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Abstract. The condition monitoring of the health status of lubricating greases used in axle box bearings can
be realized by applying well-established electrical or optical measurement principles. Furthermore, some novel
methods have been reported that make use of humidity sensors or of dielectric thermoscopy. One of the most
important grease condition parameters is the water content of the lubricating grease, as water can degrade grease
to the point that it is no longer able to provide suitable lubrication and can also damage the bearing due to
corrosion and cavitation. In this study, a new approach for water detection in lubricated wagon components is
presented that is based on commercially available humidity sensors. The core element of this sensor system is
a robust humidity sensor mounted in the immediate atmosphere of the grease-lubricated wagon axle bearing.
In the case of water intake, the humidity of the gaseous atmosphere above the grease increases and can be
detected by the customized sensor concept Humidity Sensor in Axle Bearings (HSAB). As this sensor system
has to be sufficiently robust, it must be able to withstand environmental impact factors. The most important of
these factors are temperature, relative humidity, and mechanical load, like vibrations and shocks, depending on
the relevant railway application. To mimic these field effects under controlled laboratory conditions, the “lab-
to-field” approach was set up and employed. Of the utmost importance was the installation of a development
environment for the sensors that enabled the transfer of laboratory results to the respective rail field application.
As a result, the HSAB system shows promise with respect to enhancing the reliability of railway wagons and

decreasing maintenance costs, thereby reducing the downtime of railway wagons significantly.

1 Introduction and motivation

In recent decades, the condition monitoring of lubricating
oils has gained much attention in different industrial applica-
tions, such as aeronautic hydraulic systems, combustion en-
gines, and the rail industry, as well as in research applying
diverse sensor concepts (Liu et al., 2021; Rao et al., 2022;
Zhu et al., 2017). Many methods exist to monitor the condi-
tion of lubricating oils (Dalgac et al., 2021; Nicholas et al.,
2021; Patocka et al., 2020; Zhu et al., 2017); however, there
is a comparative gap in knowledge concerning real-time con-
dition monitoring techniques of lubricating greases that has
to be filled via the development of novel methods. As a con-
sequence, few relevant published results exist regarding the

condition monitoring of lubricating grease — especially of its
water content — even though there has been considerable re-
search on the condition monitoring of grease-lubricated bear-
ings with respect to grease parameters such as grease temper-
ature and relative grease deterioration, which is a combina-
tion of turbidity, softening, and ageing (Dittes, 2013; Scha-
effler Technologies, 2013). Continuous in situ monitoring
is also important for grease-lubricated systems, as mainte-
nance costs can represent up to 60 % of the total production
costs for grease-lubricated components (e.g. bearings) from
iron, steel, and other heavy industrial applications (Mobley,
2002). Therefore, knowing when to carry out maintenance
will reduce costs and downtime and possibly increase lubri-
cant change intervals.
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The water content of a lubricating grease is one of its most
important parameters, as water is the most common liquid
source of lubricant contamination and has a destructive ef-
fect on the performance of both the lubricated components
and the lubricating grease (Karl and Bots, 2011). For ex-
ample, as little as 1 % water contamination in the lubricant
can cause a significant (90 %) reduction in the life of a jour-
nal bearing (Dittes, 2016); this is due to the fact that water
changes the lubricant physical properties, such as the vis-
cosity, load-carrying, and the power transfer characteristics,
and the chemical properties, such as the thermo-oxidative
degradation, deposition, and additive-depletion characteris-
tics. Water ingression into lubricating greases can originate
from a variety of sources, depending on the application, such
as worn seals and condensation from air due to temperature
fluctuations (Day and Bauer, 2007). Water contamination can
cause rust, corrosion, water etching, erosion, and cavitation.
Water also degrades the base oil of lubricating greases, re-
sulting in the formation of acids. Water etching can result
from the formation of hydrogen sulfide and sulfuric acid due
to lubricant degradation (Dittes et al., 2020). Basically, wa-
ter contamination can be divided into three main categories
depending on the form of water, namely, dissolved, emulsi-
fied, and free water (Ametek Brookfield, 2015). In the case of
dissolved water, water molecules are individually dispersed
between the lubricant molecules and are not visible to the
naked eye. It primarily originates from the ambient air hu-
midity slowly interacting with the lubricant and causing the
degradation of metal surfaces and the depletion of additives.
With increasing water contamination, the lubricants reach a
saturation point at which any added water will precipitate and
become emulsified. Under this condition, the potential for
damage is substantially enhanced, as rust, clogged filters, and
increased oil acidity in lubricating greases can occur. Free
water will cause the most damage, as (at some point) a quan-
tity of water can completely displace the lubricant, which is
supposed to protect components. This form of water remains
in a separate aqueous liquid phase and will never be incor-
porated into the lubricant. It originates from condensation
or leaks and can lead to more significant rusting (Ametek
Brookfield, 2015).

There are a variety of methods to determine the pres-
ence and amount of water in lubricants. Traditional con-
dition monitoring techniques include Fourier transform in-
frared (FTIR) spectroscopy and Karl Fischer titration (Rowe
and Biamonte, 2016). FTIR is based on the interaction be-
tween various wavelengths of infrared light and the grease
sample. The transmitted light is collected by a detector, and
the spectrum of the transmitted or absorbed light as a func-
tion of the wavelength of the incident beam is typically
analysed (Spectro Scientific, 2015). By comparing the spec-
trum of the used and fresh grease, the water content of the
used grease sample can be determined based on the Beer—
Lambert law. FTIR can be effective for screening samples
containing above 1000 ppm of water (Karl and Bots, 2011).
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However, problems may arise if other particulates (e.g. dust
and soot) are present that may cause interference, giving a
false positive (Ametek Brookfield, 2015). The most widely
accepted method for detecting the amount of all forms of
water contamination in lubricants is Karl Fischer titration,
which is usually taken as reference. The most commonly
used Karl Fischer methods are (1) volumetric titration, fol-
lowing ASTM D1744-13 (ASTM, 2016a), to analyse free
and emulsified water and (2) coulometric titration, described
in ASTM D6304-20 (ASTM, 2021b), to quantify dissolved
water. As a result, water concentrations down to 10 ppm can
be detected (Noria Corporation, 2015). One disadvantage of
all Karl Fischer methods is that they require a laboratory en-
vironment and skilled operators. Furthermore, they use haz-
ardous chemical reagents and fragile glass vessels. Beyond
conventional grease-water content determination methods,
there are also some novel approaches that have not yet been
widely exploited, such as dielectric thermoscopy (Dittes et
al., 2018). This method applies the temperature dependence
of the dielectric properties of water-contaminated grease in-
side a test cell to estimate its water content by quantify-
ing the change in the dielectric constant over a temperature
change within a certain frequency range. As the dielectric
constant of water rises rapidly with decreasing measurement
frequency and because low-frequency investigations are typ-
ically cheaper and easier to implement, typical frequency
spectra are below 100 Hz (Dittes et al., 2018). An advantage
of this method is that the quantity of the grease inside the test
cell does not have as much influence on the result, as known
from other dielectric investigations under constant test con-
ditions. This is due to the fact that the overall capacitance
at a given test temperature is completely proportional to the
amount of grease in the test cell, where the dielectric ther-
moscopy calculates the change in properties that correlates
to the water content. However, typical capacitance or dielec-
tric measurements in grease applications (e.g. in bearings)
often run into several problems, mainly because grease does
not flow easily into test cells due to its limited movement
capability during operation owing to its semi-solid structure
(Dittes, 2016).

As described above, there are still only a few novel meth-
ods to determine the water content of lubricating greases
without laboratory instruments; correspondingly, there are
still few ready-made products available for this purpose
on the market. Most of these methods make use of wa-
ter sensors, which are primarily used in oil circulation and
tanks, and are based on humidity measurement or moni-
toring available electrical properties, such as electrical con-
ductivity or permittivity, as described in the corresponding
patents (Maeda and Takahashi, 2004; Takehara and Wak-
abayashi, 2005). There are only a limited number of com-
mercial products for grease applications and grease condi-
tion monitoring available. One approach is the grease sen-
sor for rolling bearings, based on optical infrared reflec-
tion technology, that can be used to monitor the grease con-
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dition in terms of lubricant opacity, wear, water content,
and temperature (Fraunhofer ENAS, 2011). Accordingly, it
is possible to detect changes in the grease condition long
before any damage to the observed bearing occurs. An-
other solvent-free moisture-specific instrument to quantify
the grease-water content based on polymer-based capacitive
humidity sensor technology is the Computrac Vapor Pro XL
moisture analyser (Ametek Brookfield, 2018). This device
utilizes a cylindrically shaped bottle heater for the septum
bottle filled with the grease sample and a dry-air carrier gas
flow system according to standard ASTM D7546-15 (ASTM,
2016Db). Volatiles emitted from the sample are then carried by
the gas flow through the sensor block containing a polymer-
based capacitive relative humidity sensor for moisture detec-
tion (Pall et al., 2009; Rowe, 2016). The main advantages of
this concept are that it does not consume hazardous chemical
reagents, is easy to use, does not need fragile and high-cost
glassware, and requires far fewer interferences than other wa-
ter detection methods. Compared to the Karl Fischer method
as a benchmark, this method can also deliver excellent pre-
cision over a wide range of water content levels down to
10 ppm. As a result, such a device is ideal for testing lubri-
cants for water contamination (Rowe and Biamonte, 2016).

As any sensor system used for grease condition monitor-
ing is subjected to various environmental factors in real field
applications, it is of the utmost importance that the sensors
are capable of withstanding these stress conditions. Robust-
ness means, in this sense, that the sensor consists of robust
components and that the implemented algorithms to evalu-
ate sensor signals must also have a high level of robustness
(Dubek et al., 2023).

Accelerated ageing allows the development and optimiza-
tion of sensor systems in several, short iteration steps. Dur-
ing these iterations, the sensor functionality and, hence, the
resulting robustness will be validated, always becoming one
step closer to reality, starting from laboratory conditions
(Schneidhofer et al., 2018). The validation in the relevant
environment is reached by mimicking the relevant environ-
ment in a laboratory, as proposed, for example, for wind
turbine gearboxes (Coronado and Kupferschmidt, 2014), but
including adaptations to the conditions present in the con-
sidered railway application. Thus, a high development level
is rapidly achieved before the final field test takes place
(Schneidhofer et al., 2022). The step change out of research
laboratory validation into field demonstration is the most im-
portant one. In this work, this is realized by the so-called
“lab-to-field” approach, which bridges the gap between lab-
oratory investigations and the field test to transfer laboratory
results to the related field application. The essential element
here is the sensor development environment, which is used to
mimic the field conditions in the laboratory and, as a result,
to experimentally examine components and devices. Such a
test bench provides the platform for close-to-reality train-
ing, which contains more different elements depending on
the real conditions that must be simulated. As a rule, the en-
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Figure 1. Schematic representation of the lab-to-field approach for
sensors with a stepwise increase in the development level. Those
reported in this publication are highlighted in blue.
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Figure 2. Schematic concept of the Humidity Sensor in Axle Bear-
ings (HSAB) system inside an axle bearing, showing an example
for railway applications, adapted from DIN EN 12082 (DIN, 2017).

vironmental simulation tests for simulating temperature and
humidity stresses take place as part of the safety test. Here,
the relevant standards decide which properties the product
must have. With regard to the test methods, reference is usu-
ally made to the IEC 60068 series (BS EN 60068, 2023).
There are also many standards concerning mechanical loads.
In the railway application field, the most decisive standards,
which are also utilized in laboratory tests, are IEC 61373
(BSI, 2010) and BS EN 50155 (BSI, 2017), as they encom-
pass the most severe conditions with respect to mechanical
loads, such as vibrations and shocks.

In this study, a new concept for the condition monitoring
of lubricant grease in rail applications is presented based on
commercially available humidity sensors. The core element
of the developed sensor system is a robust humidity sensor
mounted in the atmosphere above the grease within the lu-
bricated axle bearing of the wagon. Previous concepts for
grease condition monitoring have had several unsolved chal-
lenges arising due to the following reasons: the immobility
of the grease, correct sensor positioning, the existing bear-
ing housings that had to be specially designed to accommo-
date a sensor, and the high safety requirements of the railway
sector, in which changes have to be approved via costly pro-
cesses. To solve these problems, our concept offers several
advantages, such as a simple sensor system architecture, ex-
isting and proven technology, no intervention in the actual
bearing structure, and holistic consideration of the grease-
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Table 1. Specification of the candidate humidity sensors selected for performance tests.

Humidity  Size Housing Measuring  Signal Current Picture of
sensor (mm)? material  principle interface® consumption (mA) humidity sensor
P65 Capacitive ~ Modbus Typically 0.4 %
Sensor 1  @12x79.5 stainless thin film RTU
steel :
P65 Capacitive ~ Modbus Typically 1
Sensor 2 12 x 71 stainless  thin film RTU (max 5)
steel
IP65 Capacitive ~ Modbus Typically 3
Sensor3 @12 x 134  stainless  thin film RTU
steel

a & diameter. ® RTU: remote terminal unit.

water content via coupling through its atmosphere instead of
measurements of the grease at one position in the bearing.
In the following, the robustness of the selected sensors under
various mechanical and environmental conditions is first ex-
amined. Next, different test methods for the investigation of
the grease-water content will be discussed, as this work fo-
cuses on the quantification of water in grease-lubricated axle
bearings.

2 Experimental details

2.1 Test bed for sensor robustness analysis under
various conditions

The lab-to-field approach was used to establish a sensor de-
velopment environment tailored to application in railway ve-
hicles, thereby enabling the targeted development of both the
sensor and algorithm using laboratory experiments simulat-
ing realistic single and mixed stresses, such as temperature,
humidity, and mechanical loads (vibrations and shocks). As
illustrated in Fig. 1, the lab-to-field approach comprises a
number of steps before verification in the field (Schneidhofer
et al., 2022; Dubek et al., 2023). This publication specifically
addresses the following steps:

— proof of concept for the basic suitability of the Humidity
Sensor in Axle Bearings (HSAB) system (see Sect. 2.5
for methods and Sect. 3.2 for results);

— validation of the robustness of the HSAB system in the
relevant environment via the execution of a test pro-
gramme that simulates the specific operating conditions
of axle box bearings in rail vehicles (see Sects. 2.4 for
methods and Sect. 3.1 for results);

— algorithm development based on close-to-reality train-
ing to elaborate correlations between the sensor signal
and the lubricant property as well as interference, in par-
ticular temperature (see Sect. 3.3).
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2.2 The concept of the HSAB system

The purpose of the HSAB system is to determine the con-
dition of grease by means of the water content in the axle
bearing used in rail applications. In the case of water uptake
by grease, the air humidity will increase, which is detected
by the sensor. Critical amounts of water cause reduced lubri-
cation or, even worse, may lead to bearing failure, which is
signalled in advance by the HSAB.

As previously introduced, humidity sensors were inte-
grated into the space representing the air atmosphere of the
bearing cover of the HSAB system. An advantage of this is
that this sensor integration concept is noninvasive with re-
spect to the bearing structure, apart from moderate modifica-
tions to the bearing cover. The integration location is illus-
trated in the schematic adapted from DIN EN 12082 (DIN,
2017) in Fig. 2. As the sensors are placed inside the bearing
cover, they are protected from the strong airflow experienced
by the moving rail vehicle.

Regarding maintenance issues, the proposed systems are
intended to be maintenance-free, at least with respect to the
regular maintenance intervals of the axle bearing. However,
regular maintenance of the sensor system at regular service
intervals is recommended.

2.3 Sensor selection

Table 1 shows the selected commercial temperature and hu-
midity sensors for the construction of the HSAB system, in-
cluding their most important features, that were exposed to
diverse performance tests to confirm their measurement sen-
sitivity and robustness. The main aspects considered with re-
spect to the selection of sensors were commercial availabil-
ity, size, electrical output, and reported robustness according
to the railway standard IEC 61373 (BSI, 2010), if available.

According to the data sheets of the sensors used, the
measurement accuracy for temperature is 4 0.4 °C for all
sensors, while the relative humidity measurement accuracy
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Figure 3. Sensor holder with the applied sensors mounted onto the
shaker for (a) vertical and (b) horizontal vibration tests.

is £ 1.3RH % for sensor 3, == 1.5RH % for sensor 2, and
+2RH % for sensor 1 in the employed temperature (from
—10 to +70°C) and humidity (from ORH % to 90 RH %)
ranges. Outside of these temperature and humidity ranges,
higher errors are expected for the sensors. The selected sen-
sors have been calibrated by their manufacturers, and their
functionality has been confirmed with corresponding cali-
bration certificates. The transducer elements of these sensors
are protected against dust and dirt by a tailored coating. Fur-
thermore, all soldering points are sealed against corrosion by
the manufacturer. In addition, the sensors could also provide
information on other physical parameters, such as the dew
point, mixing ratio, or absolute humidity. Different reference
sensors were utilized to verify the test sensors in order to
check the proper functionality of the sensors used during test
runs, as discussed in the following.

2.4 Robustness tests
2.4.1 Mechanical robustness

The mechanical robustness of the HSAB system is one
of most critical factors, as such sensors would be sub-
jected to high mechanical loads in railway vehicles when
directly mounted to the axle. Part of the development envi-
ronment for testing resistance against vibration and mechan-
ical shock is based on a shaker mimicking close-to-reality
vibrational loading scenarios. The shaker was extended by
a self-designed sensor holder mounted on the shaker’s inter-
face plate to enable vibration tests in both the horizontal and
vertical directions, as can be seen in Fig. 3.

The vibration and shock tests were executed on sensors
1 and 2 (see Table 1). A shaker system (LDS HPA-K v2
CE, serial no. S6896-004/1) was used for the vibration tests,
and a mechanical free-fall system (LAB/SD-10-42-30, se-
rial no. 5520171) was used for the shock tests. All of these
investigations were done according to railway applications
standard IEC 61373:2010, Category 3, axle mounted, verti-
cal orientation severity (BSI, 2010). Regarding the vibration
tests, two types of experiments were performed: (1) the func-
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Figure 4. Sensors encapsulated into a test box for measurement, ac-
cording to standard IEC 60068-2-38, and the reference sensor (hu-
midity control sensor).

tional random vibration tests (time period: 5 min; root-mean-
square, RMS, acceleration: 38 ms~2) along all three axes
and (2) the subsequent simulated long-life tests (time period:
5h; RMS acceleration: 144 m 5_2) along each axis. These
tests were aimed at verifying the operational capability and
demonstrating that the device would perform appropriately
under field test conditions. Finally, the shock tests (nominal
duration: 6 ms; peak acceleration: 1000 m s~2; three positive
and three negative shocks) along each axis were carried out.

During all tests, sensor data were continuously saved to
log files for subsequent evaluation and comparison to refer-
ence data. Reference values were logged with a data logger
(Testo, 2021) to monitor ambient conditions (laboratory tem-
perature and relative humidity) during testing. The reference
data logger was not exposed to any of the vibration nor shock
stresses. After the vibration tests, the humidity sensor was in-
spected for loose parts as well as for functionality.

J. Sens. Sens. Syst., 13, 9-23, 2024
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2.4.2 Robustness under environmental loads

Getting closer to realistic conditions in the sense of the lab-
to-field approach, the sensors were integrated into a plastic
box (see Fig. 4) inside a climatic chamber to create and guar-
antee homogeneous climatic conditions. To investigate the
resistance of the sensor against temperature and humidity, the
sensors have been tested according to standard IEC 60068-2-
38 (DIN, 2009), which demands that tested objects are sub-
jected to enhanced and varying temperature and humidity.
This standard differs from other cyclic heat tests because it
stipulates more severe conditions with respect to tempera-
ture and humidity, namely, a larger number of temperature
changes in a given time, a larger temperature range within
a cycle, a higher rate of temperature changes, and inserted
loading sections with temperatures below 0°C to simulate
winter conditions in the laboratory. During the stress test,
sensor signals were monitored and saved continuously for
subsequent evaluation. Moreover, a reference sensor in close
vicinity to the device under test was integrated and was
used as a humidity control sensor (TE Connectivity, 2019)
in the box.

2.4.3 Robustness under combined conditions

The robustness of the selected sensors (see Table 1) under
mixed conditions in the real bearing cover (relevant environ-
ment) was tested in order to move one step closer to field
conditions. For this reason, an extended bearing cover from
PJ Messtechnik GmbH was used in which the sensors were
mounted via a customized sensor holder along with the ca-
bles for energy supply and communication and the clamping
box (as can be seen in Fig. 5a). This arrangement made it pos-
sible for the sensor system to have a contact with the grease
atmosphere in the bearing units under field conditions. The
bearing cover including the sensors was installed using the
same orientation as that in the real application, and the entire
system was then mounted on a shaker (see Fig. 5b) to provide
amechanical load well beyond the standard IEC 61373:2010,
Category 3, axle mounted (BSI, 2010). During this labora-
tory evaluation, the HSAB system, as well as the described
integrated components, was not encapsulated, i.e. embedded
into a soft polymer; hence, this resulted in a higher mechan-
ical stress on all of the components in the bearing cover. Vi-
bration and shocks were applied in the vertical direction, as
impacts and shocks mainly occur in this direction in the field
application. Beyond the standard, extended simulated long-
life tests (RMS acceleration up to 250 m s~2) and shock tests
with a time period of 6 ms with an increased peak load of up
to 1200 m s~ (in total 117 shocks) were carried out.
Additionally, the entire system was simultaneously ex-
posed to environmental stresses such as temperature and hu-
midity; to realize the aforementioned respective conditions,
a hot-air dryer (Steinel HG 2310 LCD) and an ultrasonic
humidifier (Dragon MAGIC-FOG ultrasonic nebulizer) were
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used. For this purpose, a test matrix with the following cli-
matic states was set up to simulate the relevant conditions
for the rail application: “Normal” — an ambient temperature
and humidity of around 25 °C and 30 RH %; “Hot” — temper-
ature increased to around 60 °C under dry conditions with a
humidity level below 10 RH %; “Wet” — an ambient temper-
ature of 25 °C and a humidity level close to 100 RH %; and
“Hot 4+ wet” — an increased temperature of around 60 °C and
a humidity level close to 100 RH %. Consequently, tests for
validation in the relevant environment were executed under
more severe conditions than those expected in the field in or-
der to accelerate failure due to mechanical stress.

2.5 Measurement arrangements for the investigation of
the grease-water content

In the following, the methods for the static and dynamic mea-
surement arrangements, which were used as part of the devel-
opment environment to prove the HSAB sensor concept (see
first blue field in Fig. 1), are discussed. Furthermore, the data
were used for subsequent algorithm development.

2.5.1 Static grease tests

A static test, in this context, means that no movement was ap-
plied to the grease nor the examined sensor. For these tests,
the sensor was integrated into a sealed recipient that was half-
filled with a grease sample. Corresponding to the HSAB con-
cept, the humidity sensor protruded into the air phase while
contact with grease was excluded (see Fig. 6). Investigations
were carried out with different grease-water contents at dif-
ferent temperatures.

The set-up was placed in an oven. During testing, temper-
ature and humidity were recorded by the sensor. Commer-
cially available grease for railway applications was used, and
it was thoroughly mixed with a certain amount of water. The
investigations were executed at ambient temperature (25 °C)
as well as at 40 °C using the original grease with 0wt %,
1wt %, and 2 wt % of added water.

2.5.2 Dynamic grease tests in the modified grease
worker

The evaluation of dynamic effects (i.e. movement and load
in the grease) took place in a so-called grease worker
(see Fig. 7a), as described in the standard ASTM D217-19
(ASTM, 2021a). Tests were carried out with a commercially
available grease in this test set-up using three different water
contents at different grease temperatures (25, 40, and 60 °C)
and sensor temperatures (25, 50, and 70 °C). The grease sam-
ple was filled into a steel crucible (see Fig. 7b) wherein a
plate perforated with holes (see Fig. 7c and d) was moved
up and down via a piston with a speed of 1 stroke per sec-
ond for a total of 30000 strokes. The sensor was placed in
an extra tubing with contact with the grease atmosphere in
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Vibration
direction

Figure 5. Test set-up for sensor robustness investigations under combined conditions: (a) sensors integrated into the PJ Messtechnik GmbH
axle bearing cover; (b) sensor system mounted on a shaker to simulate relevant environments well beyond the standard IEC 61373, Cate-

gory 3, axle mounted.
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Figure 6. Schematic test set-up for static grease monitoring under
different test conditions.

the test cell. The temperature of the test cell was first set to
room temperature (25 °C) and then to 40 and 60 °C, respec-
tively. Furthermore, the temperature of the atmosphere at the
sensor integration position was also adjusted, first to ambi-
ent temperature (25 °C) and later to 50 and 70 °C, respec-
tively. During operation, the sensor temperature is usually
lower than the grease temperature, although the grease tem-
perature could also be lower than that at the sensor position
during specific events, such as under strong-sunlight at low-
load conditions and during low-velocity movement of the rail
vehicle. Therefore, the experiments were selected to cover
all scenarios in which the sensor temperature is higher than,
equal to, or lower than the grease temperature. The exper-
iments were performed at three different grease-water con-
tents between 0.05 wt % and 0.3 wt % as well as at three sen-
sor and grease temperatures, resulting in a total of 27 mea-
suring points. After each experiment, a sample of the grease
was taken to determine the water content using Karl Fischer
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titration as a benchmark. An error of £10 wt % according to
DIN 51777-2 (DIN, 1974) also had to be taken into account.

2.5.3 Dynamic grease evaluation in the bearing test rig

The second type of dynamic measurements were carried out
in a bearing test rig modified from DIN 51350-6 (DIN, 1996).
Two grease-lubricated tapered roller bearings were forced to-
gether at a load of 5kN and rotated at a defined speed of
1500 rpm (see Fig. 8a and b). The humidity sensor was in-
tegrated into tubing that was connected to the atmosphere of
the bearing test rig (see Fig. 8c). A sample of commercially
available grease in its original condition and a sample of the
same grease mixed with 1 wt % water were used for the mea-
surements at test cell temperatures of 25, 40, and 53 °C. After
each experiment, a sample of the grease was taken to deter-
mine its water content by Karl Fischer titration, similar to the
investigations in the grease worker.

3 Results and discussion

3.1 Robustness validation of the sensor system

3.1.1 Validation of the mechanical robustness with the
shaker

Typical measurement results of both the functional ran-
dom vibration test and the simulated long-life test for the
horizontal-1 direction for sensor 2 are given in Fig. 9a and b,
respectively. Signals of the reference sensor (data logger) are
also shown in Fig. 9 for comparison. As can be seen, sen-
sor 2 provided similar output signals to the reference sensor
during all tests, and there was no evidence that it failed. The
slight differences between the sensor signals and the signal
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Figure 7. Test set-up for dynamic grease evaluation with the grease
worker: (a) structure of the grease worker modified from ASTM
D217-19 with a mounted sensor and test cell; (b) lower part of the
grease worker with a steel crucible filled with grease after operation;
(c) upper part of the grease worker with a perforated plate; (d) upper
part of the grease worker filled with grease after operation.

Figure 8. Test set-up for the dynamic grease evaluation with the
bearing test rig: (a) upper and lower tapered roller bearings face-
to-face with each other; (b) components of the test rig cell with the
bearing; (c) measuring arrangement with the integrated sensor.

J. Sens. Sens. Syst., 13, 9-23, 2024

of the reference can be explained by the different sensor lo-
cations, as the reference sensor was placed about 1 m away
from the shaker. The same behaviour is also observed for the
other sensors and along other axes (horizontal-2 and vertical)
involved in these tests.

Furthermore, during the shock tests for both the positive
and negative horizontal-1 directions for the same sensor, the
corresponding acceleration data (shock peaks) were recorded
to confirm the stress uniformity and shock amplitudes, as de-
picted in Fig. 9c and d, respectively. During all shock tests,
sensor 2 delivered constant signals. In this case, there is no
offset between the sensor signals and the data logger signal.
Similar to vibration tests, all sensors provided reliable data,
and the sensor signals show no evidence of failures during
the investigations.

The results clearly show that the sensors have always
yielded reliable data, and there was no deviation caused by
vibration or shock in the measurement results. Function and
mechanical integrity remained unchanged; thus, the test re-
sult is “passed”. Accordingly, it can be expected that the
selected sensors can withstand the conditions required by
IEC 61373:2010, Category 3, axle mounted (BSI, 2010),
which makes them suitable for rail applications. In conclu-
sion, based on mechanical stability, the selected sensors can
be used in the HSAB system.

3.1.2 Validation of the robustness in a climatic chamber

Results for sensor temperature and relative humidity follow-
ing the standard IEC 60068-2-38 (DIN, 2009) for sensor 2
are shown in Fig. 10a and b, respectively. The test according
to this standard began with a thermal pretreatment in which
the sensors were exposed to a temperature of 55 °C and a rel-
ative humidity of 10 RH % for a time period of 24 h. This was
required for the sensors to achieve temperature equilibration
and for the measurement to start from a well-defined state.
In the next step, the initial measurement took place: the tem-
perature was reduced to 25 °C and the relative humidity was
increased to 60 RH %. Thereafter, a total of 10 cycles with a
cycle duration of 24 h were carried out, 5 of which were nor-
mal and 5 of which were cold cycles; cold cycles were used
to simulate winter conditions, as mentioned above. The order
of the cycles was chosen arbitrarily; however, the last cycle
was a normal cycle according to the standard. Water with an
electrical conductivity of o < 20uScm™! (DIN, 2009) was
used to humidify the sensors, and the humidity control sys-
tem was switched off during cold cycles to prevent freezing.
At the end of the test, the final measurement involved keep-
ing the sensors at the initial measurement conditions (25 °C
and 60 RH %) for 24 h to compare the functionality of the
sensors before and after the cycling.

Results confirmed that the temperature could have been
kept within the prescribed tolerances of £2 K. The relative
humidity had moderate undershoots in the case of tempera-
ture changes from +25 to —10 °C; however, apart from that,
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Figure 9. Results from the vibration tests with the shaker: (a) functional random vibration test result for the horizontal-1 direction; (b) sim-
ulated long-life test results for the horizontal-1 direction; (¢) shock test results for the positive horizontal-1 direction (acceleration given in
absolute values); (d) shock test results for the negative horizontal-1 direction (acceleration given in absolute values).

the relative humidity also remained stable within the toler-
ance limits of =3 RH % (DIN, 2009). As all of the sensors
remained functional after the validation under enhanced cli-
matic conditions, the test result was “passed”.

3.1.3 Validation of the robustness of the mounted HSAB
under combined conditions

As an example, the sensor signals recorded during the ex-
tended simulated long-life test under climatic conditions and
the corresponding acceleration signal in the Hot state for
sensor 2 are shown in Fig. 11a. The applied acceleration
values during the extended simulated long-life test show
that the effective amplitude (RMS) of 208 ms~2 was signif-
icantly higher than that required (144 ms~2) in the standard
IEC 61373 (BSI, 2010). Acceleration values with these or
higher amplitudes can cause a strong wear on railway infras-
tructure, especially railway frogs, in the long term, which can
lead to a significant increase in maintenance costs (Sysyn et
al., 2019; Kou et al., 2020). As can be seen, sensor 2 pro-
vided reliable data, and there was no evidence that the de-
vice failed during the tests. Consequently, its functionality
and mechanical integrity remained unchanged. The same can
also be stated about the other sensors and at further investi-
gated climatic states, Normal, Wet, and Hot + wet, respec-
tively. Therefore, the test result “passed” was approved for all
of the sensors and all of the investigated climatic conditions.

Besides the extended simulated long-life test programme,
shock tests were also applied to the sensors. Figure 11b
shows the acceleration values of the applied shocks in both
the positive and negative directions in the Hot climatic state
for sensor 2. In total, 117 shocks were executed — signifi-
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cantly more than requested in the standard IEC 61373 (BSI,
2010) — with three positive and three negative shocks in
each axis direction (18 shocks in total). Moreover, during
the shock tests, all of the sensors delivered quasi-identical
signals. Thus, the sensors again provided reliable data, and
there was no evidence that they failed during the tests.

3.2 Determination of the grease-water content

3.2.1 Results of the static grease tests

The sensor signals (temperature and relative humidity) from
sensor 2 recorded under static conditions were analysed for
correlation with the grease-water content. They were ex-
tracted after humidity equilibrium was reached in the gaseous
space above the grease, and measured humidity values were
correlated as a function of the water content (see Fig. 12a).
As expected, the higher the grease-water content, the higher
the relative humidity. Furthermore, it was concluded that
temperature only had a minor effect on the test results under
these conditions, as the differences in the relative humidity
of less than 3RH % were in the range of the measurement
error of the sensors. As the relative humidity is strongly de-
pendent on temperature, the absolute humidity as a function
of the grease-water content for the investigated temperature
ranges was also plotted (see Fig. 12b). It is concluded that a
higher grease temperature is correlated with a higher absolute
humidity at the sensor position, as more water is driven out of
the grease into the surrounding atmosphere. The performed
static experiments confirmed the proof of concept and, con-
sequently, the usability of the HSAB for indirect measure-
ments of the grease-water content based on the humidity of
the immediate atmosphere of the grease.

J. Sens. Sens. Syst., 13, 9-23, 2024
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3.2.2 Results under dynamic grease loading in the
modified grease worker

As presented in Sect. 2.5.2, humidity sensors were further
evaluated using dynamic tests, in which grease movement
was introduced in the grease worker. In accordance with the
static measurements, humidity sensor signals were investi-
gated after humidity equilibrium was reached in the gaseous
space. Good grease mixing was established via the move-
ment of the piston in the crucible during the test. Therefore,
a better interaction between the grease water and the humid-
ity in the atmosphere could be expected. As a result, a good
correlation between the relative humidity measured by sen-
sor 2 and the water content of the grease was obtained (see
Fig. 13). As can be seen, the temperature exerted a significant
effect on the humidity measurement: the higher the grease
temperature, the higher the humidity of the atmosphere, as-
suming a constant grease-water content and sensor temper-
ature. Furthermore, the higher the temperature at the sen-
sor position, the lower the relative humidity at a constant
grease-water content and grease temperature. Different be-
haviour, compared with the results obtained from the static
measurements, could be explained by the movement of the
grease and, therefore, higher exchange between the water in
the grease and the atmosphere at the sensor position. Further-
more, the sensor and grease temperatures experienced were

J. Sens. Sens. Syst., 13, 9-23, 2024

K. Dubek et al.: Robustness validation of a humidity sensor system for railway applications

)
=
T

Y
S

=
=
5 3
8

s
=

-
s =
= =
s 2

Temperature in °C / Relative humidity in %
E
z
2
Acceleration in m/s®

=

L 1 L 1 f
0
o 20 40 60 80 100 120 140 160 180

Time in min
)
S0 1500
= ol Sensor2-T | 200
£ ——Sensor2-RH
E S0 — " s 900 .
= 70 600 é
o
1l e
= 4 ot UL g
& S0 UL | LR | T ||1||| Z
Ll
3 -
= o
S 30 q-600 2
£
g b e
'é 1wt H-1200
S 4 L L L L L L 1500
= 2 4 6 8 10 12 14

Time in min

Figure 11. Sensor signals (temperature and relative humidity) and
the corresponding acceleration data, using the Hot climatic condi-
tion for sensor 2 as an example: (a) extended simulated long-life
tests; (b) shock tests.

individually changed to investigate their effects, contrary to
the static measurements (see Sect. 3.2.1) during which the
sensor and grease temperatures had the same value. Based
on the obtained results, the uncertainties (see trend lines in
Fig. 13) came from (1) the sensor (temperature and humid-
ity) and the grease-water content measurement and (2) the
fact that local differences in the grease composition with re-
spect to the contaminant (water) can have an influence on the
water content of the grease sample taken out of the experi-
mental set-up in comparison with the overall water content
of the grease within the experimental set-up, which can lead
to further misinterpretation of the measurement results. As
the relative humidity is a function of the temperature and the
absolute humidity (Ziircher and Frank, 1998), the correlation
between the grease-water content and the absolute humidity
is obvious and was identified in the present data.

3.2.3 Results of the complementary dynamic
measurements using the bearing test rig

Complementary dynamic measurements were carried out in
the bearing test rig with sensor 2 to account for a realistic
operating environment (i.e. at the axle bearing of a railway
wagon considered for HSAB). Figure 14a shows the correla-
tion between the measured relative humidity and the grease-
water content for the three investigated temperatures (see
Sect. 2.5.3) of the test cell. For each measurement, two points
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are depicted for analysis using the Karl Fischer method: a
grease sample from both the lower and upper bearing (see
Fig. 8a). For the test cell temperature of 53 °C, only the first
data point (at 0.2 wt %) was taken into account, as the sec-
ond one (greater than 0.5 wt %) was already above the satu-
ration point of the air at the sensor position. Consequently,
the sensor showed nearly 100RH %. The test at the bear-
ing test rig confirmed the findings of the experiments at the
grease worker: the temperature had a major effect on the hu-
midity measurement. According to these findings, a robust
procedure was established considering both the sensor and
the grease temperature and grease circulation based on the
measured trends (see the following). Like the consideration
mentioned above, the correlation between the grease-water
content and the absolute humidity could also be seen in the
obtained results (see Fig. 14b).
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3.3 Methodology to calculate the grease-water content

As can be seen, both the static and dynamic measurements
provided reliable data based on which a good correlation be-
tween the humidity measured by the sensor and the actual
water content in the grease could be determined. The dy-
namic measurements revealed a sensor signal temperature
dependence, which made it necessary to log temperatures
(for both the sensor and the grease) simultaneously with hu-
midity. Data from these experiments were used to create a ro-
bust empiric formula to correlate the water content in grease
(Wt %) and the relative humidity (RH %) measured by the
sensor based on a multiple linear data regression model tak-
ing both the temperature of the grease (7 in °C) and of the
atmosphere at sensor position (7 in °C) into account as fol-
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The coefficients in Eq. (1) are characteristic shape (K) and
scale (b and c) parameters that indicate the weight of the
measured temperature and humidity data. The robustness of
our regression model was checked using the cross-validation
method. Therefore, the standard error of prediction (SEP)
was calculated and considered to be adequate (Ojala and
Garriga, 2010; Varmuza and Filzmoser, 2009), as the SEP
amounts to 0.026. Figure 15 shows the correlation between
the grease-water content and the relative humidity at differ-
ent combinations of grease temperature (1) and temperature
at the sensor (75) as calculated using the equation introduced
above. The higher the grease temperature, the higher the rela-
tive humidity at the sensor position at a constant grease-water
content and sensor temperature, as more water is evaporated
from the grease to the atmosphere at the sensor position. Oth-
erwise, the higher the temperature at the sensor, the lower the
humidity at a constant grease-water content and grease tem-
perature, as the relative humidity decreases at higher temper-
atures at the sensor position. In conclusion, for the determi-
nation of the grease-water content, the sensor signal of the
relative humidity, the temperature of the atmosphere at the
sensor, and the temperature of the grease are necessary.

4 Conclusions and outlook

In the present work, a concept for determining the grease-
water content based on commercially available robust hu-
midity sensors, considering the sensor and grease tempera-
ture, under rail vehicle operation conditions was presented.
As the sensor elements are exposed to various types of loads
(e.g. mechanical, thermal, and water/humidity loads) under
field conditions, their robustness had to first be confirmed.
Based on the lab-to-field approach, rapid development of the
HSAB system up to the validation step in the relevant en-
vironment in the laboratory was reached, making it possi-

J. Sens. Sens. Syst., 13, 9-23, 2024

20
80
70
60
50
40
30
20
10

Relative humidity in RH%

0.05 0.1 0.15 0.2

Grease-water content in wt%

¢ Ts=RT; Tg=40°C m Ts=RT; Tg=60°C
—Ts=RT; Tg=40°C —Ts=RT; Tg=60°C
¢ Ts=50°C; Tg=40°C m Ts=50°C; Tg=60°C
- -Ts=50°C; Tg=40°C --Ts=50°C; Tg=060°C
+ Ts=70°C; Tg=40°C m Ts=70°C; Tg=60°C
< Ts=70°C; Tg=40°C Ts=70°C; Tg=60°C

0.25 0.3

Ts=RT; Tg=RT
Ts =RT; Tg=RT
Ts=50°C; Tg=RT
Ts=50°C; Tg=RT
Ts=70°C; Tg=RT
Ts=70°C; Tg=RT

Figure 15. Correlation between the grease-water content and the
relative humidity at different grease temperature (T¢) and sensor
temperature (75) values. Continuous and dotted lines are calculated
based on the model (see Eq. 1).

ble to move the robust sensor design to a higher develop-
ment level while keeping the need for field demonstration at
a lower level. As a result of the validation process in the lab-
oratory, all of the investigated sensors passed the robustness
tests, thereby confirming their suitability for rail applications.

Simultaneously, static and dynamic grease tests were per-
formed in the laboratory to set up a relationship between the
sensor relative humidity signal and the grease-water content
at different grease and sensor temperatures. The clear cor-
relations that could be established between the grease-water
content and the sensor relative humidity confirmed the ap-
plicability of the HSAB system. These measurements have
resulted in a robust methodology that can be used to properly
determined the grease-water content under railway operation
conditions. The presented approach can also be used for any
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other application in which a grease-lubricated component is
used in a closed space, thereby offering the possibility to in-
tegrate a humidity sensor into the air-filled atmosphere above
a grease-lubricated component so that direct contact with the
grease is avoided. As the interaction between grease and wa-
ter is strongly dependent on the grease composition, it is ex-
pected that the coefficients of the developed algorithm will
have to be adapted for each grease type.

All in all, the reported methodology based on the lab-
to-field approach provided relevant findings with respect to
the robustness of both the hardware (i.e. HSAB system) and
the software (i.e. algorithm), thereby enabling the compre-
hensive development of sensor systems. The next step is a
field test on a railway wagon to demonstrate the functionality
of the sensor-based monitoring of water in grease-lubricated
axle box bearings on wheelsets for railway application. Be-
sides the experiments for algorithm development, an ex-
tended temperature range experiment could also be carried
out, including temperatures below 0 °C for both the grease
and the sensor position, to validate the algorithm over a wider
temperature range. For the future, there are two essential as-
pects to be achieved. First, the improvement of the method-
ology for the determination of the grease-water content es-
tablished in the laboratory by using a temperature sensor to
measure the grease temperature or to improve the tempera-
ture model to determine the grease temperature. Second, the
implementation of trend analysis to move from condition-
based maintenance (CBM) to predictive maintenance (PM)
of lubricated components in rail vehicles.
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