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Abstract
Increased usage of hydrodynamic plain bearings is being encountered in applications that require traversing the mixed
friction area, such as in wind turbines gearboxes or heavy-duty drivetrains. These operating conditions are not covered by
the established design standards. Condition monitoring systems (CMS) can detect such critical operating conditions—e.g.
start-up procedures—and enable timely, condition-based maintenance to prevent damage.
In hydrodynamic plain bearings, the lubrication gap height and the bearing temperature are key parameters for detecting
failure-critical conditions. The research project “Auto-informative Plain Bearings” uses temperature field monitoring to
detect critical conditions. Previous work showed that Gümbel-curve’s relation to the temperature field allows the lubrication
gap height determination in fluid friction. In this work it will be proven that the developed CMS approach allows online
detection of mixed friction. This paper outlines the CMS design process, focusing on testing under transient conditions
and lubricant failure. Consequently, the CMS’s ability to identify critical events will be verified.
Sensor-integrating Machine Elements (SiME) need to fulfill the characteristic of energy autarky. The energy harvestable
in thermal equilibrium by utilizing the waste heat using a plain bearing integrated thermogenerator (TEG) is determined.
The harvestable energy budget is in the range of the non-optimized demand of the Sensor-integrating Plain Bearing
(SiPB)-prototype. Finally, measures are derived to achieve permanent autarkic operation of the SiPB.

1 Introduction

Hydrodynamic plain bearings are increasingly being used
in new applications that are not covered by the established
design standards. Prominent examples are planetary plain
bearings in wind turbines gearboxes [1] or plain bearings
in start-stop systems of automobiles with automatic start-
stop systems [2]. These new areas of application, which
are not covered by standards, increase the risk of bearing
damage during operation. In hydrodynamic plain bearings
abrasive and adhesive wear are the cause of the majority
of failures [3]. In the case of adhesive failure, damage pro-
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gresses rapidly, leaving very limited time to initiate con-
dition-based maintenance measures to avert the damage.
The information provided by condition monitoring systems
(CMS) can be used to control these non-standardized op-
erating conditions by the implementation of maintenance
actions. The successful application of maintenance mea-
sures allows downtimes to be minimized and costs to be
saved.

Plain bearings are used, for example, in applications such
as planetary gears in wind turbines. On the one hand, ac-
cess to the machine element is difficult once the gearbox
has been installed. On the other hand, the multi-axis rotat-
ing system complicates the wire routing for data and power
transmission to the CMS. The concept of Sensor-integrat-
ing Machine Elements enables the development of autarkic
and compact sensor nodes in such hard-to-reach applica-
tions. However, most established monitoring methods for
plain bearings are not suitable for creating a SiME. The
sensors either measure outside the plain bearing or require
complex data evaluation with high energy demands. Estab-
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lished condition monitoring systems for plain bearings are
usually retrofitted to the machine element and need external
wiring for data transmission as well as energy supply [4].
To date, there is no condition monitoring system for plain
bearings that fully fulfills the characteristics of a SiME.

SiME offer the potential to drive digitalization in me-
chanical engineering by integrating sensory functions into
standardized machine elements [5]. By enabling in-situ
monitoring, SiME can significantly enhance the quality
of achievable information data by reducing measurement
uncertainties as a result of a minimized transfer path [6].
SiME are space-neutral compared to conventional, purely
mechanical machine elements to enable simple installation
in the target system [7]. Furthermore, SiME are designed
to operate autarkic without needing external wiring [8]. To
achieve autarky, the sensor data measured is processed by
a microcontroller integrated into the machine element, and
the data is transmitted wirelessly via an integrated antenna.
The electrical energy is supplied by energy harvesting
methods, generating electricity from existing environmen-
tal conditions. Due to the use of low-cost components,
SiME can potentially be widely deployed at critical pro-
cess points in machines and drivetrain systems. Ideally,
they allow immediate online detection and transmission
of critical operating points and imminent damage to the
respective machine element.

The goal of the research project “Auto-informative Plain
Bearings” was therefore to create a Sensor-integrating Plain
Bearing (SiPB). The SiPB prototype was developed in the
following order of development stages: The initial defini-
tion of the requirements led to the development of partial
solutions for the sub-functions (condition monitoring, en-
ergy harvesting, wireless data transmission) of the SiPB
[9]. This was followed by the simulative conceptual design,
which is described in detail in [4]. Based on simulative in-
vestigations a model-based temperature sensor density was
defined to monitor the relevant temperature field and the
optimal positioning of TEGs to utilize the maximum tem-
perature differences occurring in the plain bearing. This
was followed by the conceptual design of the hardware
prototype, which is described in detail in [2]. The selected
partial solutions for the sub-functions of the SiPB proved
to be promising in the investigations carried out, although
a need for further research became apparent.

The pursued CMS approach of temperature field-based
lubrication gap height determination via the Gümbel-curve
is only valid for stationary conditions. Accordingly, so far
only stationary conditions have been considered in the in-
vestigations for the selected condition monitoring approach.
Additionally, the high spatial resolution of the temperature
field monitoring approach may also allow the reliable, on-
line detection of mixed friction and incipient damage. This
paper provides an overview of the design process of the

CMS with a particular focus on testing the condition mon-
itoring approach particularly for highly transient operating
conditions and the special event of lubricant failure.

Besides monitoring highly transient operating conditions
the SiPB needs to fulfill the characteristics of energy au-
tarky in each operating condition to be a Sensor-integrating
Machine Element. Therefore, the energy harvestable by uti-
lizing the waste heat using a plain bearing integrated ther-
mogenerator will be investigated experimentally. The state
of thermal equilibrium is the most disadvantageous state for
thermoelectric energy harvesting, as the temperature differ-
ences that can be used in the system are minimized. There-
fore, the focus for the experimental investigation of the
energy harvestable is on stationary operating conditions.

To provide the reader with a comprehensive insight into
how the project idea emerged, the following state of the art
provides a systematic presentation and classification of the
suitability of established methods as partial solutions for the
sub-functions of a SiPB. The systematic review of the solu-
tions used for the sub-functions is necessary to understand
that the design decisions made are relevant for the following
investigations presented in the following paper. In the state
of the art the operationally safe design and established con-
dition monitoring methods for hydrodynamic radial plain
bearings are stated. Energy harvesting methods are classi-
fied regarding their suitability for use in plain bearings and
established wireless data transmission protocols for sensor
networks are presented.

2 State of the art

2.1 Operation safe design and failuremechanism of
hydrodynamic radial plain bearings

DIN-standard 31652 and VDI-standard 2204 establish
guidelines for the operation-safe design of hydrodynamic
radial plain bearings [10–13]. In the DIN-standard, the
Reynolds’ equation [14] is solved for discrete operating
points. DIN-standard 31652-2 includes the Gümbel-curve,
which provides a relationship between the input parameter
shaft misalignment angle β and the output parameter shaft
eccentricity ε. In publications associated with the project
“Auto-informative Plain Bearings”, it was shown that β in
(quasi-)stationary operation highly correlates with the bear-
ing angle of the maximum occurring temperature within
the bearing [2, 4]. The lubrication gap height hmin can be
determined for an inner bearing diameter d using Eq. 1, if
the relative bearing clearance ψeff is defined:

hmin = 0:5 � d �  eff � .1 − "/ (1)
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A safe hydrodynamic condition is achieved when the
minimum lubrication gap height hmin exceeds a limit value
based on surface roughness [15, 16]. Besides the lubrica-
tion gap height hmin, the bearing temperature is another crit-
ical parameter. As the bearing temperature increases, the
mechanical strength and hardness of the bearing material
diminishes. Due to their lower melting temperatures, the
impact is particularly increased in the case of soft bearing
metals (e.g. tin-based babbitt metal). Furthermore, the lu-
bricant viscosity decreases with increasing temperature. Ex-
ceeding the temperature limit may also lead to subsequent
thickening of lubricant due to chemical reactions, which
can cause severe damage to the plain bearing. DIN-stan-
dard 31652-3 specifies temperature limits, which represent
general empirical values. The relevant measured variable,
which is compared with the limit values TB,lim, is the lubri-
cant outlet temperature Tex of the plain bearing [13]. The
temperature safety of a tribological system is highly depen-
dent on the solids and lubricant involved. The exact limit of
temperature safety must therefore be determined for each
specific target system.

However, these standards only address the regime of fluid
friction. Operation of plain bearings in the mixed friction
range is not covered by the established standards. Never-
theless, plain bearings are increasingly being utilized in
applications where operation in the mixed friction zone is
unavoidable, such as start-stop processes in the automo-
tive sector [17] and wind turbine operations during run-up,
idling, or emergency stops [18]. Run-up processes for ex-
ample are ensured by adherence to conservatively chosen
threshold values for the specific pressure (pmax= 2.5MPa)
of the bearing [13]. Due to the specified limit value, the
use of plain bearings in the operation of a wind turbine,
for example, would presumably not be feasible according
to the established standards.

In the event of adhesion-related bearing damage, the
bearing and shaft heat up locally due to progressive mixed
friction. Adhesive wear in bearing usually occurs under the
condition of lack of lubricant and is associated with a break-
down of the lubricating film between shaft and bearing
[19–21]. A welding process of the materials occurs with
subsequent separation of the components due to the con-
tinuous rotating movement [19]. This cyclical process is
repeated until the acting energy is no longer sufficient to
overcome the friction at the seizure points or to loosen
the welded parts. Adhesion processes cumulatively lead to
overheating failure (“seizure”), which is accompanied by
a rapid increase in temperature and high flash temperatures
in the plain bearing. In the case of abrasive wear, rough-
ness peaks of the harder shaft penetrate into the surface
layer of the softer plain bearing and cause micro-cutting as
well as material removal [22]. In contrast to overheating
failure, abrasive wear progresses slowly and causes a less

rapid, more homogeneous temperature increase in the bear-
ing volume.

The implementation of condition monitoring methods
can ensure the identification and control of these non-stan-
dardized operating conditions. By identifying potentially
critical operating conditions, countermeasures can be im-
plemented to prevent fatal damage to hydrodynamic plain
bearings. For condition monitoring of hydrodynamic plain
bearings, measurements based on various physical princi-
ples are established [23].

2.2 Condition monitoring methods for plain
bearings

Established measurement principles for plain bearings in-
clude lubricant, friction torque, acoustic emission (AE),
contact resistance monitoring, orbital analysis, acceleration
analysis and temperature monitoring. The suitability of the
established monitoring methods for sensor integration is
displayed in Fig. 1.

The measurement principles of lubricant monitoring,
friction torque measurement and AE are performed ex-situ.
Contact resistance monitoring depends on a constructive
adaptation of the target system through electrical insulation
of the components. Orbital analysis using inductive or ca-
pacitive distance sensors is associated with very high costs
(inductive sensors: approx. 10,000 C per monitored bear-
ing). In addition, the displacement sensors are sensitive to
adverse environmental influences and must be installed in
the lubrication gap to detect changes in the shaft position.
Acceleration measurements can only detect late-stage dam-
age and cavitation in plain bearings. A detailed explanation
of the condition monitoring principles and the classification
with regard to their suitability for SiME application can be
found in [7].

In the context of developing a Sensor-integrating Plain
Bearing temperature monitoring is an established measur-
ing principle, which excellently fulfills the requirements
of the SiME application. Small, ultra-low energy-demand
temperature sensors are available on the market, which can
be fully integrated into the volume of the plain bearing.
Regarding the SiME application, bearing-integrated tem-
perature sensors offer further advantages such as low unit
costs, robustness against environmental influences and sim-
ple data processing. In the industry standard, usually only
the lubricant outlet temperature Tex of the bearing is mea-
sured. To ensure the highest sensitivity level of the temper-
ature sensors, the distance between the sensor and the point
of friction (load zone of the bearing running surface) must
be minimized. Bearing-integrated temperature sensors of-
fer the advantage over the established lubricant outlet tem-
perature measurement that the transfer path is significantly
reduced. Therefore, the sensitivity of the bearing-integrat-
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Fig. 1 Suitability for sensor integration of established condition monitoring methods for hydrodynamic plain bearings [7]

ing temperature sensors to occurring wear and emerging
damage is highly increased.

A novel CMS approach for creating a SiPB is adapting
the established temperature monitoring by measuring the
temperature field within the plain bearing. Like the con-
ventional temperature measurement, the novel temperature
field measurement approach offers SiME-specific advan-
tages such as low energy consumption and simple data eval-
uation. High-resolution spatial temperature measurements
can minimize the distance to the location of friction oc-
curring within the bearing. Therefore, the temperature field
monitoring has the potential to reliably measure mixed fric-
tion in real time.

2.3 Energy Harvestingmethods

SiME require electrical power supply to record, process
and transmit data. According to the definition of the term
SiME, no external wiring is permitted. Batteries can be in-
tegrated into the SiME, however they are discharged over
time. Therefore, in the SiME context, the use of energy har-
vesting (EH)-methods is a viable option for achieving per-
manent energy autarky. Energy harvesting devices gener-
ate electrical energy to power low-energy microelectronics
by utilizing ambient energy from occurring energy sources
[24]. In Fig. 2 established EH-methods, which could be
suitable for SiME-applications are displayed.

However, most of the established EH-methods are not
suitable for harvesting electrical energy within a plain bear-
ing. In plain bearing the usual occurring mechanical loads
are too static for piezoelectric EH. Therefore, piezoelec-
tric EH is more suitable for dynamically loaded machine

elements, like gears or roller bearings. For the SiPB ap-
plication photoelectric EH is not a viable option as plain
bearings are usually located inside a housing without in-
ternal light sources. Triboelectric harvesting of sufficient
amounts of energy to power microelectronics is only possi-
ble in intense mixed friction, which represents a potentially
damage-critical state of the plain bearing. For the SiPB ap-
plication, triboelectric EH would therefore only be suitable
as support for another EH method to provide additional
electrical energy for the power-intensive wireless transmis-
sion of an alarm signal in the event of a critical operating
state. In general, the electromagnetic EH approach is suit-
able for utilizing the mechanical energy generated by the
relative movement of the plain bearing and shaft to gener-
ate electrical energy. However, a driving magnet must be
incorporated into the shaft for the electromagnetic energy
harvesting approach. This contradicts the characteristics of
a SiME, as the target system is changed by the insertion
of the magnet into the shaft. Therefore, electromagnetic
energy harvesting cannot be used for the design of a SiPB.

The final EH method to be presented is thermoelectric
EH. Thermoelectric EH is ideal for SiPB applications. In
the plain bearing, heat is generated by the relative move-
ment of the shaft and the resulting friction. This waste
heat occurring can be converted into electrical energy us-
ing microelectronic devices called thermoelectric genera-
tors (TEG), which work based on the thermoelectric EH
principle. Thermoelectric energy can even use small tem-
perature differences in the range of a few Kelvin to gener-
ate electrical energy [32, 33]. TEGs are low-cost, off-the-
shelf microelectronic components consisting of semicon-
ductors to harvest electrical energy from heat sources [34,
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Fig. 2 Established energy harvesting methods [25–31]

35]. TEGs are usually designed in a cuboid shape. Figure 3
schematically displays the design of a TEG, which is made
up of thermoelectric pairs of n- and p-type semiconductors.

If there is a temperature difference between the ceramic
plates and heat flows through the TEG resultingly, a voltage
is present at the external electrical connections which can
be used to generate electrical energy. For the application of
thermoelectric EH in plain bearings, one challenge is the
relatively low temperature gradients occurring within the
plain bearing volume. The output voltages of TEG are in the
range of 50mV per K, depending on the number of series-
connected semiconductor within the TEG [37]. Resultingly,
in the range of low level-heat with small thermal gradients
occurring the output voltage of TEG is usually beneath the
minimum input voltage to supply a wireless communication
module [38, 39]. Energy harvesting methods are often used
for sensor networks that operate with operating voltages of
1.8 to 3.3V [40]. Since microelectronics require a constant
and stable voltage for their operation, the fluctuating output
voltage of the EH modules, which is directly dependent on

Fig. 3 Schematic structure of
a Thermoelectric Generator [36]
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Thermal contact
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Heat flow

Heat flow

Current

External electric

connections

the temperature differences present, poses a challenge. To
ensure a constant supply to the sensors, DC/DC converters
are therefore needed to convert the varying input voltage of
the TEG into a defined output voltage.

The commercial market offers DC/DC-converters that
support an input voltage of a few 10mV up to a maxi-
mum of 300–500mV. A minimum input voltage of 20mV
is needed for the self-start of these converters. The out-
put power is in the range of a few 100µA. State-of-the-art
DC/DC-converters also offer the possibility of using several
independent energy sources. For example, one circuit can
be used for the operation of sensors and data management,
while another circuit is used for charging a battery as an
energy buffer for storing surplus energy. Surplus energy is
generated at times when the energy production exceeds the
consumption of the entire system. At times of increased
energy consumption (e.g. power-intensive alarm transmis-
sion), energy buffers can compensate for the deficit. Pos-
sible energy buffers for autarkic systems are rechargeable
batteries and supercapacitors [37]. In terms of energy stor-
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age integration to the SiPB, the temperatures that occur
during operation must be considered. Batteries designed
for high-temperature applications are part of current scien-
tific research. In their review paper, Kumaravel et al. report
on current research that defines hydrogels and ionogels as
suitable solid electrolytes for high-temperature batteries and
supercapacitors. Temperatures of up to 200°C are indicated
as possible levels of application [41].

2.4 Wireless data transmission

To achieve complete autarky of a SiME, measurement data
processing using a machine element-integrating microcon-
troller and wireless transmission of data and alarm signals
are required. In the future SiME should act as a part of
a wireless sensor network (WSN) in industrial applications.
For WSN a variety of transmission standards that can be
scaled according to the application scenario and energy re-
quirements are established [42]. For communication over
long distances the 5G mobile communications standard pro-
vides for energy-efficient transmission for sensor devices.
There are also several other industry standards, such as nar-
row-band IoT. A key aspect of WSN is energy efficiency,
which is achieved by implementing relatively lean proto-
cols resulting in smaller data packets. However, relatively
high instantaneous power remains during transmission [43].
Shorter distances with lower power consumption are offered
by the WLAN or Bluetooth standard. The latter is now
widely used in the field of sensor networks. One promi-
nent example is the so-called Bluetooth (BT) beacon. Such
BT beacons can achieve battery lifetimes of over 10 years.
Well-known everyday examples of BT beacons are track-
ing devices such as the Apple Airtag. In this case, the uni-
directional communication channel needs to be considered,
which can save a significant amount of energy thanks to
very short active phases. The wireless interface of a SiME
must ultimately support three application scenarios: trans-
mission of sensor data, transmission monitoring alarm and
update capability of the software. The software’s update
capability enables the adjustment alarm limit values or the
CMS sampling rate continuously during operation.

2.5 Interim conclusion

Hydrodynamic plain bearings are increasingly being used
in operating conditions that are not covered by established
design standards. With information provided by a CMS
condition-based maintenance actions can be implemented
to prevent damage at an early stage and reduce machine
downtime. In the context of SiME, temperature-based con-
dition monitoring is an excellent established method for
plain bearing monitoring. To further increase the sensitiv-
ity of detecting mixed friction, the temperature field of the

plain bearing can be monitored. Of the established energy
harvesting methods the only suitable method for permanent
plain bearing-integrated energy harvesting is thermoelectric
energy harvesting. The integration of a microcontroller with
an integrated data antenna is necessary for data processing
and transmission. A large number of data protocols are es-
tablished in this area. With regard to the microcontroller,
a hardware solution should be selected that is as energy
efficient as possible and can send data and alarms with the
highest possible signal strength. WLAN and Bluetooth Low
Energy are particularly energy-efficient protocol solutions
for WSN systems.

3 Objective and approach

The presented work addresses the capability of the devel-
oped SiPB-prototype regarding monitoring transient operat-
ing states and whether thermoelectric EH is able to provide
sufficient energy to power the SiPB in stationary operating
states. Sect. 4 describes the test setup used for the experi-
mental and simulative investigations in the following chap-
ters. The principle of temperature field-based gap height
determination to monitor abrasive wear in quasi-station-
ary operation conditions of plain bearings has been inves-
tigated in [2, 4]. Therefore, the focus of Sect. 5 will be on
the suitability of the temperature field-based approach for
monitoring transient operating conditions and the special
case of lubricant supply failure, which are both potentially
causing rapid adhesive failure. By establishing appropriate
limit values, it will be demonstrated that temperature field
measurements can effectively monitor all relevant operating
conditions present in the plain bearing.

Only thermoelectric EH is suitable for permanently har-
vesting electrical energy to operate the SiBP using EH
methods as well as fulfilling the characteristics of a SiME.
Sect. 6 presents experimental results of the thermoelectri-
cally harvestable energy in plain bearing operation. Here,
stationary operation is considered in which a thermal equi-
librium develops in the test bench system. As a result, a very
small temperature gradient is formed on the plain bearing-
integrated TEG, which represents the most critical state for
thermoelectric energy harvesting regarding the energy har-
vestable. Finally, the results depicted are summarized and
an outlook on future investigations is given.

4 Test setup

The experimental investigations of temperature field-based
condition monitoring and thermoelectric harvestable energy
are conducted on a test rig for hydrodynamic plain bear-
ings, which is described in detail in [9]. A bronze alloy
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Fig. 4 Schematic illustration of the test rig assemly

plain bearing manufactured from CuSn12Ni2 (85% copper
and 12% tin) was used for the tests. The plain bearing has
an inner diameter of d= 120mm and a width of b= 30mm.
The lubricant used was a synthetic gear oil of ISO VG
class 320. The shaft sleeve, which is in tribological contact
with the test plain bearing, is made of hardened steel (mate-
rial: 42CrMo). The bearing clearance is e= 140µm (relative
bearing clearance ψ= 1.1667�). Figure 4 schematically il-
lustrates the test setup used.

During operation, the plain bearing is positioned within
a friction scale via which the radial test force is applied by
a hydraulic cylinder. The friction scale is mounted freely so
that the friction torque occurring in the test plain bearing is
measured during the test via a connected load cell. The shaft
is supported by two roller bearings and driven by a 250-kW
electric motor. The lubricant supply for the hydrodynamic
lubricating film build-up of the plain bearing is provided via

Digital Temperature           

sensors (TI LM 73)

Quantity: 24

Angle resolution

Angle range:         97,5-

Rear view (motor side) Front view

Slot energy conversion + 

buffering

Slot data processing

+ transmission

Temperature sensorTEG

Thermogenerator

(MGM250-71-10-16)

Edge length: 22 mm

Bearing

Fig. 5 SiPB-Prototype

a lubrication groove at the top of the plain bearing (bearing
angle φ= 0°).

The prototype was developed to fulfill the requirements
of a SiME. For this purpose, only market-available micro-
electronic components were considered and integrated into
the plain bearing volume. Figure 5 shows the SiPB-proto-
type and the integrated electronic components.

To achieve future autarky of the SiPB to be developed,
a microcontroller for data processing integrated into the
machine element and a WLAN interface for wireless data
transmission were implemented. When investigating the
wireless transmission of operating data from the SiPB dur-
ing test bench operation, it was observable that the signal
could be transmitted at full strength from the metallic hous-
ing using various hardware solutions. Existing joints and
non-metallic components enable the signals to be transmit-
ted out of the housing. Ultimately, a hardware and software
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solution must therefore be selected that enables stable data
transmission with minimal energy consumption. As data
transmission is an engineering challenge, the “Data Trans-
mission” sub-module is not addressed separately in this pa-
per.

Furthermore, TEGs, which generate electrical energy
from waste heat were integrated into the plain bearing (see
Fig. 5 right). The simulative determination of the optimum
TEG positioning is documented in [4]. DC-DC converters
are connected to the printed circuit board (PCB) to provide
the necessary operating voltage for the microelectronics
and supercapacitors for energy buffering. For condition
monitoring, 24 digital temperature sensors are integrated
on the PCB along the circumference of the bearing in the
range φ= 97.5–270°, which includes the load zone during
operation. The temperature sensors are in physical contact
with the bearing face due to the screw connection between
the PCB and the bearing. The digital temperature sensor
TI LM73 used offers a maximum measurement frequency
of fM= 8.92Hz at a maximum possible temperature reso-
lution of �Tres= 0.03125°C [44]. The PCB is completely
integrated into the construction volume of the plain bear-
ing. To improve heat transfer and therefore the response
behavior of the temperature sensors, thermal paste is ap-
plied between the sensors and the bearing. The minimum
distance from the measuring point to the running surface
is 1.5mm. The sensitivity of the temperature measurement
could be further raised by applying thin-film sensors di-
rectly onto the running track. However, thin-film sensors
are costly custom-made products. Also, thin-film sensors
bear the risk that they could be damaged by mixed friction

Fig. 6 Concept of the Gümbel-
curve for hydrodynamic radial
plain bearings [11]
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occuring. Therefore, the chosen approach is much more
robust than thin-film sensors from a financial point of view
and especially when measuring mixed friction conditions.
The exact microelectronic components used in the SiPB-
prototype are documented in [2].

5 Temperature field-based Condition
Monitoring

In this chapter the temperature field-based, in-situ approach
to monitor hydrodynamic plain bearings is examined. First,
the implementation of the Gümbel-curve to the bearing-in-
tegrated controller to monitor the lubrication gap height is
briefly described in Sect. 5.1. Section 5.2 presents experi-
mental results of the CMS for transient operating conditions
in the form of start-stop tests. Sect. 5.3 examines the pos-
sibility of detecting the special event of a lubricant failure
based on simulative investigations.

5.1 Gap height determination via Gümbel-curve

The Gümbel-curve is displayed in tabular and graphical
form within the DIN standard 31652 to determine the ec-
centricity of the shaft ε. Figure 6 illustrates the Gümbel-
curve for the bearing geometry investigated in graphical
form on the left-hand side and in tabular form on the right-
hand side.

Measuring the bearing angle of the maximum tempera-
ture occurring in vicinity of the running surface enables the
detection of the displacement angle β. The pairs of values
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shown in the table in Fig. 6 can be approximated using
Eq. 2 with a coefficient of determination R2= 1.

"Gümbel = − 1 � 10−8 � ˇ4
+ 3 � 10−6 � ˇ3
− 0:0003 � ˇ2
+ 0:0012 � ˇ + 0:999

(2)

Equations 1 and 2 can be implemented on the plain
bearing-integrated microcontroller for continuous, compu-
tationally efficient temperature field-based lubrication gap
height calculation. Under steady-state operating conditions,
the temperature field-based lubrication gap height can be
continuously compared with the roughness-based limit val-
ues according to ([11]; Eq. 3) or ([16]; Eq. 4), which indi-
cate the transition from the liquid friction area to the mixed
friction area.

hmin = .0:5 : : : 1:0/

�
q
R´Shaft

2 +R´Bearing2
(3)

hmin = 3 �
q
RqShaft

2 + RqBearing
2 (4)

The limit values are determined by the roughness values
in the initial state of the bearing. The values can contin-
uously be updated on the microcontroller to account for
running-in processes and associated roughness smoothing
of the bearing. In addition, mixed friction causes a local
temperature increase, which can also be determined by the
selected CMS-approach.
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Fig. 7 Operating conditions start-stop test (40 cycles á 99s)

5.2 Transient operating conditions

The concept of temperature field-based lubrication gap
height determination via the Gümbel-curve is only valid
for quasi-stationary operating conditions. In preliminary in-
vestigations, which are presented in this chapter, it will be
proven that the CMS sensor setup can also monitor highly
transient conditions, such as start-stop conditions, well.
The temperature sensor setup is sensitive enough to detect
changing friction conditions quickly. The sensor concept
is thus also capable of dynamically detecting rapid tem-
perature changes, which occur in the event of spontaneous
adhesive failure of plain bearings.

To investigate the sensitivity of the sensor concept to
transient conditions, a start-stop test, which replicates the
load conditions of a planetary plain bearing in wind tur-
bines, was conducted on the test rig shown in Fig. 4. The
start-stop test consists of 40 cycles of 99s each (ttotal=
3960s= 1.1h). Within the first 30s of the cycle, the slid-
ing speed is increased linearly to v= 2.5m/s from standstill.
In the range tcycle = [15s, 30s], the specific pressure p is in-
creased from 0.1388 to 10MPa. The maximum values of
v and p are maintained until tcycle = 60s. Then v is reduced
linearly in the range tcycle = [60, 90s] until standstill. The
maximum pressure p= 10MPa is maintained till tcycle = 93s
and reduced linearly to p= 0.1388MPa until tcycle = 99s (see
Fig. 7). This procedure is repeated until the final 40th cycle
is reached, and the test is then terminated as scheduled.

Figure 8 (upper half) illustrates the temperature signals
recorded by the SiPB-prototype over time as well as the oil
outlet temperature Tex. The oil supply temperature for the
experiment shown in Fig. 8 is Tin= 20°C. A sampling rate
of fM= 0.14Hz was used in the test.

The individual cycles of the start-stop test are clearly
identifiable in the recorded temperature signals of the SiPB-
prototype. Each start-up process is accompanied by a rel-

K



  140 Page 10 of 18 Forschung im Ingenieurwesen          (2025) 89:140 0123456789

atively steep temperature increase for all 24 measuring
points in the plain bearing. When the maximum specific
pressure (pmax = 10MPa/ and maximum sliding speed
(vmax = 2:5m=s/ of each cycle are reached, a local tem-
perature maximum is obtained at all temperature measuring
points over time. The reduction of the sliding speed v and
subsequent reduction of the specific pressure p at the end of
each cycle is accompanied by a negative temperature gra-
dient in the time domain at all measuring points. The end
of the stop process of each cycle is accompanied by a local
minimum of the respective temperature measurement sig-
nals. At the start of the following cycle, the described tem-
perature behavior is repeated at all 24 measuring points. In
all cycles, the temperature increase in the start process is
greater than the following temperature decrease due to the
stop process. Accordingly, the increase in thermal energy
introduced into the bearing adds up over the entire course
of the 40 start-stop cycles, causing the average temperature
curve to approach a maximum level asymptotically.

Compared to the recorded oil outlet temperature Tex

in Fig. 8, which is used to assess the temperature safety
of plain bearings in accordance with DIN 31652 (see
Sect. 2.1), it is observable that the temperature field mon-
itoring approach is significantly more sensitive to the
detection of transient operating states and the associated
changing friction caused by the start-stop-processes. From
the course of Tex it is evident that the first start-stop cycle
has almost no effect on Tex. Only at the beginning of the sec-
ond cycle after around t= 100s testing time an increase in
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Fig. 8 Start-stop test: temperature curves for each measuring position (φ= 97.5–270°) and oil outlet temperature (upper half) and measured friction
torque (lower half), (40 cycles á 99s; Tin= 20°C)

Tex is recognizable. Tex subsequently follows a degressively
increasing curve. In contrast to the measurements of the
temperature field in the plain bearing, the individual cycles
are not visible in the Tex-curve. Figure 8 (lower half) shows
the friction torque TF within the plain bearing recorded
over the course of the start-stop test. At the beginning of
each cycle, TF increases rapidly with the start process and
reaches its local maximum value. At the beginning of the
stop process, the frictional torque decreases again until it
reaches its minimum value (TF= 0Nm) at the end of each
cycle when the test rig comes to a standstill. The level of
the maximum friction torque reached is relatively constant
for all 40 cycles (TF,max� 38Nm). After reaching the TF,max-
value during the starting process, no further increase in
friction torque TF caused by the subsequent stopping pro-
cess can be observed at the end of all cycles. Therefore
it can be assumed that increase in friction torque was due
to fluid friction, which was predominant during the whole
test cycle. This is due to the relatively low specific pressure
(pmax = 10MPa), high sliding speed (vmax = 2:5m=s) as
well as smoothed bearing running surface due to prior tests
with the SiPB-prototype.

In order to enable precise differentiation of damage-
inducing and damage-uncritical operating states using the
SiPB, it is necessary to determine robust and reproducible
alarm limit values based on the temperature field measure-
ment. On the one hand, the selection of suitable limit values
enables imminent damage to be detected in time and coun-
termeasures to be initiated. On the other hand, robust alarm
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limits ensure the avoidance of incorrect damage reports and
the associated increased downtimes. Possible features that
can be extracted as alarm limit values from the temperature
field measurement data are displayed in Fig. 8. In addition
to the highest measured temperature Tmax,global at a given
time, temperature gradient-based limit values can also be
used as alarm limit values, which can be correlated with
the thermal heat input into the bearing. The global tem-
perature gradient �Tglobal,t, i.e. the difference between the
maximum and minimum measured temperature in the tem-
perature field at a defined point in time, can be used as an
alarm limit. Local temperature gradients�Tφ,� t are also po-
tentially suitable alarm limits. In this case, the temperature
increase at a fixed measuring point φ during a defined time
period �t is monitored. These alarm limit values can be de-
termined by experimentally causing severe mixed friction as
well as fatal damage to the plain bearing while recording the
temperature field and then extracting the characteristic val-
ues from the recorded temperature data. Once determined,
the alarm values can be implemented in the operating logic
of the plain bearing-integrated microcontroller and an alarm
signal can be transmitted wirelessly immediately if a limit
value is exceeded.

Figure 9 shows a section of the temperature curves
shown in Fig. 8 for the second start-stop cycle of the 40 to-
tal cycles. The black vertical lines represent the respective
measurement times. At the measuring position with the
highest occurring temperature, the temperature rises by
�Tφ = 240°,1 = 2.0°C within the first measuring period of the
start cycle shown. In the subsequent measurement period,
the temperature rises again by �Tφ = 240°,2= 2.75°C.
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Fig. 9 Start-stop test—2nd cycle: temperature curves for each measuring position (φ= 97.5–270°) and oil outlet temperature, (40 cycles á 99s;
Tin= 20°C)

Despite the low measurement frequency of fM= 0.14Hz,
it can be seen that the start-up processes can be recognized
by the recorded temperature increases of the SiPB within
a sampling step. The temperature curve also indicates that
an even faster detection of the change in contact state is
possible with a higher sampling rate. In future, it will be
necessary to determine the obtainable maximum measur-
ing frequency. In the event of damage initiation, critical
conditions can thus be detected more quickly and coun-
termeasures initiated. At the same time, the maximum re-
alizable measuring frequency is limited by the amount of
harvestable energy available.

In the field of application, the lubricant of the plain bear-
ing is often heated before supply in order to reduce the vis-
cosity. An increase in the oil supply temperature Tin causes
the bearing and surrounding structure to be heated up by
the lubricant’s additional heat flow under otherwise constant
conditions. This could have a negative effect on the tem-
perature field measurement, as this results in a more even
temperature distribution within the bearing due to the high
thermal conductivity of the bronze material used. There-
fore, the start-stop test was conducted with an increased
oil supply temperature Tin= 60°C. The temperature curves
recorded using the SiPB-prototype are shown in Fig. 10.

In comparison to Fig. 8, it is observable that the temper-
ature differences in the measurement field are, as expected,
smaller due to the uniform heating of the bearing by the
inflowing oil. For example, at t= 154.8 s, the global tem-
perature gradient is at �Tglobal,t = 154.8 s = 5.25°C, while at an
oil supply temperature Tin= 20°C, it is at �Tglobal,t = 154.8 s=
11.75°C (Fig. 8). Nevertheless, the start and end of each of
the 40 cycles can be clearly detected using the temperature
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Fig. 10 Start-stop test: temperature curves for each measuring position (φ= 97.5–270°), (40 cycles á 99s; Tin= 60°C)

signals. In direct comparison with the recorded temperature
level of the temperature field measuring points compared to
the oil outlet temperature Tex, the deviation in the tempera-
tures is even greater at a higher oil supply temperature. At
the end of the last cycle, the temperature difference between
the lowest measured temperature Tmin,t = 3960s= 48.75°C in
the temperature field and Tex,t = 3960s= 36.32°C for the test is
displayed in Fig. 10.

A reduction in cycle time might also have a negative im-
pact on the sensitivity of the CMS approach. An additional
experiment was therefore conducted where the cycle time
was reduced to tcycle = 35s. The measurement frequency was
kept constant at fM= 0.14Hz during the test. The values
vmax and pmax were kept identical to the two previously
presented tests. The oil supply temperature is Tin= 60°C.
Figure 11 displays the temperature curves for the test with
reduced cycle time.

Figure 11 shows that despite a reduction of the cycle
time to 35s, the individual start-stop cycles can be clearly
extracted by measuring the temperature field. Due to the
shorter cycle time, the thermal energy introduced in a cycle
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Fig. 11 Start-stop test: temperature curves for each measuring position (φ= 97.5–270°), (100 cycles á 35s; Tin= 60°C)

is lower than in the two previous experiments displayed in
Fig. 8 and 10. The local temperature gradients during a cy-
cle are correspondingly lower. Even in the experiment with
a shorter cycle time, the temperature level of the tempera-
ture field is always clearly above the oil outlet temperature
Tex.

In summary, the temperature field measurement ap-
proach is very suitable for monitoring highly transient
operating conditions of plain bearings. Despite the very
low sampling rate of fM= 0.14Hz, the individual start-stop
processes can be clearly recognized from the temperature
field measurement data. Depending on the available en-
ergy budget, the measurement frequency can be increased.
To enable monitoring of the plain bearing and differenti-
ation of critical from non-critical operating conditions, it
is necessary to determine alarm limit values based on the
temperature field. Due to the high sensitivity of the temper-
ature sensors to changing friction conditions, temperature
gradients and total temperature values can be used for this
purpose, which can be determined experimentally. For this
purpose, a damage criterion, for instance friction torque
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limits, must be defined as the end of the test. The damage
can then be induced by measuring the temperature field
and alarm limit values can be extracted. It is important to
ensure that a sufficiently high number of damage events
are carried out so that robust and reproducible alarm limit
values can be determined.

5.3 Special incident lubricant supply failure

A special incident that can fatally damage a hydrodynamic
plain bearing is the failure of the lubricant supply. In this
subchapter, the sensor setup of the SiPB-prototype is simu-
latively evaluated regarding the ability of early detection of
lubricant supply failures in hydrodynamic plain bearings. In
the event of lubricant supply failure, the emergency running
behavior of the plain bearing determines whether there is
an overheating failure of the plain bearing due to adhesion
or the plain bearing can continue to operate for an indefinite
period without damage (“passer”). The emergency running
behavior under constant heat dissipation of the system is
mainly dependent on the friction power released in the plain
bearing [45, 46].

In the event of bearing failure, a rapid increase in tem-
perature is caused in the bearing and bearing temperatures
are reached far above the temperature safety limits specified
in DIN 31652. In the event of a passer, there is a short-term
increase in temperature and the bearing reaches its regu-
lar operating temperature after a few minutes. In the case
of a passer, an elastohydrodynamic deformation cavity is
formed by the remaining oil in the lubrication gap after the
lubricant supply is interrupted. Within the cavity created by
the hydrodynamic pressure in the load zone enough oil is
retained. Even without further lubricant supply, the remain-
ing oil prevents bearing failure despite the occurrence of
mixed friction for an undefined time [45].

The simulations that will be presented in this subchapter
focus on operating conditions in which a passer is to be

Fig. 12 Temperature distribu-
tion of the plain bearing and
friction scale after 50, 100, 150
and 200 shaft revolutions
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anticipated. The aim here is to test whether the tempera-
ture field-based CMS can detect a lubricant supply failure
without immediate bearing failure. For simulative investi-
gations, the heat input into the plain bearing caused by fric-
tional power in the case of a passer was determined using
a coupled multi-body simulation (MBS) and thermoelasto-
hydrodynamic (TEHD) simulation in AVL Excite. The de-
termined heat flows were iteratively imprinted to a thermal
FE model in Abaqus to obtain the transient temperature
distribution in the plain bearing volume. The simulation
models used to depict the test setup presented in Sect. 4
correspond to the models presented in [4]. The simulation
conditions were selected in analogy to [45]. At the begin-
ning of the TEHD-MBS, the lubrication gap of the plain
bearing is assumed to be fully filled (ISO VG320 gearbox-
oil). The oil supply flow is set to a constant volume flow of
0 l/min, so that the kinematics of the system cause oil to exit
of the lubrication gap successively and no new oil is sup-
plied. In analogy to Marheineke [45], 200 shaft revolutions
were simulated. The heat flow calculated in AVL Excite is
applied to the plain bearing was imprinted on the running
surface of the FE model after each shaft revolution. The
FE simulation for calculating the temperature distribution
in the plain bearing volume is carried out in 200 steps, in
which the new temperature distribution is determined after
each shaft revolution and the consecutive heat flow from
the TEHD-MBS is subsequently applied.

An oil and initial bearing temperature of Tin= TBearing=
40°C was selected for the TEHD-MBS. The specific pres-
sure p= 5MPa and the sliding speed v= 3.5m/s were kept
constant over the simulation duration. The operating con-
ditions selected are in the purely hydrodynamic range ac-
cording to DIN 31652. Figure 12 displays the temperature
distribution within the plain bearing and surrounding fric-
tion scale within the FE simulation after 50, 100, 150 and
200 revolutions. 200 revolutions correspond to a duration
of t= 21.5 s at the sliding speed v investigated.
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Fig. 13 Solid body contact pressure distribution after 200 shaft revolutions after lubricant supply failure

It is evident that in the load zone (angular position around
φ= 180°) there is a local temperature increase within the
bearing volume. As the radial distance of the shaft from
the running surface increases, the temperature in the plain
bearing gradually decreases. The maximum temperature oc-
curring on the running surface after 200 revolutions is Tmax=
60.37°C, so that a passer without bearing failure can be as-
sumed. Figure 13 shows the associated solid contact pres-
sure distribution after 200 revolutions in the case of failure
of the lubricant supply.

The solid contact pressure is only very low compared
to the total pressure of approx. 25MPa in the load zone.
The course of the maximum bearing temperature over the
simulated time with a failure of the lubricant supply is dis-
played in Fig. 14 top by the orange solid line. In addition,
the temperature curve of a simulation with a constant oil
supply (psupply= 0.2MPa= const.) under otherwise identical
conditions is shown in orange at the bottom of Fig. 14.
The temperature level for the case of lubrication failure
is significantly higher than the temperature under constant
oil supply. With constant oil supply, a maximum temper-
ature of Tmax= 47.14°C is reached after 200 revolutions.
A difference of �T= 13.23K compared to the course of
the simulation under lubrication failure.

For the investigations, the sensor TI TMP117 was mod-
eled as virtual sensor, which will be used in the second
generation of SiPB-prototypes. Compared to the TI LM73,
the TMP117 offers the advantages of lower energy con-

Lubricant failure Regular operation

Fig. 14 Temperature curves of the maximum bearing temperature and maximum virtual sensor temperature in case of lubricant failure (top) and
regular operation (bottom) (T= 40°C; v = 3.5m/s; p = 5MPa)

sumption and higher measurement accuracy. The thermal
mass of the plain bearing is 200,000 times greater than that
of the individual temperature sensors of the SiPB. Due to
the minimal thermal mass of the sensors, no influence on
the thermal behavior of the plain bearing is to be expected
by abstracting the temperature sensors in the simulation. By
considering the response behavior of the temperature sen-
sors used, it is possible to estimate the recorded temperature
curves of the SiPB’s integrated sensors. The temperature
value TS of the sensor with the thermal mass MT, which
has an initial temperature of TI and is adjacent to an object
with the surface temperature TO via the thermal resistance
RSO, is calculated according to Eq. 5:

TS = TI − .TO − TI / � e −t
RSO �MT (5)

The thermal mass MT of the temperature sensor is
0.0051J/K and the thermal resistance from the top of the
sensor housing to the junction is 82.3K/W [47]. A thick-
ness of 25μm [48] and a thermal conductivity of λ=
2.3W/m�K [49] can be considered for the thermal paste
applied between the bearing surface and contact area of
the bearing, resulting in a thermal resistance of 2.7K/W.
The total thermal resistance therefore is RSO= 85K/W. The
maximum temperature on the running surface of the simu-
lation (orange line) can be compared to recorded maximum
temperature of the SiPB’s virtual sensors (blue line). For
the two simulation cases presented in this subchapter, the
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curves of the maximum recorded temperature of the SiPB
sensors, which are calculated with Eq. 7, are displayed in
blue in Fig. 14. The differences between regular operation
and lubricant failure are also clearly recognizable in the
sensor temperature signal. The maximum sensor tempera-
ture �TS,φ = 187.5° increases by 10.2°C within the first 5 s of
a lubricant failure (without failure �TS,φ = 210° increase by
2.8°C).

The investigations indicate that the SiPB is well suited
for the detection of lubricant failure. The results presented
have only shown operating conditions under which no im-
mediate bearing failure is to be expected due to lubricant
failure. Lubricant failure, which causes bearing failure, is
accompanied by increased friction and heat input into the
SiPB. The temperature field measurement therefore should
be even more sensitive for detecting these critical cases. Ex-
perimental validation of the SiPB regarding the detection of
lubricanted supply failures is planned. The validated, sim-
ulative approach can also enable the model-based design
of the sensor system (number, position and measurement
frequency of the temperature sensors) for varying bearing
sizes.

6 Thermoelectric Energy Harvesting and
Energy Demand

In this chapter, the feasibility of thermoelectric energy har-
vesting using a commercially available TEG is investigated
experimentally. TEGs generate electrical energy from the
heat generated in the plain bearing based on thermoelectric
effects. In [2], the energy requirement of the first SiPB-pro-
totype was determined to be P= 1958mW at an operating
voltage of Uoperating= 3.3V (fM= 0.2Hz). This is the energy
demand without the implementation of optimization mea-
sures to further reduce the energy level.

The TEG MGM250-71-10-16 [50] was used for the in-
vestigations. The TEG has a width and length of 22mm

Fig. 15 Harvestable Power de-
pending on the voltage output of
the TEG
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and a thickness of 3.2mm. Firstly, a defined temperature
difference was applied to the TEG under laboratory condi-
tions using a heating and cooling element. Simultaneously,
the harvestable power and the output voltage were mea-
sured. Figure 15 illustrates the amount of energy that can
be harvested as a function of the TEG’s output voltage.
The efficiency of a commercially available DC-DC con-
verter to provide the necessary operating voltage Uout,3.3 V

for the SiPB of η= 60% has been considered.
A TEG output voltage of Uout� 80mV is required for

continuous operation of the non-energy-demand-optimized
SiPB-prototype using a single TEG. To harvest the energy
needed to operate the SiPB-Prototype, a temperature differ-
ence of at least �TTEG= 4.2°C must be present at the TEG.
For the experimental investigations of the harvestable en-
ergy within the plain bearing, tests were conducted under
constant operating conditions (v= const.; p= const.; Tin=
const.). A test duration of 2h was selected as the test com-
pletion criterion. At this point, the thermal equilibrium of
the system has usually been reached, and the measurable
output voltage of the TEG no longer significantly changes.
Followingly a complete standstill of the shaft, these con-
stant operating conditions represent the most disadvanta-
geous case for thermoelectric energy harvesting, as the tem-
perature gradient occurring at the TEG is minimal in the
thermal equilibrium state. In Fig. 16 the output voltages of
the TEG, which is inserted into the bearing at an angular
position of φ= 90° (see Fig. 5 right side), are displayed.

A comparison of the left and middle graphs in Fig. 16
indicates that the sliding speed v has the greatest influence
on the voltage output of the TEG. For the tests shown on the
left at a constant sliding speed of v= 1m/s, for all three oil
temperature levels the voltage output is permanently above
the demand-covering limit of 80mV. A higher Tin-level is
accompanied by a higher output voltage of the TEG un-
der otherwise identical operating conditions, whereby the
influence of the inlet oil temperature is significantly lower
than the influence of the sliding speed v. A comparison of
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Fig. 16 Electrical voltage output
TEG during test conduction
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Fig. 16, center and right, shows that an increase in p re-
sults in a slight increase in the output voltage. At a reduced
sliding speed of v= 0.5m/s, the output voltage at the sin-
gle TEG is not sufficient to cover the non-optimized SiPB
energy demand on a permanent basis.

However, rapid developments are observable in the field
of energy harvesting technologies in recent years. For ex-
ample, new DC/DC converters have been introduced to the
market that enable the connection of several energy har-
vesting sources [51, 52]. By connecting the TEGs in series,
the output voltage that is passed on to the DC-DC converter
can be significantly increased. As a result, a multiplication
of the amount of energy that can be generated can be an-
ticipated neglecting occurring losses. Figure 5 shows that
three TEGs are already integrated in the prototype under
investigation and that the construction volume enables the
integration of more TEGs. In future, it is planned to in-
vestigate the connection of several TEGs to the DC-DC
converter.

7 Conclusion and outlook

In this paper, the investigation of a Sensor-integrating Plain
Bearing (SiPB) prototype regarding the monitoring of tran-
sient operating conditions as well as lubricant failure were
presented. For condition monitoring, temperature field mea-
surement is the only suitable method for autarkic, in-situ
monitoring of all damage-critical operating states of the
plain bearing. In the investigations presented, the partic-
ular focus was on the suitability of the monitoring ap-
proach for highly transient operating conditions (start-stop
tests) experimentally and the special event of lubricant fail-
ure simulatively. It was shown that the temperature field-
based condition monitoring approach can reliably detect
changes in the lubrication condition fast enough and is sig-
nificantly more sensitive than the established monitoring of
the oil outlet temperature. With a measuring frequency of

fM= 0.14Hz, a change in the lubrication condition was de-
tectable in 7 to 14s for the start-stop tests. The individual
start-stop cycles and associated changes in the lubrication
conditions were not detectable in the oil outlet temperature,
which serves as a monitoring parameter for the design of
temperature safety in accordance with the DIN standard.
A further improvement in the response behavior can be
anticipated by increasing the measuring frequency of the
SiPB. The temperature sensors used offer the possibility
of operating with a maximum measuring frequency of fM=
8.92Hz. The highest sampling rate possible is to be de-
termined depending on the energy harvestable by further
investigations, which are planned for the follow-up project.

Furthermore, the thermoelectrically harvestable energy
budget in stationary operation was investigated in this pa-
per. It could be shown that under stationary operating con-
ditions, which are particularly negative with regard to the
energy harvestable due to minimal temperature difference
occurring at the TEG, the amount of energy that can be
harvested by one TEG is in the range of the non-optimized
energy demand of the SiPB-prototype.

In summary, the approaches chosen to solve the partial
function of condition monitoring and energy demand cover-
age are promising and will be pursued for future investiga-
tions in the second funding period of the project “Auto-in-
formative plain bearings”. To prevent imminent damage to
the plain bearing, it is necessary to determine reproducible
alarm limit values for failure-critical operating states, which
must be quickly forwarded to the drive system’s control unit
to initiate condition-based maintenance countermeasures.
At the same time, the alarm limit values must be robust
enough to avoid unnecessary downtimes caused by the in-
correct indication of failure-critical states. To determine the
alarm limit values, intensive experimental investigations are
planned, in which plain bearings are operated up to the point
of damage while measuring the temperature field. Once the
limit values have been implemented in the SiPB’s logic, the
prevention of damage will then be verified by forwarding
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the alarm limit values to the test bench control system to
implement countermeasures.

In the field of market-available microelectronics, rapid
further development in terms of energy efficiency is to be
anticipated, so that the SiPB and its microelectronic sub-
components will be iteratively adapted on a regular basis to
achieve complete autarky of the SiPB, the available energy
budget can be increased by connecting several TEGs in se-
ries. On the other hand, to reduce the energy requirement,
optimization measures can be implemented on the software
side regarding demand-oriented measurement data acquisi-
tion, processing and transmission. The concept developed
is highly dependent upon the thermal behavior of the plain
bearing’s surroundings, particularly regarding the condition
monitoring and energy harvesting sub-modules. To enable
the efficient transfer of the concept to other target applica-
tions and to predict accuracy and functional reliability, it is
necessary to create a framework for the design of SiPBs.
The MBSE methodology is ideal for developing the cyber-
physical product SiPB across domains and transferring it to
other target systems based on models. The aim of the sec-
ond funding phase is to create a MBSE-based framework
for the design of SiPB. The integration of simulative plain
bearing models, as presented in this paper, will be the foun-
dation for model-based design of SiPB for different plain
bearing sizes and target systems.
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