The realization of large hydrostatic bearings is inherently constrained by manufacturing
precision, transportability, assembly, and serviceability. These constraints necessitate
segmentation of bearing sliders, pads, and tracks, transforming otherwise continuous sliding
surfaces into assemblies composed of multiple discrete elements [6]. While segmentation
enables practical realization of large diameters, it introduces a fundamental safety challenge:
the uniformity of the lubricating film can no longer be ensured solely by geometry. Each
interface between segments represents a potential source of height offset, angular
misalignment, or localized deformation. When compared with typical lubricating film
thicknesses in large bearings—commonly on the order of several tens to a few hundreds of
micrometres [46,47,50,52]—even small deviations may locally reduce the film to values
approaching direct surface contact. Although such geometric imperfections are widely
acknowledged in the literature [58-60,62], they are predominantly discussed in relation to
stiffness reduction or positioning accuracy, rather than as direct safety risks governed by
minimum film thickness.

To mitigate manufacturing and assembly inaccuracies, existing research has primarily
focused on compensation strategies. Approaches relies on hydraulic compensation through
restrictor design, pressure equalization, and, more recently, active control concepts
[22,36,67,68]. These solutions aim to redistribute pressure and flow to reduce the influence
of uneven loading and clearance variations. Under nominal conditions, such systems
improve robustness against moderate disturbances. However, most studies implicitly assume
ideal restrictor behaviour and uninterrupted lubricant supply. In practical large-scale
applications, simple fixed restrictors—such as capillaries or orifices—are often preferred
due to their simplicity and reliability, yet they are highly sensitive to contamination, lubricant
degradation, and manufacturing tolerances. Partial or complete blockage can rapidly disturb
pressure balance, leading to asymmetric film thinning and localized loss of separation.
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While contamination and erosion effects are discussed in the context of lubrication-related
failures [53], their impact on safety margins in segmented, large-diameter bearings is rarely
examined in detail.

Another compensation strategy introduces mechanical compliance into the bearing system,
most commonly through compliant pad supports [75-77]. Such solutions allow pads to
adjust their orientation under load, increasing tolerance to misalignment and reducing local
pressure concentrations. From a safety perspective, compliant supports expand the allowable
range of geometric deviations. However, this benefit is achieved at the expense of reduced
stiffness, long-term stability concerns related to material ageing, and increased susceptibility
to low-frequency deformation. As a result, compliant solutions are unsuitable for
applications where high stiffness and positional accuracy are required, such as precision
machine tools, large telescopes, and antenna systems. For these rigid and safety-critical
applications, compliance does not provide a generally acceptable solution.

Across the reviewed literature, lubricating film thickness is most often treated as a secondary
parameter. It is commonly used to assess stiffness, damping, or load capacity [31,63]. While
such approaches are sufficient for performance analysis, they do not fully reflect the role of
film thickness in ensuring surface separation. From a safety standpoint, the minimum local
film thickness determines the risk of direct contact. Design-related errors such as offset,
waviness, and misalignment are frequently assessed using tolerance limits or pressure
distributions, yet the direct relationship between these errors, the resulting distribution of
film thickness, and proximity to contact conditions is seldom addressed. This limitation is
particularly significant in large-scale bearings, where average values provide little
information about local minima that control failure initiation.

Similarly, diagnostic strategies for hydrostatic bearings have historically emphasized
hydraulic parameters such as pressure, flow rate, and temperature. While these quantities are
essential for monitoring system operation, they provide only indirect information about the
actual state of surface separation. Lubricating film thickness is typically estimated rather
than measured. As a result, early-stage degradation processes—such as partial restrictor
blockage, evolving geometric errors, or localized deformation—may remain undetected
until the bearing approaches a critical condition. In large bearings supporting massive
structures, even short contact events can cause severe and irreversible damage, highlighting
the limitations of diagnostics that do not directly address film integrity.
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Knowledge gap: Despite extensive research on the design, compensation, and optimization
of large-scale hydrostatic bearings, the literature lacks a safety-oriented approach in which
lubricating film thickness is treated as the primary governing parameter. There is a lack of
experimentally supported methods that directly connect pad alignment, manufacturing and
assembly errors, and fault scenarios—such as restrictor blockage—with the distribution and
minimum value of the lubricating film. This gap is most evident in rigid, segmented bearings,
where existing approaches rely on performance metrics rather than experimentally supported
approaches that directly relate geometric and hydraulic disturbances to local minima and
distribution of lubricating film thickness as indicators of safety-critical conditions.
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4 AIMS OF THE THESIS

The main aim of this dissertation is to analyse and experimentally assess the influence of
geometric imperfections, hydraulic disturbances, and operating conditions on the minimum
lubricating film thickness in large-scale hydrostatic bearings, and to establish lubricating
film thickness and its distribution as safety-relevant parameters for evaluating proximity to
surface contact in rigid, segmented hydrostatic bearings.

To support this main aim, the following sub-objectives were defined:

e Assess the safety of the lubricating film in multi-recess hydrostatic bearings under
non-ideal conditions, including hydraulic faults and geometric inaccuracies.

e Investigate the capability of large hydrostatic bearings to maintain a continuous
lubricating film when local disturbances occur.

e Evaluate methods for achieving and verifying uniform lubricating film thickness
distribution in real bearing installations.

e Examine the applicability of non-contact diagnostic and alignment techniques as
tools for improving safety margins of hydrostatic bearings in practical operation.

4.1 Scientific questions and hypotheses

Q1: How can optical methods increase the safety of large-scale hydrostatic bearings by
enabling assessment and improvement of lubricating film thickness distribution under real
operating conditions?

H1: Optical non-contact measurement methods enable reliable determination of the
distribution and minimum value of lubricating film thickness in large-scale hydrostatic
bearings under real operating conditions where direct access or permanent installation of
contact or embedded sensors is not feasible. The achievable accuracy, resolution, and
repeatability of optical measurements are sufficient for safety-relevant diagnostics of the
lubricating film, allowing identification of critical film thinning that governs the risk of
surface contact and lubrication failure [22,23,55].

H2: Optical alignment method could have more accurate initial positioning of hydrostatic
bearing pads in rigid, segmented bearings than conventional mechanical or pressure-based
alignment techniques [46]. Higher alignment accuracy influences the resulting lubricating
film thickness distribution, which could lead to increased uniformity and higher minimum
film thickness values. By reducing the extent to which the bearing compensates geometric
errors [58,62] through film thinning, optical alignment methods could increase the safety
margin against local film collapse.
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Q2: How does restrictor failure affect the lubricating film thickness in multi-recess
hydrostatic bearings?

H3: If a capillary restrictor in a multi-recess hydrostatic bearing designed for nominal
operating conditions becomes partially or fully blocked, the resulting change in flow
distribution causes a measurable reduction in recess pressure and local lubricating film
thickness in the affected recess [29,30,78]. This reduction can be experimentally detected
through film thickness measurement and leads to a significant decrease in local load-carrying
capacity, representing a safety-critical condition.

4.2 Thesis layout

The dissertation is structured as a sequence of three peer-reviewed journal papers that
collectively address safety-relevant aspects of lubricating film behavior in large-scale
hydrostatic bearings.

The first paper (Paper 1) is devoted to the development of a contactless method for
measuring lubricating film thickness in hydrostatic bearings. The study introduces an optical
point tracking approach that enables film thickness evaluation without mechanical
interaction with bearing components and without the need for permanently installed sensors.
The method is experimentally validated on a dedicated test rig and compared with analytical
predictions and conventional proximity sensor measurements. Emphasis is placed on
applicability in large-scale bearings, where access limitations and system complexity often
restrict the use of traditional measurement techniques. This work establishes a practical basis
for assessing lubricating film thickness as a safety-relevant parameter under real operating
conditions. [Q1; H1]

The second paper (Paper 2) addresses the problem of pad alignment in large-scale,
segmented hydrostatic bearings. Three alignment approaches—conventional mechanical
leveling, pressure-based alignment, and optical coordinate measurement—are
experimentally compared using a test rig with independently adjustable pads. The study
examines how the choice of alignment method influences pad geometry, pressure
distribution, and lubricating film thickness. Attention is given to alignment strategies that
preserve bearing stiffness and geometric precision without relying on compliant support
elements, which are commonly employed to absorb assembly inaccuracies. The results
provide insight into the role of precise pad positioning in achieving a uniform lubricating
film thickness distribution in rigid bearing systems. [Q1; H2]
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The third paper (Paper 3) focuses on the behavior of a large hydrostatic bearing system
under operating conditions representative of real installations. Using the hydrostatic bearing
of the Very Large Telescope as a case study, the work examines the consequences of uneven
or reduced lubricating film thickness and the associated risk of contact between sliding
surfaces. The study compares conventional static measurement techniques with contactless
sensing methods and investigates bearing response during simulated fault conditions,
including disturbances in lubricant supply. This paper demonstrates the practical
implications of lubricating film degradation in large-scale applications and highlights the
importance of diagnostic and assembly-related considerations addressed in the preceding
studies. [Q2; H3]

Taken together, the three articles form a coherent investigation of lubricating film safety in
large-scale hydrostatic bearings. The dissertation structure reflects progression from
development of suitable diagnostic tools, through evaluation of assembly-related influences,
to analysis of bearing behavior under critical operating scenarios encountered in real
systems.

Paper 1

MICHALEC, M., J. HURNIK, J. FOLTYN and P. SVOBODA. Contactless
measurement of hydrostatic bearing lubricating film using optical point
tracking method. Proceedings of the Institution of Mechanical Engineers Part
J-Journal of En, 2023, vol. 237, no. 1, p. 76-84.

[AIS Q3; Author’s contribution 30 %]
Paper 2

FOLTYN, J., J. HURNIK, M. MICHALEC, P. SVOBODA, I. KRUPKA and
M. HARTL. Pad Alignment Methods and Their Impact on Large Hydrostatic
Bearing Precision. Machines, 2024, 12, 549

[AIS Q2; Author’s contribution 60 %]

Paper 3

FOLTYN, J., E. FLORES, M. TAPIA, N. ALVAREZ, M. MICHALEC and | -~
P. SVOBODA. Failure prevention procedure of the Very Large Telescope a
hydrostatic bearing pads based on lubricating film thickness measurement. -
ASME. J. Tribol, 2025, vol. 147.

[AIS Q2; Author’s contribution 60 %]
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5 MATERIALS AND METHODS

To address the scientific questions outlined in the previous chapter, it was necessary to
establish a solid experimental framework and define the methods employed. These activities
and their interrelations are illustrated in the schematic diagram (Figure 18).

Objective Film thickness Alignment Safety procedure
measurement
2PAD L 2PAD L VLT
Device
Contact sensors Conventional gauges Contact sensors
Methods Optical method (OPT) Pressure method Non-contact sensors
Prediction Optical method (OCM) Prediction
Method of contactless film | Effect of alignment on film | Safety procedure for real
thickness measurement thickness distribution bearing
Output == e e e e e ]
Paper 1 Paper 2 Paper 3
Q1 H1 Q1 H2 Q2 H3

Figure 18 Schematic representation of connection between methods and results.

The specific experimental objects, measurement systems, and analytical procedures are
described in detail in the following chapter. This includes the design of the test rig, sensor
selection and placement, data acquisition methods, and the processing of the collected data.

5.1 Experimental objects

Laboratory tests were carried out using a custom-designed test rig known as the Dual-Pad
Experimental Hydrostatic Bearing (2PAD). This setup allowed for controlled testing of
hydrostatic bearing behavior under various operating conditions, including different levels
of pad misalignment, supply pressure, and restrictor settings. The test rig was equipped with
a range of sensors to monitor film thickness, pressure distribution, flow rate, and
temperature. The experimental setup enabled the simulation of bearing behavior in a
simplified but representative environment, allowing for precise control and repeatability of
test conditions.
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Complementing the laboratory experiments, field measurements were performed under real
operating conditions on the hydrostatic bearing system of the Very Large Telescope (VLT),
located at the Paranal Observatory in Chile. The observatory is operated by the European
Southern Observatory (ESO). These real-world measurements aimed to validate the
laboratory findings and assess the performance of hydrostatic bearings in a full-scale
astronomical application, considering environmental influences, operational loads, and long-
term performance factors.

5.1.1 Experimental hydrostatic bearing

The so-called 2PAD device is a two-pad hydrostatic bearing developed in the laboratories
of the Institute of Machine and Industrial Design. It is a linear bearing consisting of two
independent pads arranged in series. The main components of the device are shown in Figure
19. The system includes a split runner, on which a loading frame rests. Using threaded rods,
it is possible to apply a controlled load to the bearing pads. Each pad is freely adjustable in
space, allowing simulation of typical assembly errors such as parallel offset (misalignment)
and angular tilt. The adjustment is realized through four threaded support columns positioned
at the corners of each pad. These supports can be replaced with compliant mounts (silent
blocks) to evaluate the effect of flexible support structures. Due to the split design of the
runner, artificial misalignments can also be introduced directly onto the runner itself. The
experimental setup is equipped with an integrated sensor system that enables real-time
measurement of load, lubricating film thickness, flow rate, pressure in the pads, and lubricant
temperature at critical locations. The load is monitored using four strain gauge sensors, each
with a maximum capacity of 10 kN and an accuracy of 2.5 N. The lubricating film thickness
is measured by non-contact inductive displacement sensors with a resolution of 0.01 mm,
calibrated at a nominal distance of 3 mm from the runner surface. Each pad is instrumented
with three such sensors located near the corners, which is the minimum required to
reconstruct the pad’s geometric plane. The lubricant temperature is measured using
thermocouples placed at two key locations: at the outlet and inside the pad. The lubricant
used in all laboratory experiments was mineral oil of ISO VG 46 grade. Additionally, both
the ambient temperature and the temperature of the runner are recorded. The pressure in each
pad is measured using pressure sensors with an accuracy of 0.5 bar. The flow rate of the
lubricant is measured by a flow meter with an accuracy of 0.2 L/min.
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Figure 19 Scheme of laboratory device 2-PAD.

The hydrostatic bearing pad was designed with a four-recess configuration, where each
recess has a circular geometry. The inlet to each recess is equipped with a throttle valve
restrictor, ensuring mutual independence of the cells in terms of pressure distribution and
flow behavior. The pressure loss generated by the throttle valve can be manually adjusted
using a set screw, which alters the position of the internal slide element. This adjustment
changes the flow area within the restrictor, thereby modifying the resulting pressure drop
across the inlet. An integral part of the experimental setup is the hydraulic power unit, which
ensures a continuous supply of pressurized lubricant to the bearing contact. Lubricant
delivery is provided by a single gear pump, which necessitates the use of restrictors to
distribute the flow evenly among the individual bearing recesses. To protect the sliding
surfaces in the event of a lubricant supply failure, the system is equipped with a diaphragm
accumulator. The hydraulic circuit includes a safety valve, which prevents overpressure by
diverting excess fluid back to the reservoir if the system pressure exceeds a safe threshold.
Since the lubricant exits the bearing cells to the atmosphere—where it may become
contaminated—a filter is incorporated into the system to maintain fluid cleanliness.
Lubricant cooling is handled passively through the reservoir walls, as the setup was designed
for short-duration tests where significant lubricant heating was not expected. All outputs
from the bearing sensors and the hydraulic system sensors were recorded using LabView
software.

5.1.2 Very Large Telescope hydrostatic bearing system

The weight of the telescope was supported exclusively by hydrostatic bearings, which
provide rotation, tilting, and centering of the telescope’s main axes. Telescope azimuthal
rotation was achieved using 16 axial hydrostatic pads. These pads operated against a track
composed of two concentric rings (Figure 20), with 8 pads running on each ring. The total
load transferred through the bearing system exceeded 500 tons.
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Figure 20 Scheme of azimuth hydrostatic bearing track rings with dimensions [79].

The testing focused on the axial hydrostatic pads of the outer, 20-meter-diameter ring. The
pads used in the experiments are square-shaped, each containing four square recesses. A
capillary-type restrictor was installed upstream of each recess to regulate the oil flow. Each
pad was equipped with a pressure sensor placed in one of the recesses, and flow rate
monitoring was possible via the flowmeter located in main line of the hydraulic system.
Lubricating film thickness was measured twice per year using digital dial gauges.

5.2 Design of experiments and methodology

Analytical Prediction of Bearing Parameters

Prior to experimental measurements, analytical prediction of lubricating film thickness and
recess pressure was performed to establish reference values and to determine the required
measurement resolution. The analytical model was based on classical hydrostatic lubrication
theory for multi-recess thrust pads [24]. The predicted flow Q was calculated as a function
of film thickness h, dynamic viscosity u, projected pad area A,, applied load W, and

geometry-dependent flow coefficient q.

W\ h3
Q=Qf'<g>'7 1)

Carry capacity (W) was predicted from the recess pressure p,.and pad geometry using
pressure coefficient p, obtained from established design charts [19,24].

W:pf'Ap'pr (2)
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These calculations assumed rigid bearing surfaces, laminar flow, and constant lubricant
temperature. The predicted values were used to assess whether the measured film thickness
remained within a safe operating range.

Film thickness measurement using optical point tracking method (OPT)

In laboratory experiment, a fully contactless optical point tracking method was applied to
measure lubricating film thickness (Figure 21). Circular targets with a diameter of 3 mm
were attached to the bearing pad and slider surfaces using adhesive. A monocular
monochromatic camera equipped with a fixed focal-length lens was positioned on a rigid
tripod to observe the targets. Illumination was provided by a high-power LED light source
to ensure sufficient image contrast. Camera calibration was performed using a planar
checkerboard target to determine intrinsic camera parameters and lens distortion. The pixel-
to-length conversion factor was obtained by imaging the calibration target in the
measurement plane.
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Figure 21 Scheme of OPT method: A) Measurement setup; B) Nominal position (no pressure); C) Film
thickness measurement as difference from nominal state.

During the experiment, image sequences were recorded before and after pressurization of
the bearing. The circular targets were detected with sub-pixel accuracy using ellipse fitting
algorithms [80]. Rigid-body transformations describing translation and rotation of the pad
and slider were calculated from the tracked target positions. The relative displacement
between pad and slider in the direction normal to the bearing surface was interpreted as the
lubricating film thickness. The method enabled measurement at multiple virtual probe
locations corresponding to the positions of proximity sensors, allowing direct comparison
between optical and contact-based measurements.
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Pad Alignment Based on Recess Pressure (Pressure Method)

The pressure-based alignment method relies on the assumption that uniform lubricating film
thickness across a hydrostatic bearing pad corresponds to uniform pressure distribution in
its recesses, provided that the lubricant flow rate to each recess is equal. In this approach,
each recess inlet was equipped with a pressure sensor, and flow restrictors were adjusted to
ensure identical flow conditions for all recesses prior to alignment. During alignment, the
hydrostatic bearing was operated under pressurised conditions with the applied load acting
on the pad. The pressure values in individual recesses were continuously monitored. If a
recess exhibits a lower pressure compared to the others, it indicates locally increased film
thickness or reduced load share, whereas elevated pressure indicates local overloading and
reduced film thickness. Pad corner heights were then adjusted iteratively until the recess
pressures converge to equal values within the accuracy limits of the pressure sensors.

Pad Alignment Using Conventional Gauges

Alignment using conventional gauges is based on direct mechanical referencing of the
bearing pad sliding surface. This method was implemented using a rigid straightedge and a
precision spirit level. The straightedge was manufactured from an I-profile with a length of
1 m to ensure high bending stiffness in the direction perpendicular to the measured surface.
Both contact faces of the straightedge were machined and ground to an accuracy of 0.01 mm
to minimize geometric errors introduced by the measuring instrument itself. The spirit level
used for tilt measurement had a sensitivity of 0.02 mm/m and featured a magnetic seating
surface to ensure stable contact with the straightedge.

S
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Figure 22 Scheme of: (A) Initial phase of planar aligning of the pad edges; (B) final state of the alignment by
straightedge [81].

The alignment procedure was carried out by placing the straightedge successively across the
outer and inner edges (Figure 22) of the bearing pad. First, the outer pad edges were levelled
to establish a reference plane. Subsequently, the inner edges were adjusted by modifying the
height of the pad supports until the spirit level indicated zero inclination in both orthogonal
directions. Throughout the process, continuous visual inspection of straightedge contact was
performed to detect local gaps indicative of surface tilt or height differences.
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Pad Alignment Using Optical Coordinate Measurement (OCMM)

The optical coordinate measurement method (OCMM) is a purely geometric alignment
technique based on photogrammetric reconstruction of three-dimensional coordinates of
selected points on the bearing pad surface. In the experiments, this method was implemented
using a multi-point optical coordinate measurement system comprising a digital single-lens
reflex camera, calibrated optics, coded circular targets, and dedicated photogrammetry
software. Circular targets with a diameter of 3 mm were attached to the corners of the bearing
pad. The measurement scene was captured from multiple camera positions, allowing
triangulation of target coordinates in three-dimensional space. Scale bars with known length
were placed in the scene to establish an absolute measurement scale.
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Figure 23 Scheme of iterative process of pad alignment [81].
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The camera system was calibrated prior to measurement to determine intrinsic parameters
and lens distortion. Based on the reconstructed target coordinates, a reference plane
representing the ideal sliding surface was fitted using a best-fit algorithm. Deviations of
individual pad corners from this plane were then computed. Alignment was achieved by
iteratively adjusting the pad support screws to minimise the deviation of each target point
from the fitted reference plane. After each adjustment step, the photogrammetric
measurement was repeated until the deviations fell within a predefined tolerance band,
typically on the order of £0.01 mm.

Film thickness measurement using dial indicators

In the field experiments on telescope bearings, lubricating film thickness was measured
using digital dial indicators with a resolution of 1 pm. Measurements were conducted
exclusively under static conditions to avoid damage to the precision track surface.
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The hydraulic system of the bearing was first set to standby state, and the dial indicators
were mounted at accessible corners of each pad using magnetic holders (Figure 24).

Figure 24 Setup for film thickness measurement by dial indicators [79].

The indicator tips were positioned perpendicular to the track surface and zeroed in unloaded
condition. Subsequently, the hydraulic system was switched to operating mode, causing
pressurization of the recesses and separation of the sliding surfaces. The resulting
displacement of each indicator corresponded to the local lubricating film thickness and was
recorded manually. After recording, the indicators were re-zeroed, and the hydraulic system
was returned to standby to verify repeatability. On outer track pads, measurements were
performed at all four corners, whereas on inner track pads only three corners were accessible
due to spatial constraints. This method was primarily used as a reference technique for
identification of severe faults such as significantly reduced film thickness caused by clogged
capillaries.

Film thickness measurement using inductive distance sensors

To enable continuous and repeatable measurements, inductive contactless distance sensors
with a resolution of 1 um were employed. The sensors were mounted on rigid L-shaped
brackets fixed to the bearing structure to ensure well-defined positioning relative to the track
surface. Prior to measurements, each sensor was calibrated using precision shims to establish
a known reference distance, typically 1.5 mm from the track surface, within the linear
operating range of the sensor. Data acquisition was performed at a sampling frequency of 1
Hz, which was sufficient to capture changes during pressure build-up, steady-state operation,
and controlled bearing motion. During measurements, film thickness, system pressure,
recess pressure, telescope azimuth position, and rotational velocity were recorded
synchronously. Measurements were carried out in several operating states, including
hydraulic standby, pressure ramp-up, steady operating pressure, and controlled azimuth
motion. This procedure allowed identification of film thickness variations caused by track
segment transitions, surface waviness, and asymmetric loading.
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Figure 25 Scheme of artificial clogging of capillary tube.

In addition, failure scenarios were investigated by deliberately blocking selected capillary
restrictors using custom-manufactured caps (Figure 25), thereby simulating a clogged
capillary. The resulting redistribution of film thickness across pad corners was used to
evaluate the sensitivity of the method to early-stage bearing failures.
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6 RESULTS AND DISCUSSION

To ensure a direct and verifiable connection between the defined research questions and
obtained results, this chapter is structured into four parts: results organized according to
research questions and hypotheses, discussion across all studies (Paper 1 — 3), limitations
and uncertainties, and practical implications.

Results related to Q1 / H1 (Optical diagnostics)

The results of Paper 1 demonstrate that optical point tracking (OPT) enables reliable
measurement of lubricating film thickness in hydrostatic bearings under real operating
conditions. The average film thickness measured using the OPT method was 0.185 mm,
compared to 0.192 mm obtained from proximity sensors, corresponding to a deviation of
3.6%. The confidence intervals of both methods overlapped, confirming consistency
between measurement approaches. At the same time, the OPT method exhibited narrower
confidence intervals, indicating higher measurement precision. From a safety perspective,
this increased precision is critical, as safety margins in large-scale hydrostatic bearings are
typically on the order of tens of micrometers, i.e., comparable to geometric deviations and
elastic deformations. The achieved measurement resolution (up to 0.001 mm) allows
detection of small changes in film thickness that are directly relevant to the risk of surface
contact. These results confirm that optical methods provide sufficient accuracy,
repeatability, and resolution for safety-oriented diagnostics of lubricating film thickness.

H1: VERIFIED

Optical methods increase safety by enabling direct measurement of minimum lubricating
film thickness under real operating conditions. Experimental comparison showed average
film thickness values of 0.185 mm (OPT) and 0.192 mm (proximity sensors), with
overlapping confidence intervals.

Key results:

e Measurement deviation: 3.6%
e Measurement resolution: up to 0.001 mm

Results related to Q1 / H2 (Alignment methods)

The results of Paper 2 show that pad alignment has a direct and measurable influence on
lubricating film thickness distribution and thus on bearing safety. The optical coordinate
measurement method (OCMM) achieved the most uniform film thickness distribution, with
a deviation of 7.4%, compared to 12.1% for the pressure-based method and 45.3% for
conventional mechanical leveling. The positioning accuracy of the OCMM method reached
+0.01 mm. The pressure-based method provided acceptable results and offers potential for
in-situ application; however, it showed higher variability.

44



In contrast, conventional mechanical leveling exhibited large deviations and strong
dependence on operator skill, leading to non-uniform load distribution. Although average
film thickness remained within nominal values for all methods, the high deviation in the
mechanical approach resulted in significant local reduction of film thickness, thereby
decreasing safety margins and increasing susceptibility to local film collapse. These results
confirm that precise geometric alignment directly increases minimum film thickness and
improves safety margins in rigid, segmented hydrostatic bearings.

H2: VERIFIED

Optical alignment method provides the highest positioning accuracy and results in the most
uniform lubricating film thickness distribution. Deviation of film thickness distribution was
7.4% (OCMM), compared to 12.1% (pressure method) and 45.3% (mechanical leveling).

Key results:

e Alignment precision: £0.01 mm
e Improvement vs mechanical method: approximately 6x reduction in deviation

Results related to Q2 / H3 (Restrictor failure)

The results of Paper 3 demonstrate that restrictor malfunction leads to significant local
reduction of lubricating film thickness and represents a safety-critical condition. In
experiments with artificially clogged capillaries, a local film thickness reduction exceeding
20 um was measured in the affected recess. Additionally, dynamic measurements revealed
film thickness fluctuations of up to 40 um during operation, associated with track
segmentation and load redistribution. The deviation between analytically predicted and
experimentally measured film thickness reached up to 32%, indicating that simplified
models do not fully capture real-system effects such as deformation, thermal influences, and
assembly inaccuracies. Although direct surface contact was not observed, the minimum film
thickness approached critical values comparable to surface roughness and geometric
deviations. This condition represents a safety-critical state, even when global bearing
operation is maintained. These findings confirm that a single restrictor failure can
significantly reduce local load-carrying capacity and must be considered a critical failure
mode.

H3: VERIFIED

Restrictor blockage leads to significant local reduction in film thickness and represents a
safety-critical condition. Measured local film thickness reduction exceeded 20 um under
simulated capillary blockage.

Key results:

e Film thickness drop: >20 um

e Dynamic fluctuation: up to 40 pum
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e Safety criterion: A safety-critical state is defined as a condition where minimum film
thickness approaches the scale of surface roughness and geometric deviations.

Integrated discussion across studies

The results collectively demonstrate that lubricating film thickness must be treated as a
primary safety parameter rather than a secondary performance indicator. The first study
establishes that film thickness can be measured with micrometer-level precision under
realistic conditions. The second study shows that geometric alignment directly determines
film thickness distribution and minimum values. The third study confirms that hydraulic
faults lead to localized degradation of film thickness that cannot be reliably detected using
pressure-based diagnostics alone. A key finding across all studies is that minimum film
thickness, rather than average values, governs the risk of surface contact. This is particularly
critical in large-scale segmented bearings, where local deviations dominate system behavior.
The results also show that traditional design approaches based on ideal assumptions
underestimate the influence of real disturbances, including misalignment, restrictor
blockage, and structural deformation. Therefore, safety evaluation must be based on verified
film thickness distribution rather than solely on analytical predictions.

Limitations and uncertainties

Several limitations must be considered. Analytical models used in this work assume rigid
surfaces, laminar flow, and constant temperature. Optical measurement methods, while
highly precise, are not suitable for continuous monitoring due to their setup complexity.
Experimental validation was performed on a limited number of configurations and operating
conditions. In real large-scale systems, additional factors such as thermal gradients,
deformation, and wear may further influence film thickness distribution and should be
considered in future studies.

Practical implications

The presented results provide directly applicable tools for improving safety in large-scale
hydrostatic bearing systems. Optical diagnostics can be used during commissioning and
maintenance to identify critical film thinning. Optical alignment enables precise geometric
setup without reducing system stiffness. Continuous monitoring using inductive sensors
allows early detection of hydraulic faults such as restrictor blockage. These methods are
particularly relevant for high-value installations such as astronomical telescopes, large
machine tools, and energy systems, where failure leads to significant downtime and
economic losses. The measurable benefit lies in the ability to detect film thickness changes
on the order of tens of micrometers and thus prevent transition to contact conditions.
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Introduction

Hydrostatic (HS) bearings are widely used in a variety of
industrial applications, ranging from millimetres, up to
tens of metres.! They find use in machining centres, turn-
tables and guideways, giant telescopes, antennas, and
similar applications.>® HS bearings operate on the prin-
ciple of requiring a continuous supply of pressurized
fluid while working to separate the sliding surfaces with
a thick lubricating film. This creates a significant reduc-
tion in driving force due to fluid friction and absence of
stick-slip effect,” which occurs frequently in rolling and
sliding elements. One of their key advantages is their
operation at low speed or even at standstill. This is why
HS bearings are frequently combined with hydrodynamic
bearings (creating the so-called hybrid bearings), to
improve machine safety and stability.® This type of
bearing is frequently used in hydroenergetics.” !
Further advantages are: a large load carrying capacity,
high stiffness, damping ability, very low friction, almost
no wear, and very high movement praecisicm.12 In contrast,
there are higher initial costs and the necessity of continu-
ous pressure fluid supply while working.'* A significant
improvement in HS lubrication has been done since its

introduction in the 19™ century. Recent research on this
topic shows an increasing trend of interest among the sci-
entific community and industry.'*'?

Compared to rolling bearings, HS bearings can be built in
large areas in size over tens of metres." Still, the alignment
and levelling become a serious challenge. 16 Improper posi-
tioning of bearing sliding surfaces might cause decrease of
the lubricating film performance or even lead to sliding
surface damage and eventually bearing failure."” To ensure
proper operation of HS bearings, a uniform and stable lubri-
cating film must be maintained. Uneven loading or misalign-
ment can be partially reduced by self-compensation,ls’lg
compensatory devices implemented to the hydraulic
circuit,*™' or using compliant members. > However,
the most critical part is the levelling of bearing pads that is
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directly influenced by the precision of'the foundation and the
manufacturing precision, especially in the case of large-scale
HS bearings.

Optical measurement methods are often used for
dimensional measurement in the industry. Many various
measurement methods, based on camera images are
present.”” These methods are often advantageous due to
their flexibility and versatility, e.g., in large measurement
volumes. Here belong the photogrammetry methods,
which could be used in industrial app]icationszs’z"r’ to
determine foundation precision even in large areas.’’
The biggest progress in this area was made throughout
the era of digital cameras and computers expansion and
continues to improve and open new possible applications.

The formation of HS thrust bearing lubricating films
can be characterized as small, quasi-static two-
dimensional movement. There are more optical methods
that could be used for such applications. An example is
the digital image correlation method (DIC), which is com-
monly used for similar ap[:-]ications.,28 This method is uti-
lized by, e.g.. optical extensometers. However, the
measurement based on targets offers more flexibility at
relatively high accuracy, since the contrast texture spray
does not need to be applied on the body surface.
Targets are widely used during the camera calibra-
tion,?”*" accurate optical measurement”' or object track-
ingj‘2 and their centre can be measured in image with an
accuracy of 1/50-1/20 px‘H

Bearing diagnostics throughout the service period are
as important as proper setting. Usually used methods for
film thickness evaluation require a large number of prox-
imity sensors and data evaluation. As part of the modem
industrial trends, such as Industry 4.0 and Internet of
Things (IDT),M’ES detailed information during service is
provided and future maintenance can be predicted.*®
However, this means significantly higher initial costs,
programming, and maintenance. In addition, sensors
mainly provide information about the lubricating film
while overall bearing behaviour is mostly overlooked
after manufacturing, even though issues with levelling
and unexpected body deformation often occur.
Information about deformation or body movement can
be tracked using coded targets.’-*>

The progress in the fields of HS lubrication and
modern technologies has opened new possibilities for
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Figure 1. Overview of the experimental rig.

HS bearing applications. Nevertheless, at the same time,
new problems are emerging. Previous research on the
use of optical diagnostic methods for large parts and
areas has proposed new tools to improve the precision
of large-scale HS bearings and on-site diagnostic. To
date, an optical method for measuring the film thickness
of large-scale HS bearings has not been proposed.
Therefore, in this paper, we aim to investigate its measur-
ing precision and possible applicability.

Methods

Comparison of film thickness prediction, measurement
using proximity sensors and optical method was per-
formed on an experimental device described below.

Film thickness prediction

The prediction of the lubricating film thickness was calcu-
lated based on the analytical calculation of the hydrostatic

12

bearing with four circular recesses from reference :

L o120
F-qy

where h is the film thickness, Q is the supplied flow, u is
the dynamic viscosity, 4 is the total pad area, F' is the
applied force and ¢y is the flow factor (in this case 25.5).

Experimental hydrostatic bearing rig

The experimental rig (2-PAD) consists of two HS bearing
pads, slider, loading frame, and hydraulic aggregate for
pressurized oil supply (Figure 1).

A detailed description of the rig can be found in
Figure 2. Film thickness was directly measured using
six proximity sensors mounted on pads with a resolution
of 0.01 mm. The load was applied using four threaded
rods with load cells of 1 N resolution. Four compression
springs were placed between the nuts and the loading
frame to ensure an even load distribution (Figure 1).
The pads are supported on setting screws. Pressure and
temperature sensors are used to monitor bearing perform-
ance. Pad levelling was done using calibration rods with a
precision of +0.005 mm.

The pads were levelled using calibration rods and recess
pressure information. After pad levelling and proximity
sensor calibration, the 16 kN load was applied to the slider
using the loading frame. Subsequently, the hydraulic pump
started supplying a total of 9.8 L/min of lubricant with
equally set restrictors to secure even supply to each of the
recesses. The film thickness data from contact potentiometer
proximity sensors of resolution 0.01 mm and 3 mm range
were logged at 60 Hz frequency. The film thickness value
was obtained from three proximity sensors of the examined
bearing pad (Figure 2-2). Then the hydraulic pump was
switched off and the measurement was repeated ten times
to examine repeatability. Since the performed tests were rela-
tively short, the temperature of oil was stable at 24+ 1 °C



Michalec et al.

_.—Load cell

- Recess with inlet hole
__— Temeprature sensor

Proximity sensor

~—Fad

M,—Pad support

- Pressure sensor

- Camera

LED light

-
-

Figure 2. Schematical representation of the 2-PAD device.

during the whole measurement. The OPT measurement data
were obtained throughout this process. The OPT film thick-
ness measurement was calculated based on a sequence of 20
images. Twenty images were also used to determine the
mean zero position of the slider.

Optical point tracking (OPT) method

The optical lubrication film measurement was carried out
by tracking the relative movement of the pad and the
slider in a series of images using bundles of circular
targets attached to the rigid bearing bodies (a pad and a
slider). We assumed that in the case of linear bearing
the 2D movement in direction of lubricating film forma-
tion was dominant. Thus, monocular camera measure-
ment was used for optical measurements. The relative
position of the pad and slider (both considered as rigid)
was calculated based on the relative position and orienta-
tion of point clouds attached to these objects.

Experimental setup

Because the front plane of the pad and the slider are not
coplanar, lightweight 3-D printed plastic blocks were
adhered to the slider, to allow measurement in one plane as
much as possible (Figure 3). Three-millimetre calibration
targets were attached both to the slider and the pad (over
50 pieces in both cases). The scene was captured using
ZWO ASI 1600 MM monochromatic camera (16 Mpx
CMOS sensor, rolling shutter). The camera was equipped
with 35 mm Zeiss Interlock Compact lens. A strong LED
light source (100 W) was used to illuminate the scene.

Camera calibration
Firstly, the camera distortion parameters were calibrated
using the Single Camera Calibrator App, available in

MATLAB. This app uses Zhang’'s camera calibration
method.”” A 9x12, 15 mm checkerboard from calib.io
was used. Three radial distortion, coefficients, tangent dis-
tortion, and skew were estimated. Thirteen images of a
checkerboard calibration field were used. The achieved
mean reprojection error was 0.47 px.

Subsequently, the px to mm ratio was calculated
on-site, again based on the imaging of the calibration
checkerboard. The checkerboard was placed horizontally
on the plane with calibration targets, and the calibration
image was taken. The image distortion is then removed.
Checkerboard points are detected with sub-pixel accuracy
in the image. The ratio r; and #, in both horizontal and
vertical direction respectively is calculated based on the
known mutual distance between two points of the
checkerboard (provided in Figure 4). The ratio is calcu-
lated as r = d,,,,, / d,,. The thickness of the calibration
checkerboard (6 mm) was compensated. The ratio ry
and », was calculated as 0.05894 and 0.05924 mm.
These values show good agreement; therefore, the mean
value r is used as a unidirectional px to mm ratio.

Image processing

In this section, the method for accurately obtain calibra-
tion target centres in an image is explained. Firstly, the
image distortion is removed, and a light Gaussian image
filtering is applied (3x3 kemel, 6 =0.5) to remove
noise. Canny edge {)perzltor38 is applied to find the
edges and according to certain criteria (ellipse size, the
ratio between the minor and major axis of the ellipse,
the ratio between the filled area of the closed edge and
its convex envelope, and a result after an ellipse fitting
to the contour). Star ellipse operatorH is used to accur-
ately compute the centers of the ellipse (Figure 5). In
this work, 180 radial scanning rays were used.
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Figure 4. Pixel to millimeter ratio calibration. Green — subpixel checkerboard corners.

Moment-preservation sub-pixel method is used to
compute the edges on the individual rays. The ellipse is
then fitted to these subpixel edge points, and its centers
is considered as the center of the target. The details of
this method are introduced in.**

The target centers are tracked through the set of meas-
urement images. Tracking assumes that the relative move-
ment of the targets between the images is small.
Therefore, instead of coding the targets or using target
patterns, a simple condition of proximity is used. The
result of target tracking is the sequence of coordinates
of every target in the measurement series. In addition,

the targets are sorted into pad targets (A) and slider
targets (B), according to Figure 6.

Movement calculation and results computation

The travel of point cloud in a series of images is calculated
as the transformation between the point cloud locations in
subsequent images. Because the objects are rigid, we con-
sider only translation in x and y axis and rotation.
Considering that every point of the point cloud in the
image is measured with a random error and the point
cloud contains more than 3 points, an optimalization
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Figure 5. lllustration of star ellipse operator function. Green — radial scanning rays, red — edges detected with subpixel precision.

problem can be written:

argmin <~

Ar. Av " Z|ij_x’m—]i|;

i=1

r
Xom—1i =Xm1i Ry + Tax ay

where Ax and Ay are the translations in x and y directions,
Taxay is the translation vector, ¢ is the rotation angle, Ry,
is the rotation matrix, m is the frame number in a series of
measurement images, n is the number of targets in the
point cloud, x and x' are the original and transformed
image points, respectively.

The | | operator means the Euclidean distance. The opti-
mization problem can be solved using the least-squares
method.

In this application, it is important to compute only the
relative movement of the pad and slider, which is consid-
ered as the thickness of the lubricating film or, more
general, its difference over time. The workflow of this
process is provided in Figure 2. We cannot consider
both camera (which is mounted on a tripod) and pad
(which 1s dynamically loaded) static. Therefore, both the
camera and the pad movement are compensated in one
step. This is carried out by calculating the camera/pad
movement compensation transformation Tc and R¢e This
transformation is defined as the transformation from the
pad targets B¢ in the current image to the targets By in
the reference image. This transformation is applied both
to B¢ and A targets, resulting in Boe and A¢¢e, which
are the current targets with compensated camera or pad
movement. Finally, the travel transformation 7; and R,
between the reference targets 4 and A targets in the

current image, with compensated camera/pad movement,
is calculated.

However, the travel transformation 7; and R, can’t be dir-
ectly used as a result. For comparison purposes with the
contact film thickness measurement method, the auxiliary
points (“probes”) are placed at the same positions in the
image, where the contact sensors are placed (two on the side
of the camera system, as seen in Figure 7). The travel trans-
formation T; and R, is applied to these points. The transformed
auxiliary points are subtracted from the non-transformed,
resulting in the travel in the locations of the sensors. The
pixel-to-millimeter ratio » obtained during camera calibration,
is used to transform the travel into millimeters.

Consideration of measurement precision

The key parameters for the estimation of the precision of the
measurement system are the pixel resolution, the accuracy of
the measurement of the target location in the image, and
number of targets in the image. If we consider pixel equivalent
of 0.06 mm, and an achievable accuracy of the ellipse location
1/50 px, the expected accuracy of the ellipse centre coordinates
is within 0.0012 mm. However, the measurement accuracy
depends on the movement parameters (translation and rota-
tion), which has 3 parameters total. These parameters are cal-
culated on more than 50 points, which means more than 100
conditions. Considering a sufficiently homogeneous distribu-
tion of targets in the image, the expected accuracy can be
roughly expressed, based on the central limit theorem, as:

dcy

ac=—-2-2

f
Vp
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Figure 7. Reference measurement image. The magnified, lighten detail depicts the green, auxiliary measurement point (probe) and
red, auxiliary point after the travel transformation, both points are in the contact of the distance sensor with slider. Placement of

probes Al and A2 are shown.

Where ac is the considered measurement accuracy, acs stands
for the expected accuracy of a single point (0.0012 mm), n for
the number of applicable conditions (at least 100), p for the
number of movement transformation parameters (3) and the

whole estimation is multiplied by 2, which is considered as
the worst-case scenario, because the transformation parameters
are calculated based on comresponding targets difference in ref-
erence and current image. The second multiplication by 2 is,
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Figure 8. Lubricating film thickness prediction comparison
with data from proximity sensors and OPT method results with
their maximum and minimum recorded values.

again, the worst-case scenario, which considers the error of the
camera/pad movement compensation. The rough estimation of
the achievable accuracy is, therefore, 0.0008 mm.

Results and discussion

The average film thickness obtained from proximity sensors
was (0.192 mm, the interval of recorded values (average value
on proximity sensors Al, A2, and A3 across all the measure-
ments) was from 0.2239 to 0.1618 mm. On the other hand,
the average film thickness obtained from OPT was 0.185
mm and the interval of recorded values (average value on
probes Al and A2) was from 0.1962 to 0.1738 mm. The
results clearly indicate that the average value measured
using the proximity sensors was in good agreement with
the prediction, while the OPT method measured a lower
thickness of the lubrication film (Figure 8). Although, the
value measured by the proximity sensors showed a larger
deviation compared to the OPT method, making OPT
method more credible. In addition, the prediction may be
larger than the actual thickness due to manufacturing and lev-
eling errors, real geometry deviation compared to the predic-
tion, or solid body deformations. However, the difference of
the average film thickness measured by the compared
methods or predicted is not significant — the intervals of
recorded wvalues overlap. For both measurement methods
(proximity sensors or OPT), the recorded interval was signifi-
cantly larger than assumed. This can be explained as the
effect of the non-uniform film thickness over the area of
the pad, which is also confirmed further.

To compare the precision of the measurement methods
in detail, the mean measured values were compared at the
locations of Al and A2, as well as their deviations
(Figure 9). The film thickness using the proximity
sensors was 0.220+0.0086 mm and 0.1835+0.0084
mm at the locations of point Al and A2, respectively.

The average film thickness measured using OPT was
0.1940 £0.0036 mm and 0.1760 £+ 0.0033 mm. All the
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Figure 9. Comparison of film thickness measured in the
location of point Al and A2 using the compared methods, with
their 95% confidence intervals.

intervals are considered for 95% confidence. Proximity
sensors of higher precision would most certainly
provide smaller deviations; however, the price of such
sensors 18 increasing with their precision and the overall
price of HS bearing mounted with numerous precise but
expensive sensors would rise significantly. Moreover,
the proximity sensors need to be mounted and isolated
from the lubricant, calibrated and the logged data must
be evaluated to obtain information about the film thick-
ness only at specific points, while OPT method allows
us to investigate the film thickness almost everywhere
by sticking the targets where it is desired, and the calibra-
tion process is far simpler than of the proximity sensors.
As the results clearly indicate, the OPT method works
at higher precision. Basically, any camera with sufficient
light can be used for the OPT method, however, this will
affect the resulting precision. Generally, the higher the
camera quality, the higher the measurement precision.

In case of both OPT probes, the standard deviation was
larger than considered — the indicated precision was on the
order of thousandths of millimetre. However, this might
have been caused by the fluctuations of the film thickness
caused by the pump and manufacturing or levelling error.
The minor influence could also have the rolling shutter
effect, which was caused by small movements or vibrations
in the laboratory environment during the measurement.

Conclusions

In the presented paper the OPT method was introduced for
possible use in HS bearing condition investigation. The lubri-
cating film is usually 0.01-0.2 mm thick, and its stability is
crucial for proper operation. The proposed method offers a
quick and versatile measurement of the thickness of the HS
bearing film with a potential precision of 0.001 mm; thus,
could be also used for bearings with lower film thickness.
Compared to the prediction, a good agreement was achieved
with the results obtained from proximity sensors and using
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the OPT method. Any camera can be used for the OPT method
measurement, although the better camera performance, the
higher the result precision. Moreover, this setup (after
method customization) mightalso be suitable fordeformation,
or unexpected movement investigation, since those effects are
not easily measured using proximity sensors. In addition to
that, optical methods provide new ways of positioningand lev-
elling of large-scale multi-pad HS bearings to achieve best
possible performance and minimize assembly errors.
Although this method is not tailored to provide on-line diag-
nostics, it might serve as a valuable tool for on-field perform-
ance investigation and precision improvement, either
throughout the assembly or during operation. The OPT
method is ready for use for bearing diagnostics in a wide
size range. Further research could be aimed at field measure-
ments on an actual site to prove its applicability, precision,
and effectiveness.

Presented at WTC 2022 Lyon.
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Abstract: Hydrostatic bearings are frequently used for moving large structures smoothly and precisely.
In such applications, difficulties with manufacturing, transportation, and assembly arise. The safety
and precision of the entire supported structure depend on the accuracy of the hydrostatic bearing
alignment. There are several suitable methods for its alignment, yet itis not clear which method can
achieve the highest bearing precision. This study provides a comparative experimental assessment
of the three methods. The measurements were performed on a hydrostatic bearing test rig with
independent positioning of the pads. Conventional measuring devices, a pressure distribution
alignment method, and an optical method, OCMM (optical coordinate measuring machine), were
compared. The accuracy of the selected methods and the difficulty of the aligning process were
included in the comparison. The OCMM method was able to achieve an accuracy 1.6 times higher
relative to the pressure method and 6 times higher compared to conventional measuring devices.
This method is versatile and can be applied for a wide range of bearing sizes.

Keywords: hydrostatic bearing; large-scale bearing; alignment method; pad surface leveling;
bearing precision

1. Introduction

Hydrostatic bearings were first introduced by the engineer L. D. Girard in 1851 [1].
The original bearing was driven by pressurized water and was used in railway transport.
This pioneering innovation was publicly unveiled at the prestigious Industrial Exhibition
in Paris in 1878 [2]. The hydrostatic bearing working principle is based on a complete
separation of the sliding surfaces by a lubricating film [3-8]. The external pressurized
lubricant supply allows for operation even at zero speed [9]. Hydrostatic bearings are often
used in combination with hydrodynamic bearings to increase safety and stability during
start and stop phases [2,10]. Compared to hydrodynamic bearings, hydrostatic bearings
operate with a relatively thick lubricating film [11].

Hydrostatic bearings exhibit exceptional load-carrying capacity [12] and a high degree
of stiffness, thereby ensuring the precision and stability requisite for accurate machin-
ery [13]. Additionally, the movement is performed with minimal frictional losses and
extremely low wear [14]. They are often used in applications with low rotational speeds,
unlike in the case of hydrodynamic bearings.

On the contrary, hydrostatic bearings require higher initial cost. The design of the
bearing involves consideration of the hydraulic system and its components [15]. While the
bearings themselves experience minimal energy losses [8], the hydraulic pump demands
a continuous energy supply to deliver pressurized lubricant to the bearing. At the same
time, the hydraulic system is, in part, more prone to failure. Despite these limitations,
hydrostatic bearings find extensive utility in various fields such as spindles [16], tables and
guides [3], machine tools, antennas, and telescopes [17], where the advantages outweigh
the disadvantages.
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In the case of large-scale bearings reaching sizes up to tens of meters, it is not possible
for some parts to be created in one piece or to secure desirable machining precision.
Moreover, they are difficult to transport and assemble [18]. Still, the sliding surface of the
bearing requires very high geometric accuracy [19].

One way to achieve higher precision is creating parts, such as a pad and slider,
separately in substantial proportions. While this approach enhances the precision of the
sliding surfaces and facilitates transportation, it introduces a new challenge of aligning
the separate pads, what is in the literature [6,20] known as a multi-pad bearing (Figure 1).
In the case of large bearings, it is necessary to ensure that the bearing pads are accurately
aligned [21]. Incorrect positioning of the sliding surfaces can result in a failure of the
lubricating film thickness or a direct collision of the sliding surfaces [22,23].

Figure 1. Scheme of multi-pad construction of hydrostatic bearing.

It is possible to use a compliant bearing pad support. This configuration allows the
sliding surface to adapt its position, including height and tilt, to compensate misalignments
within the deformations of the compliant member [24]. While this approach reduces the
impact of manufacturing and assembly inaccuracies on the bearing structure, it significantly
decreases the bearing’s stiffness, rendering it unsuitable for high-precision applications [25].

In this case, where the stiffness of the bearing is crucial (machining centres, telescopes,
etc.), compliant support cannot be used. In this case, the importance of accurate pad
alignment is essential and directly affects the bearing precision and safety. Nonetheless,
there is very limited knowledge of large-scale hydrostatic bearing pad alignment processes
in the literature. The practical limits of the alignment methods are unknown; therefore, it is
not clear which method should be chosen. There are three possible pad alignment methods,
and each of them have advantages and disadvantages:

e leveling using straightedge [26-28] and spirit level. This method is the simplest
one and does not need any specialized equipment, which is an advantage. The
disadvantage of this method is its complicated use on large scales.

¢ leveling the pads using information about pressure from bearing recesses. The
advantage of this method is that it can work online. The disadvantage is that the
alignment is carried out based on indirect information and an estimation of the film
thickness and could be compromised by the precision of machined sliding surfaces
and pressure sensors.

e leveling based on the coordinate measurement machine (CMM). Such systems are
accurate (as the only method, its accuracy could be certified), but not portable, mainly
in the case of large scales, and the leveling process can be time-consuming. Optical
coordinate measurement machines can overcome the problem associated with porta-
bility and flexibility, ensuring sufficient accuracy [29]. Such methods offer the potential
for greater alignment accuracy [30].

Although these advantages and disadvantages are straightforward, the evaluation of
their real capabilities is not. The leveling of a large hydrostatic bearing several meters in
diameter, with the desired accuracy in tenths of millimeters, or less, is a complicated task.
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Moreover, the accuracy of the first two methods is not clear. In this study, the question of
which alignment method provides the highest precision for large-scale hydrostatic bearings
was investigated by comparing these possible methods head-to-head.

2. Materials and Methods

In this section, a comprehensive overview of the experimental setup used in the pre-
sented paper is provided, along with the alignment methods used. A detailed description
of the experimental device is discussed, detailing the instruments and sensors used.

2.1. Prediction of Lubricating Film Thickness

Analytical prediction of the lubricating film thickness was used to verify the proper
design of the hydrostatic bearing pad geometry. This prediction was also used to evaluate
the suitability of the selected alignment methods. The prediction follows the circular shape
of a four-recessed pad,

B2 QA
F-q;

where h is the thickness of the lubricating film, Q is the flow of the lubricant through the
bearing, A is the projected area of the pad, t is the dynamic viscosity of the used lubricant,
Fis the loading force, and q; is the flow factor. The recess pressure was again taken from
the prediction relationship. The pressure prediction determines the carrying load capability
of the hydrostatic bearing.

~_F
Pr =Pry
The equation involves the recess pressure p,, pressure coefficient p;, force per pad F,
and the projected area of the pad A. The coefficients p; and g; correspond to the geometry
of the pad. These coefficients are read from the graph [31].

2.2, Experimental Hydrostatic Bearing Device
The experimental hydrostatic bearing device (Figure 2) consisted of two pads, a
load frame and a hydraulic unit. The pad geometry was designed with four circular
recesses. Each of the recesses had a restrictor of the type throttling valve before the inlet.
The lubricating film thickness measurement (h) was provided by contactless inductive
proximity sensors with a precision of £0.01 mm and a range of 3 mm. The pressure in
the recess (p,) was measured with a precision of £0.56 bar. The load (F) was applied
by tightening four threaded rods, at the end of which a force sensor with a precision of
+0.003 kN was mounted, and the load can be applied up to 60 kN. The hydraulic unit was
designed to supply a flow rate (Q) of up to 10 L/min at a pressure of 100 bar. The flow rate

was measured by a flow meter with a precision of +0.2 L/min.
f =
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Figure 2. (A) Scheme of the experimental device 2PAD; (B) top view of experimental device 2PAD.
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Prior to the actual measurement, elements generating errors in measured data were
identified. The collective errors of the measuring elements are shown in the following table
(Table 1) together with the measurement range.

Table 1. Errors of the sensors used on the experimental device 2PAD.

Max. Range Precision
Force gauge 14.7 kN +0.003 kN
Flowmeter 15 L/min +0.2 L/min
Proximity sensor 3 mm +0.01 mm
Pressure gauge 160 bar +0.56 bar
Thermometer 100 °C +1°C

There were also other errors in terms of calculation and manufacturing. Since the
calculation consists of the reading coefficients from the graph, an 8% reading error was
considered. At the same time, the pads were manufactured to a dimension with a certain
tolerance. This tolerance affected the projected bearing area, which further affected the
bearing load capacity. To determine the effect of the error on thickness and pressure,
the maximum and minimum were entered into the corresponding prediction equation.
Finally, the total measurement error was taken for the worst-case scenario. The sum of the
calculated errors was determined using the raw data (the values displayed in the table were
rounded after the calculation). Lubricating film thickness and recess pressure were selected
as the most important hydrostatic bearing parameters to be assessed. The distribution of
both thickness and pressure determined the safety of the bearing. Therefore, the influence
of the defined errors on the thickness and pressure was considered (Table 2).

Table 2. Effect of error on thickness and pressure from highest influence to lowest

Influence on Pressure

Effect ufpf coefficient reading error +0.684 bar
Effect of pressure measurementerror +0.56 bar
Effect of manufacturing tolerance +0.275 bar
Effect of force gauge measurement error +0.006 bar
Total pressure measurement error £1.525 bar

Influence on film thickness

Effect of proximity sensor measurement error +0.01 mm
Effect of ar coefficient reading error +0.0057 mm
Effect of temperature error +0.0027 mm
Effect of flowmeter measurement error +0.0018 mm
Effect of manufacturing tolerance +0.0015 mm
Effect of force gauge measurement error £+0.00005 mm
Total thickness measurement error +0.02164 mm

2.3. Conventional Measurement Instruments

Commonly available precise measuring devices were used for comparison. The
instruments were needed to detect the relative tilt and relative height of the pads. To align
the sliding surfaces, a straightedge made of an I-shaped profile with a length of 1 m was
used. This shape guaranteed high stiffness in the direction perpendicular to the measured
plane. The contacting surfaces were machined and grinded to an accuracy of 0.01 mm on
both sides.

The tilt of the runner was measured in two axes with a precision spirit level. This
spirit level had a magnetic seating surface, which ensured contact between the spirit level
and the straightedge. The precision of the spirit level equated to 0.02 mm/m. The first part
of the alignment consisted of leveling (Figure 3) the outer edges of the pads. This helped to
simplify the whole measurement. Then, the remaining two inner edges of the pads had to
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be adjusted in height. The angle in the two axes was constantly monitored, along with the
contact of the straighted ge with the pad surface.

FR o FR o
QOOOOOOO] [OOOOOOO)

(A) (B)

Figure 3. (A) Initial phase of planar aligning of the pad edges; (B) final state of the alignment
by straightedge.

2.4. Pressure Method

The second pad alignment method assumes that the lubricating film thickness was
distributed evenly across the bearing pad; the pressure in the recess must also be equally
distributed. If a pressure decrease occurs in a recess, the sliding surfaces are likely to
contact. Flow control device restrictors were mounted at each pad inlet, securing the same
flow; thus, even pressure is expected in each recess.

Alignment was then carried out by adjusting the corner height of the pad until the
recess pressures (Figure 4) were equalized (within the accuracy of the sensors). If there
was a pressure difference, the pad was recalibrated. For this reason, it was necessary
to know the recess pressure information and the lubricating film thickness from at least
3 places on the pad. Therefore, the recess inlets needed to be equipped with pressure
gauges and proximity sensors needed to be placed on the sides of the pad. Pressure gauges
with a precision of +0.56 bar were used.

10,0

2.0

6.0
4.0
20
0.0

Recess 1 Recess 2 Recess 3 Recess 4

p (bar)

Figure 4. Resulting pressure distribution of pad B after setting.

2.5. Optical Measurement

The alignment of the bearing pads can be assessed using a multi-point optical coordi-
nate measurement machine (OCMM). The measurement result of such a system was 3D
coordinates of special circular targets that adhered to the object’s surface which were, in
this case, the corners of the pad. A plane, representing an ideal planar surface of the slider,
was fitted into these corner points using the best-fit method (Figure 5), and their deviations
were calculated. These deviations were used to correct the position of pads.

The OCMM measurement includes imaging the scene with a digital camera from
different angles, making it possible to accurately triangulate circular targets. Such pho-
togrammetric measurement systems are accurate, portable, and can be used to measure a
wide range of measurement volumes, up to the order of meters. This makes the method
suitable for both small and large bearings. Moreover, no dedicated sensors on the bearing
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are needed, which makes this option also economical. A disadvantage could be the lack of
online pad alignment control.

m [Mm]
0.017

Pads plane

0.008
0.004
0.000
—-0.004

-0.013
=

(A) (B)
Figure 5. (A) Measurement setup of OCMM method; (B) final iteration-measured deviations.

In this work, the GOM TRITOP (Zeiss, Oberkochen, Germany) multi-point OCMM
was used. It was based on a Nikon D300s camera (Nikon, Tokyo, Japan) equipped with a
24 mm Titanar objective (Schneider Kreuznach, Bad Kreuznach, Germany). The employed
version of the TRITOP software was 7.5. Carbon fiber scale bars with approx. 1000 mm
length and 3 mm targets were used. According to the quality indicators of the measurement
project, the average distance of the image points to the respective reference points varied
between 0.011 and 0.012 mm.

As the purpose of this work was to reveal the suitability of the alignment methods for
hydrostatic bearings, there was a difference in the preparation phase of the experimental
setup according to the respective method. The start-up phase of the bearing together with
the data recording were already common. Thus, it will be possible to evaluate the change
in the thickness with respect to the bearing initial condition and to determine the behavior
of the bearing with manufacturing errors during operation. Also, the ambient conditions
were unified to a total load of 20 kN and a total flow rate of 6 L/ min. After setting up each
method, the slider was moved to predefined positions. There were 4 positions defined in
this way. The starting position for alignment included sliding 50 mm in the direction of pad
A, sliding 50 mm in the direction of pad B, and returning to the starting position. Since the
slider moves in a real situation, this movement reflects the actual conditions and ensures
the repeatability of the measurements.

3. Results and Discussion

The average lubricating film thickness and average recess pressure were evaluated for
each series of measurements using a particular method (Figure 6). The first series of results
showed a comparison of pad A and pad B relative to the reference value (red line). In all
cases, the error intervals are taken as the cumulative error of the measurement, sensing,
and data logging. The OCMM method was able to achieve thicknesses of 0.136 mm and
0.141 mm. Such bearing film thicknesses agreed with the predicted thickness value of
0.155 mm. The deviation was due to manufacturing inaccuracies of the pocket and slider,
which were not included in the analytical prediction of the ideal condition. Further, the
pressure method set the bearing to a lubricating film thickness of 0.133 mm and 0.128 mm.
From a safety point of view, the bearing is at a lower lubricating film thickness but still
in agreement with the prediction. In contrast, the method using conventional measuring
devices had the largest variation in lubricating film thickness. Despite the relatively high
thickness value of 0.144 mm, the bearing had the worst thickness distribution between
the pads. Pad B was more heavily loaded, resulting in a low average thickness value of
0.109 mm due to unsuitable load distribution.
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Figure 6. (A) Distribution of the average lubricating film thickness; (B) average pressure distribution.

The second set of data is focused on pressures that are generally dependent on the
carried load by the hydrostatic bearing. From this point of view, the pressure values were at
the same level since the load was the same in all cases. However, compared to the analytical
prediction (9.6 bar line), there is a significant difference. The fact that the prediction does
not consider inputs other than force, pressure coefficient, and bearing area may play a
major role. Effects such as the type of restrictor used and manufacturing tolerances are not
included at all. In addition, the biggest influence on the error rate in the pressure prediction
calculation comes from reading the pressure coefficient from the graph.

The alignment of the pads is crucial for even lubricating film thickness distribution
and thus for overall bearing precision; the methods were also compared from this point of
view. The deviation of the measured values is plotted in the graph (Figure 7). The smallest
error range was achieved using the OCMM method. Here, it can be concluded that the
possible compensation of the irregularity by lubricating film will not have a fatal effect on
the bearing operation. A similar result was achieved with the pressure method, although
there was already a greater dispersion of thickness values over the surface. Hydrostatic
bearing aligned with conventional measuring instruments shows the greatest differences
in film thickness. The risk of lubricating film failure is greater in a hydrostatic bearing
aligned using this method. Important aspects are selected in the table (Table 3). In the
case of maximum deviations, the worst-case situation is taken, where such an unfortunate
combination of errors can occur.

Based on the obtained results, we can conclude that using the OCMM method can
allow for the most precise bearing alignment from the selected methods to be achieved.
This method aligned the bearing to an accuracy of +0.01 mm. This degree of accuracy is
particularly important in applications requiring high precision and high stiffness. One of
the key benefits of the OCMM method is that the lubrication film thickness achieves the
highest average values. This ensures that the bearing operates in an optimal mode, which
not only increases its lifetime but also secures a high precision. A uniform distribution of
the lubricating film thickness is desirable in cases where there are some errors in the system
(manufacturing, assembly), and this contributes to the overall reliability of the bearing. The
OCMM method uses sensors as a verification element. This use of sensors is associated
with ensuring the consistency of the measurement. However, it is important to note that
the OCMM method itself does not require the acquisition of information from sensors to
perform. Bearing leveling included five measurement leveling iterations. In each iteration,
the bearing was measured and fixed according to the result (using the assembly personnel
estimation). The reason why so many iterations were needed was the four-support pad
mounting system, which was statically indeterminate. Therefore, it was not clear how
the shift in support influenced the overall position of the pad. However, in the future,
the pad mounting system can be created with only three supports to reduce the number
of iterations.
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Figure 7. Comparison of film thickness distribution over pad area.
Table 3. Comparison of leveling methods.
OCMM Method Pressure Method Conventional
Method
Accuracy of alignment h 4+ 0.01 mm h £ 0.016 mm h 4+ 0.06 mm

Deviation of film thickness 74% 12.1% 45.3%

Repeatability High High Low

Alignment difficulty Medium Low High

Time consumption Medium Low High

The pressure method is a different approach used to achieve relatively accurate bear-
ing alignment. This method focuses on monitoring two key parameters: lubricating film
thickness and pressure. To monitor these parameters, it is necessary to equip the bearing
with sensors that allow for continuous data collection. The sensors allow for the actual
lubrication film thickness and pressure to be monitored, allowing operators to react more
accurately to changes and make necessary adjustments. This minimizes the risk of un-
wanted bearing wear or other lubrication-related problems. However, it must be considered
that the pressure method is subject to sensor measurement errors. Inaccuracies in sensing
lubricating film thickness or pressure can affect the accuracy of the entire process. This
means that in addition to the advantages, this method can be sensitive to the quality and
calibration of the sensors used.

The method of alignment using conventional measuring instruments enabled the
bearing to be aligned to a sufficient condition. The lubricating film thickness reached
positive values in all the measured points. However, there was a large variation in the
lubricating film thickness values. Despite the theoretically good accuracy of the measuring
instruments, the main limitation is the influence of the human factor. Significant thickness
variations contribute to the instability of the whole bearing. Particularly in areas with
lower film thicknesses, potential collisions and disruptions can occur. To minimize these
uncertainties and achieve the highest degree of accuracy, the entire measurement procedure
was repeated, with each repetition producing different results.

4. Conclusions

This study presents an experimental evaluation and assessment of alignment methods
used for large hydrostatic bearings. The results indicate that it is possible to align the
bearing using all the selected methods with a relatively high accuracy vet with different
precision. This means that the averaged resulting film thickness values measured after the
alignment are very similar, but the standard deviation from the average value differs signif-
icantly. The OCMM method showed the best results from the selected three approaches. It
exhibited the best agreement with the predicted film thickness and recess pressure while
maintaining minimal film thickness variation across the pad area. This method does not
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require pressure or proximity sensors for alignment and is versatile for various hydrostatic
bearing sizes. The pressure alignment method offers a way to achieve acceptable alignment
precision; nonetheless, it requires information about pressure and film thickness. This re-
lates to the necessity of equipping many sensors on the bearing and subsequent processing
and evaluation of the obtained data. The alignment of pads using conventional methods is
greatly influenced by the human factor during the performance of the aligning procedure.
Its final precision was six times lower than that of the OCMM method. As the results show,
the error magnitude was close to the range of the film thickness; thus, it is not satisfactory.
Additionally, the size of the measuring instruments and the complexity of manipulation
increase with the bearing size accordingly. Therefore, conventional measurement devices
can be used for initial bearing alignment. For the further exploration of alignment methods,
optical methods appear to be a promising approach. This approach effectively considers
any manufacturing or assembly errors in bearing alignment. Hydrostatic bearing precision
can be further improved by implementing feedback control, which can effectively handle

any residual misalignment.
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Introduction

Studying the Universe is one of the greatest challenges which

Failure Prevention Procedure
of the Very Large Telescope
Hydrostatic Bearing Pads
Based on the Lubricating Film
Thickness Measurement

Maintaining a uniform film thickness is crucial for ensuring the safery of hvdrostatic bear-
ings in telescopes. If the lubricating film is disrupted, it can lead to the collision of sliding
surfaces, resulting in costly and time-consuming repairs. Since hydrostatic bearings enable
the telescope movement, repairs interrupt observations. By monitoring film thickness,
potential errors in specific bearing pads can be detected and addressed at an early
stage. The current film thickness measurement method, using dial indicators, is applicable
only under static conditions and can be influenced by human error when setting or reading
the values. In contrast, using contactless sensors provides a more reliable and efficient
method, ensuring higher safety for hydrostatic bearing systems. However, factors such as
working conditions and the number of required sensors need to be considered. In this
study, field tests were conducted to evaluate the current dial indicator method and simulate
the effects of clogged capillary errors. The proposed contactless sensor setup was also
tested under real conditions on bearing pads. The results indicate a potential approach

for interpreting telescope movement scenarios. Given the serious consequences of

bearing failure, regular monitoring of film thickness should be prioritized to mitigate the
risk of significant damage. [DOI: 10.1115/1.4068788]

Keywords: hydrostatic lubrication, oil film thickness, failure prevention, contactless
measurement, bearings, diagnostics, fluid film lubrication

Theoretical Background. Hydrostatic bearings are sliding
bearings where two surfaces are divided by a thin layer of fluid

lies before humanity. Studying objects and planets beyond our
solar system may help to answer one of the oldest scientific ques-
tions “Are we alone in the Universe?’. Such research would be
impossible without the most advanced astronomical telescopes.
The operation of a telescope requires a smooth service of many
mechanical elements. A malfunction can disrupt valuable observa-
tion time and delay scientific breakthroughs. The component
responsible for the altitude and azimuth axis movement of the tele-
scope is the hydrostatic bearing (HBS). If a malfunction occurred in
this system, the telescope would tum into an immovable mass of
steel.
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[1]. Separation is done by pressurizing the fluid in an external
source (pump), thus hydraulic system must be incorporated. Hydro-
static bearings are often combined with hydrodynamic bearings to
reduce wear [2] during the start and the stop phases [3]. The
primary advantages of using hydrostatic bearings in large-scale
applications such as reactors [4], machining centers [5], hydrogena-
tors [6], and telescopes include their exceptional stiffness, effective
damping characteristics, and high load-carrying capacity [7.8].
However, they also have certain limitations, such as the need for
precisely machined sliding surfaces [9], a significant upfront invest-
ment, and high repair costs in the event of a failure.

The hydrostatic bearing (Fig. 1) consists of a pad in which one or
more recesses are manufactured [10]. This recess is supplied by
pressurized fluid through the inlet hole. When the recess pressure
reaches a certain level, the sliding surfaces are separated, and
fluid starts to flow through a namrow gap.

The movement of fluid through the sill area is related to the pres-
sure drop. On the outer edge of the pad, the pressure of the fluid is

NOVEMBER 2025, Vol. 147 / 114602-1
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Fig.1 Scheme of hydrostatic bearing parts

atmospheric. On the basis of load, geometry, and oil properties, the
hydraulic parameters of the bearing can be calculated. The most
important parameters are the recess pressure and the thickness of
the film.

There are certain prediction approaches, such as numerical com-
putational fluid dynamics [11,12], analytical, or experimental
methods derived from the electrical field plotter [13]. These
methods are based on the some ideal assumptions. Surfaces are per-
fectly smooth and flat, the load is evenly distributed, there are no
deformations, the temperature doesn’t change, and the pad and
track are parallel. Real conditions, on the other hand, are not ideal.
Manufacturing and assembly precision, uneven load [14,15], and
temperature changes during the year, influence negatively resulting
bearing performance. In the case of large-scale applications, manu-
facturing and assembly errors have a significant impact on the
resulting positioning accuracy [16]. This is also due to the limitations
in achievable manufacturing precision [17] caused by the large
dimensions of the components. Bearing parts (pad, track) must be
manufactured from multiple pieces to ensure transport and tight
manufacturing tolerances [18]. The bearing composed of these
segments incorporates misalignments [19] such as offset, incline,
or tilt of connected pieces [20-23]. In a better case, these errors
cause a decrease in the lubricating film thickness. The worst case,
a fatal collision (metal-on-metal contact) of sliding surfaces can
occur [24].

Failure Investigation. At the Paranal Observatory, the Euro-
pean Southern Observatory operates the Very Large Telescope
(VLT), which comprises four unit telescopes (UTs). Each UT can
function independently to conduct individual observations or
work in unison as part of the VLT interferometer.

During the operation of UTs, the azimuth hydrostatic pads must
be able to carry up to 500 ¢ with an oil film thickness of just 50 gm.
The static part of the hydrostatic bearing, known as the track, con-
sists of an outer ring and an inner ring (Fig. 2). The outer track ring
reaches 20 m in diameter and consists of eight segments.

The track surface is not ideal from the perspective of hydrostatic
bearing. There are errors that arise during the manufacturing
process, such as surface roughness [25], surface waviness, and devi-
ations from flatness, but also deformations caused by the oil pres-
sure during the operation. There could be also some offset [26]
between two track segments (Fig. 2). These conditions can lead
to bearing failure or at least they influence the measurement of
the film thickness.

As VLT telescopes reach 26 years of service, the probability of
hydrostatic bearing-related failures may be increasing. There are
two well-known failures of the hydrostatic bearing that have
occurred in the last decade on UTs. The first is a clogged capillary.
A capillary is a type of restrictor [27-29] that creates a pressure drop
of the oil entering the recess of a hydrostatic bearing. The pressure
drop is determined by the geometry of the capillary, specifically its
length and internal diameter. In the case of UTs, the diameter is
1 mm. Although the hydraulic unit incorporates filters: particles
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can reach the inlet of the capillary [30]. Clogging of one or more
capillaries can cause failure of the pad. The pad should be able to
operate with one clogged capillary, but the risk of failure increases
dramatically. Another failure that can cause larger damage is the
erosion of the glue between the bronze sliding surface and the
steel foundation of the pad (Fig. 3).

Every pad has few spots where the glue can be exposed to pres-
sured oil. Namely, those are the inlet hole to the recess, the hole of
pressure sensor, and threated holes of fixing screws. These inter-
faces are sealed by O-rings, so theoretically, the oil should not
reach the glue. Nonetheless, the investigation of an occurred
failure showed that it is possible. The oil must have passed
through one of these spots, as no other possibility was found.

A possible scenario is that there was some scratch or micro hole
in the exposed surface of the glue layer. Under the pressure of the
oil, the crack could propagate. Particles of glue could speed the
whole process up due to abrasive behavior. The crack propagation
continued, where the oil practically bypassed the bearing contact,
and the pad lost its camrying capacity. Without oil flowing to the
recess, there was no or very small recess pressure. The chamber
over the pad is independent of the hydraulic system of the hydro-
static bearing, so it started to push the pad against the track even
though there was no film thickness. Attempting to rotate the tele-
scope resulted in scratches on both the pocket (Fig. 4) and the track.

Due to failure, other UT's bearing pads were checked. This
problem was also found in another UT. In total, there were 33
hydrostatic pads that needed to be replaced. Such a failure required
2078 h of mechanical teamwork and nearly 7100€ for tools and
items connected with repair. The hours of manufacturing new
pads reached 70 h. However, the biggest impact was on observation
time, which had to be postponed due to a malfunction. The key

Steel foundation of the pad

Glue interface

Fig. 3 Detail of the interface between the steel and bronze part
of the pad
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Fig. 4 (a) Damaged sliding surface and (b) scratched track after pads glue failure—repaired by resin

highlights for incorporating film thickness measurement as waming
criteria of the telescopes are as follows:

e For the safety measures, the oil film thickness measurement is
a key procedure to understand the behavior of hydrostatic
bearing.

e With incorporated film thickness measurement, the clogged
capillary tube can be detected. Every pad has four capillary
tubes. If one of them would be clogged by the particle in oil,
the appropriate recess will lose camrying capacity and this
behavior would be seen on the height of the cormresponding
pad corner. With only one recess pressure measurement, the
clogged capillary can be detected with certainty only in 1
case out of 4.

e In the past, there was a failure of glue between the bronze
sliding surface and the steel foundation of the pad. This state
can be also captured by thickness measurement in the propaga-
tion stage (small cavity). The oil can erode the glue to the
extent that oil will begin to flow through this cavity between
bronze and steel. Since the layer of glue is around 2 mm, a
fully propagated cavity will become the path for oil of the
least resistance. Without oil in contact, the failure of oil film
is inevitable. Here is the same situation as with the pressure
measurement. Propagation would start from one recess, so it
can be detected in 1 case out of 4.

e Based on the collected sensor data, preventive maintenance of
the track can be done. In case where an offset between seg-
ments will be that large, the film thickness will be decreased
on the critical value.

o [f the mass of the telescope is out of the center of gravity it can
overload part of the hydrostatic pads. Overload on one side of
the telescope would be manifested in a decrease in the film
thickness of the overloaded pads.

e One of the most severe failures during the operation of UTs is
related to azimuth hydrostatic bearing pads.

Material and Methods

From the mechanical point of view, the hydrostatic bearings of
UTs are practically the same. Deviation that affects the film thick-
ness measurement is different loads in each UT. The one with a
higher load will have a smaller film thickness, or if the load
changes (due new instrument, etc.), the film thickness will also
change accordingly.

For each UT, the prediction of film thickness was calculated with
respect to the UT’s load. The resulting film thickness will give
insights into what values should be expected and what resolution
the sensors should have. Goveming equations for load capacity
and required flow are

L—a)-(I-b
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where W (N) is the carried load by the hydrostatic pad, p, (Pa) is the
recess pressure, As (m?) is the projected area of the pad, Q (m?/s) is
the flowrate, ¢ (Pa - s) is the dynamic viscosity, & (m) is the film
thickness, and L, [, a, and b (m) represent the lengths of the pad
and recess sides.

The current film thickness measurement method uses digital dial
indicators (Fig. 5). These indicators can be measured with a resolu-
tion of 1 um. The measurements are done with a static telescope,
because the movement of the dial indicator tip over a precise track
could cause scratches during revolutions. The HBS pumping sys-
tem is turned to standby and dial indicators are mounted on pads.
Inouter track is accessible even farther face of the pad so it is possible
to mount all four comers with dial indicators. On the inner track, the
situation is different. The far side of the pad is not accessible. That
results in measurement only in three comers of the pad. Each axial
pad is measured this way.

In the standby state, the dial indicators are zeroed. Then the pump
is turned online and sliding surfaces are separated. Thickness is
measured and written down. Then the dial indicators are zeroed
again, and pumps are turned standby. The film thickness is
checked again with regard to previous measurements to ensure
repeatability.

The contactless measurement of the film thickness can overcome
the disadvantages of the contact method. An inductive contactless
distance sensor operates using electromagnetic induction to
measure the distance to a conductive target. An excitation coil gen-
erates an alternating magnetic field, inducing eddy curments in
nearby metal objects. This method ensures high precision, reliabil-
ity, and immunity to dust or contaminants but works only with con-
ductive materials. Measurement by dial indicators is done twice a
year in each UT. With such a time frame, there is a very small
chance of finding any failure in the propagation state. At the
same time, the measurement with dial indicators is time-consuming
and can be spoiled by human factors. The position of the dial indi-
cator on the pad is not well restricted. The precision is dependent on
the stiffness of the holding arm as well as on the precision of

Fig. 5 Setup for film thickness measurement by dial indicators
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positioning the tip on the track surface. These conditions incorpo-
rate uncertainties into the measured data. Contactless sensors on
the other hand don’t have these problems.

The pad has four degrees-of-freedom, one displacement and three
rotations (Fig. 6). The displacement is caused by the chamber over
the pad and allows movement in the Z-axis direction. The pad can
also rotate around X, Y, and Z axes because of the pin tolerances
located between the chamber and the pad.

From the film thickness measurement point of view, the rotation
around the Z-axis has no impact on results. But rotations around
X- and Y-axis can cause different heights on each corner of the pad.
The sliding surface of the pad can be imagined as a 3D plane. With
such degrees-of-freedom, the plane is unconstrained in space. To
know exactly how the plane is oriented it is necessary to have at
least three points of the plane, from the mathematical point of
view. These points represent the necessary sensors to describe the
sliding surface. If three points are known, the thickness under the
last missing comer can be calculated. It must be stated that the calcu-
lated thickness will be approximated. Real thickness can be different
due to deformations and surface imperfections.

Imperfections will influence the measurements of the film thick-
ness. In the documentation of the design state, there was provided
about expected deformations, tolerances, and other influencing
errors. Deformation is present on the track under the surface of
each pad and is caused by the applied pressure of oil. Generally,
the sensors will be sensing undeformed areas of the track. The mea-
sured value of the lubricating film thickness could potentially be
influenced by the deformation of surrounding bodies, resulting in a
smaller thickness than predicted. Manufacturing conditions such
as tolerances and surface roughness, on the other hand, would
have a direct influence on measured values. Although the roughness
value will be at the level of sensor sensitivity (1 tm), flatness (12 gm)
can cause some fluctuation in height values. The same as that, the
step or offset of 10 gm between each segment can negatively influ-
ence the data. These errors are not the only ones that can occur in
UTs. They are numerically described. Influences such as uneven
load of the telescope are not incorporated but can decrease the film
thickness even more. On the other hand, the working temperature
changes throughout the year. During hot days the film thickness
would be smaller than on cold days because of changes in oil
viscosity.

One pair of azimuth outer axial pads was mounted with eight dis-
tance sensors (four sensors on each pad). L-shape support was man-
ufactured to hold the sensor at the exact location (Fig. 7). The used
inductive sensors had a precision of 1 ygm. The sensor was cali-
brated to a height of 1.5 mm between its tip and the track surface
using precision shims. The dependence of the output voltage on
the distance from the sensed object was linear within the 1.5 mm
range. The data acquisition frequency was 1 Hz, at which a
peak-to-peak noise level of 0 mV was reported.

Results and Discussion

Reference Measurement With Dial Indicators. The procedure
of measurement by dial indicators was executed. First, the dial indi-
cators were mounted on the first half of the outer track pads (totally

N -

Fig.6 Scheme of the possible pad movement

114602-4 / Vol. 147, NOVEMBER 2025

LUl 21 L '

<$ 2

Fig. 7 Essential geometry definition and position of sensors to
reproduce a plane

eight pads). When the HBS was turned standby, the dial indicators
were zeroed. After the pumps were turned online, the oil layer was
established, and film thickness was acquired. Following the record-
ing of data at the established lubricating film thickness, the deflec-
tion indicators were re-zeroed. After the hydraulic circuit of the
bearing was tumed off, the film thickness was measured again to
assess the repeatability of the measurements. The same procedure
was performed for the second half of the pads. Measurement was
dependent on the perpendicularity of the tip axis against the
sensed surface. Because the tip of the dial indicator could scratch
the track, the measurement can be done only during static condi-
tions. The same procedure was done with inner track pads. The
only difference was that each of the inner track pads could be
mounted only by three dial indicators per pad. The reason is that
there is not enough space to fit the dial indicator assembly. The mea-
surement results of UT1 outer axial pads are shown in Table 1:

The film thickness is not evenly distributed through the surface of
the pad. Also, there is uncertainty in the data because film thickness
values indicate the pad was deforming. More likely the dial indica-
tors were not exactly perpendicular to the track surface or there was
possible movement of the magnetic support. Even with previous
imperfections, it was possible to locate comers with clogged capil-
lary using the current measurement method of the dial indicators.
This situation happened on the outer axial support 7, pad 2 (OAX
7.2) pad. The corner A had a noticeably lower film thickness com-
pared to the other corners, while the diagonally opposite corner D
exhibited a higher film height. This indicates a clear tilting of the
pad. After analyzing the measurement, the capillary on the A posi-
tion was exchanged. Repeated film thickness measurement revealed
that the corner A raised to 35 ym. There can be seen impact on mea-
suring film thickness. Without measurement, it would be impossible
to locate the clogged capillary or do some preventive maintenance.
The oil thickness below 20 um is below the safe limit and there is a
high risk of collision. The sum of track flatness error and step
between track segments can decrease the thickness down to
microns.

Initial Measurement With Contactless Sensors. Film thick-
ness, position of azimuth, velocity, and system pressure were
logged. With these values, it was possible to determine the state
of the telescope (Fig. 8). The sample rate of all measured values
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Table 1 Measured data of oil thickness by dial indicators

Film thickness (um)

Pad A B C D Avg. Predicted
0AX 7.1 3l 45 55 35 41.5 4.1
OAX 7.2 17 30 38 58 358 :

was 15s. The test started with the telescope in the park position
(139.55 deg) and HBS in the standby state. Next, the HBS was
turned online. At a system pressure of 35 bar, the accumulator
started charging, resulting in a noticeable pressure drop and a cor-
responding reduction in the lubricating film thickness. Subse-
quently, the pressure stabilized at an operating level of 85 bar.
With a short delay, the azimuth axis was turned online as well.
The telescope was moved with a constant speed of 2 deg/s to posi-
tion -90 deg and then back to the parking position. After this pro-
cedure, the axis and HBS were tumed to the standby state. In
each stage, the delay was incorporated for capturing steady-state.
The sensors were able to capture the changes in the telescope
movement. During the movement of the telescope, the data of
film thickness were scattered. The scatter represents the effect of
influential factors (roughness, flatmess). This implies that continu-
ous film thickness measurement would not be ideal during the
operation of the telescope. More promising were the stable sections
that occurred during the HBS online state. It was observed that the
film thickness barely changed after the movement. This situation
can be used for the preparation of preventive procedures for the
measurement of film thickness. The measured data scatter was
investigated during movement of the azimuth axis (Fig. 9). There
was visible symmetry in film thickness values during movement
in both directions. Trend changes are caused by the crossing of
the track segment. There is a clear influence of assembly and man-
ufacturing errors of the track segments. The most important conclu-
sion is that during azimuth revolution of 230 deg the change in film
thickness can reach up to 40 um, which is nearly nominal value.
Peaks are related to track segments and represent real situation of

segment alignment. On the other hand, the variations in the lubricat-
ing film thickness were often observed as an increase over the
nominal value, which did not negatively impact the bearing
performance.

Mathematical Calculation of the Pad Fourth Corner. The
equation of the plane was calculated for results from sensor
testing. Even though the position was measured, the corner D was
chosen as “unknown.” Results can be seen in Fig. 10. The graph
represents the measured film thickness of comer D (solid line)
with regard to calculated values of the same comer (dashed line).
There is a significant difference in results, with the calculated film
thickness being larger than the experimental by up to 32%. The
reason for this difference could be related to measuring conditions.
Either uneven loading of the telescope or manufacturing and assem-
bly tolerances of hydrostatic bearing can lead to cumulative error in
sensed value. The base of the hydrostatic bearing pad can be
deformed by the weight of the telescope itself and by the oil pres-
sure. Even though it was stated that a minimum of three sensors
per pad should be used (which is still true), four sensors would
provide significantly more trustworthy results. With only three
sensors, the uncertainty will be incorporated into the whole
methodology.

Simulation of Clogged Capillary—Measurement With
Distance Sensors. A clogged capillary was observed during mea-
surement with dial indicators. It was shown that there is a deviation
in the film thickness between the pad comers. The test was

100
HB:__ HBS 1o oatine Delay [Detay|  Movemen s.;;:}.u Movemen: | Delay [Delay HES to standby :E:w
Command:
Azsmuth stendby Command:
HES standby
-
R
T ez
-
g 2 =3
t2E3
S= = 2
E=E =2
IR
e I
,-"““"""-“"_
{ \ —
\
] | ’
H H
: ; | |
=10 2 '
0 60 120 180 240 300 360 420 480 540 600 660 T20 T80 840 S00 S60 1020 1080 1140 1200 1260 1320 1380
Time (s)
System pressure Film thickness A~ -------Rotation velocity Arimuth position

Fig. 8 Measurement procedure results of film thickness
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Fig. 10 Comparison of measured and calculated film thickness

reproduced with distance sensors. Special caps were manufactured
to close the capillary inlet and outlet. The pad behavior was
expected to be the same as that of clogged capillary. The clogged
corner will be lower than the rest. The procedure of measuring
film thickness with contactless sensors was followed by the mea-
surement with dial indicators (Fig. 11). The test was carried out
under static conditions. The film thickness logging started with tele-
scope HBS on standby (L.). Then the HBS was changed to an online
state (11.). After a delay (I11.), the HBS was changed back to standby
(IV.). This measurement was done before clogging capillary (A),
during one capillary was clogged (B), and again with all four cap-
illaries mounted (C).

The first graph (A) represents the initial state. All four capillaries
were connected. The data logging started with HBS on standby. The
pressure started to increase, the same as the film thickness. The
change in the trend of curve was caused by filling the hydraulic accu-
mulator. When the accumulator was fully charged with pressurized
oil, film thickness continued to increase. Close to the system pressure
85 bar, observed a decrease in the film thickness. This process is
caused by the control loop of the high-pressure pump, which tries
to secure the pressure of 85 bar. The HBS entered the online state.
To ensure stable results, the time delay was incorporated. During
this stage, the average film thickness in four corners was calculated,
as well as the standard deviation. The initial state was represented by
similar filmthickness on pads 7.1 and 7.2. The average film thickness
on pad 7.1 was 42.2 ym and on pad 7.2 was 44.0 ym.

114602-6 / Vol. 147, NOVEMBER 2025

In the next stage (B), one of the capillary tubes was clogged, i.e.,
the capillary tube of pad 7.1 in comer B. Clogging was simulated by
two caps: one closing capillary manifold and a second cap sealing
inlet hole to recess. The data logging was similar to that in the
first stage. On pad 7.2 can be seen an overall decreased film thick-
ness of 1.4 um with regards to the initial state. This was caused by
the lower carrying capacity of pad 7.1. On pad 7.1 was situation
more interesting. As predicted, the clogged corner had a very
small film thickness (16 gm). The average film thickness decreased,
and the corner thicknesses were dispersed.

Finally (C), the capillary tube was returned to its original posi-
tion. The test was repeated. The pad behavior returned to its
initial state. There can be seen small deviation in average film thick-
ness. This difference would be caused by the redistribution of the
load after turning the HBS online.

The precision of measurement with dial indicators can also be
discussed. Each stage (A, B, C) was verified also by using dial indi-
cators. Measurements were performed with the system powered on,
then zeroed, and the change was recorded after the hydraulic system
was switched off in order to assess repeatability. Contactless sensor
measurement was better constrained (exact position, stiff connec-
tion with platform, and measured interface not in contact with
sensor). The results are shown in Table 2.

The data obtained from contactless measurements demonstrate
greater consistency. The discrepancy between the two measure-
ment methods can reach up to 9 ym, which represents nearly 20%
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Table 2 Comparison of contact and contactless measurement
results

Initial state T1A 71B Tic 71D
Contactless sensor (um) 38 42 45 44
Dial indicator (gm) 38 44 51 47
Difference {pm) 0 2 6 3
Clogged capillary TIA 71B Tic 71D
Contactless sensor (um) 30 16 56 41
Dial indicator (um) 34 13 65 41
Difference (pm) 4 3 9 ]
Return to initial state T1A 718 T1C 71D
Contactless sensor (um) 36 40 44 42
Dial indicator (gm) 40 43 49 46
Difference (pm) 4 3 5 4

of the predicted film thickness. As previously mentioned, various
uncertainties are introduced during the measurement process. The
primary source of the observed difference appears to be the
limited positioning accuracy of the contact sensors during installa-
tion. Although the tests with both contact and non-contact sensors
were conducted in close succession, variations in temperature and
humidity between measurements may contribute to the observed
discrepancy. Temperature fluctuations directly influence the thick-
ness of the lubricating film.

Conclusions

The measurement of oil film thickness was assessed from the
safety point of view. Unpredictable errors of the hydrostatic
bearing can occur during operation. With the current measurement
method, detecting failures such as a clogged capillary is challeng-
ing. Because the operation of UT's has been nearly 25 years, the pos-
sibility of a failure is relatively high. For this reason, the
methodology of film thickness measurement was evaluated as a
new failure prevention. The following conclusions based on the per-
formed investigation were drawn:

# The described method and measurement approach apply to all
types of pads in the telescope and can be used also in other
large applications.

Journal of Tribology

* Based on the online logging of film thickness, a new safety
rule for the hydrostatic bearings system can be created.

* The measurement of oil film thickness can be used to detect the
clogged capillary. It is also possible to execute maintenance
procedures to mitigate any possible damage to track or pad
surfaces.

+ Although three sensors are sufficient to measure the thickness
of the lubricating film—with the fourth comer position esti-
mated computationally—the use of four sensors is preferable
for improved safety and to reduce the risk of system failure,
without introducing additional deviations or compromising
robustness.

* The measured data can be different in each comer of the pad
due to external conditions. Estimating deviations from the pre-
vious measured state is the proper way how to prevent failures
of UT’s bearings.

This methodology could be also used in the case of extremely
large telescopes to prevent possible failures. Furthermore, the data
from film thickness measurement can be used for the automatization
of pad pressure adjustment in the future. This automated procedure
could reduce the need for repetitive tasks.
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7 CONCLUSIONS

This dissertation focused on improving the safety of large-scale hydrostatic bearings by
addressing critical aspects of lubricating film integrity under realistic operating, assembly,
and fault conditions. While hydrostatic bearings are widely recognized for their high load
capacity, low friction, and suitability for precision applications, their safe operation at large
scales is increasingly constrained by geometric imperfections, limited accessibility, and
sensitivity to hydraulic disturbances. The central premise of this work was that the safety of
such systems cannot be ensured solely through pressure-based design assumptions but must
instead be evaluated and managed through direct consideration of lubricating film thickness
and its distribution.

The first part of the dissertation addressed the challenge of diagnosing lubricating film
thickness in large-scale hydrostatic bearings where conventional sensor installation is
impractical. The developed optical point tracking method demonstrated that non-contact
optical techniques are capable of providing film thickness measurements with accuracy and
repeatability comparable to proximity sensors, while exhibiting reduced measurement
dispersion. The ability to assess spatial and temporal variations of film thickness without
mechanical interaction with the bearing components represents a significant advantage for
safety-oriented diagnostics. These findings confirm that optical methods can reliably support
assessment of minimum film thickness, which governs the risk of surface contact,
particularly during commissioning, inspection, and fault investigation in large installations.

The second part of the work examined the influence of pad alignment on lubricating film
thickness distribution and bearing safety. Experimental comparison of conventional
mechanical leveling, pressure-based alignment, and optical coordinate measurement
demonstrated that alignment accuracy has a direct and measurable impact on film
uniformity. Optical alignment achieved the most uniform film thickness distribution and the
highest geometric precision, without relying on compliant support elements that reduce
bearing stiffness and positional accuracy. The results confirm that addressing assembly
inaccuracies through precise geometric alignment, rather than compensating them through
elastic deformation, is essential for maintaining both safety and precision in rigid, segmented
hydrostatic bearings. Optical alignment methods thus represent an effective preventive
measure against local film thinning and associated safety risks.
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The third part of the dissertation investigated hydrostatic bearing behavior under fault
conditions in a real large-scale application. Field experiments on the Very Large Telescope
hydrostatic bearing system showed that local hydraulic faults, such as capillary blockage,
produce pronounced and localized reductions in lubricating film thickness. Measured drops
demonstrated that even a single restrictor malfunction can drive the bearing toward contact
conditions, despite overall system redundancy. These results confirm that conventional
restrictor-based design methodologies, which assume ideal and continuous function of all
restrictors, do not adequately account for realistic fault scenarios. Continuous, contactless
film thickness monitoring was shown to provide early identification of such critical states,
enabling preventive intervention before catastrophic damage occurs.

The main contributions of the thesis can be summarized as follows:

e A safety-oriented approach to large-scale hydrostatic bearings was established,
identifying lubricating film thickness and its distribution as the key parameters for
safe operation.

e A contactless optical point tracking method was developed and validated for
lubricating film thickness diagnostics in hydrostatic bearings under realistic
conditions.

e Experimental data from one of the world’s largest hydrostatic bearing installations
were obtained and published, providing rare insight into film behavior under real
operating and fault conditions.

Overall, this dissertation demonstrates that the safety of large-scale hydrostatic bearings can
be significantly improved by adopting a focus that treats lubricating film thickness as a
primary safety parameter. By combining optical diagnostics, precise alignment strategies,
and continuous monitoring under real operating conditions, the presented work provides a
coherent framework for identifying, preventing, and managing safety-critical states in
hydrostatic bearing systems. The results extend existing knowledge beyond idealized design
assumptions and contribute practical tools applicable to large, high-value installations where
failure consequences are severe. Future work should focus on integrating optical diagnostics
with automated decision-making tools, extending fault analysis to additional failure modes,
and applying the proposed approach to large-scale hydrostatic bearing applications.
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