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Abstract: To improve the accuracy of the calculation analysis of crank journal bearings in motorcycle
engines and accurately understand lubrication conditions, the oil film conditions of actual crankshafts
and journal bearings should be measured. This research study focuses on the oil film pressure
generated in the main bearing, and by using an original thin-film pressure sensor with improved
durability achieved through the use of DLC (Diamond-like Carbon), it was possible to perform
experiments at a maximum of 13,000 rpm and full load, which was not possible before. This
established a method for measuring the oil film pressure generated in the main bearing of a high-
speed motorcycle engine during operation without changing the surrounding environment. The
maximum oil film pressure was 140 MPa, and the oil film pressure generated by each main bearing
was successfully measured under different experimental conditions. The timing of pressure onset
agreed well between the calculation and experiment stages, but the peak oil film pressure values
were different. By varying the temperature of the engine in the calculation model, the calculated
values approached the measured values. In the future, we plan to investigate ways to improve the
accuracy of the current analytical model.

Keywords: heat engine; engine component or element; plain bearing; thin-film sensor; oil film
pressure; EHL; MBD

1. Background and Purpose

Further improvements in the fuel economy have been required when developing new
engines in recent years with the aim of achieving a carbon-neutral society. To meet this
requirement, engines are being downsized and their weights are reduced, among other
improvements. Consequently, it can be expected that sliding engine parts will experience
more severe lubrication conditions due to increased surface pressure and lower rigidity.
Such conditions can heighten the risk that the main bearings will suffer greater wear or
seizure.

Model-based development (MBD) is vigorously being used in engine development
work today, but one issue of concern here is the correlation between simulation results
and experimental data. A large motorcycle engine that was the subject of this study must
be able to operate under a wide range of conditions up to high engine speeds and loads.
The application of a simulation model requires better simulation accuracy for a broad
range of phenomena that occur under such operating conditions. The oil film pressure
that develops on the sliding surfaces of the crankshaft and main bearings in particular
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is affected by inertial forces and combustion pressures occurring among the cylinders.
Because the phenomena involved are particularly complex, it is indispensable to improve
calculation accuracy based on actual measurements.

Previously, hydrodynamic pressure measurements were obtained using piezoelectric
or diaphragm-type pressure sensors, which were cylindrical or button-shaped [1–4]. One
problem with using these sensors is that the measurement environment changes when
the sensor is attached to a part, e.g., leading to a reduction in the rigidity of the part.
A thin-film pressure sensor with a thickness of 2 to 6 µm was developed mainly for
measuring the rolling contact pressure of two cylinders, and was mainly used to verify
elastohydrodynamic lubrication (EHL) simulations [5]. After that, the contact pressure
between the inner ring and the roller of the cylindrical roller bearing was measured and the
tooth flank of the gear was applied. On the other hand, there was one case of application
to a plain bearing in a single-cylinder engine [6]; however, it was difficult to apply it to
multi-cylinder engines because it required the journal parts of the engine to be significantly
modified. In addition, in experiments using thin-film sensors, the thin-film sensor was
not sufficiently guaranteed when the machine element part was deformed by the applied
bearing load.

In 2002, Mihara et al. [7] developed special-shaped thin-film sensors fabricated by
a sputtering method to measure the oil film pressure on the main bearing surface of a
test engine (5300 cm3 in-line four-cylinder turbo-charged diesel engine) during the actual
operation for the first time. They measured the overall lubrication state on the surface of
plain bearings at every crank angle. In addition, two semi-arc-type thin-film sensors were
developed to significantly reduce pressure measurement errors caused by plain bearing
strain by deformation during the engine operation. Furthermore, on the sliding surfaces
of internal combustion engines, instantaneous changes in surface temperature caused
pressure measurement errors, so the composition ratio of the pressure-sensing alloys ( Cu,
Mn, and Ni) for the thin-film sensor was optimized to achieve high measurement accuracy.
The results of a comparison of the measured and calculated oil film pressures of the main
bearing by applying these techniques were reported in 2007 [8]. The results of actual
measurements of the oil film pressure on the piston skirt, piston ring, piston pin boss, spur
gear, and helical gear tooth flanks have also been reported previously [9–13]. Subsequently,
by 2017, a multilayer sensor with two alloy layers of sensor film was developed to reduce
the pressure measurement error due to strain to zero [9].

Recent examples of the use of thin-film sensors, other than in the engine’s sliding parts,
include temperature measurements under EHL lubrication and without lubrication in an
FZG twin-disk test rig [14,15] and oil film pressure measurements in a CVT (Continuously
Variable Transmission) pulley [16]. However, there are no reports of measurements of oil
film pressure on the surface of main bearings in engines under high speed and high load
conditions. This is because thin-film sensors have a high risk of disconnection when the
plain bearing part is in a mixed or boundary lubrication region. There is a need to improve
sensor durability under such conditions so as to minimize the risk of sensor damage.
Accordingly, as the first step in the present work, thin-film sensors were fabricated on the
main bearing surface of a motorcycle engine in the process of improving the fabrication
and measurement methods so as to enable oil film pressure measurement under high speed
and high load conditions. In particular, to improve the durability of thin-film sensors, we
focused on DLC, which has high wear resistance [17–22]. Oil film pressures measured
under actual engine operation were also compared with simulation results for the purpose
of improving calculation accuracy.

2. Experimental Conditions
2.1. Test Engine

This study was conducted using an in-line, 4-cylinder, 4-stroke, water-cooled gasoline
engine (Suzuki Motor Co., Hamamatsu, Japan) with a displacement of 999 cm3. The main
engine specifications are shown in Table 1. The bore was 76.0 mm, and the stroke was
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55.0 mm. The motorcycle engine oil of the 10W-40 SAE viscosity grade was used as the
lubrication oil.

Table 1. Test engine specifications.

Item Specification

Engine type Water-cooled DOHC 4-stroke 16 valves
In-line 4-cylinder gasoline engine

Bore / stroke (mm) 76.0/55.1
Displacement (cm3) 999
Compression ratio 13.2:1

Max. power (kW/(r/min)) 145/13,200
Max. torque (N·m/(r/min)) 117/10,800

2.2. Confirmation of Main Bearing Cross-Sectional Shape after Running-In Operation

It is important to confirm the main bearing cross-sectional shapes after running-in
operations in order to fabricate thin-film sensors on the main bearing surface in order to
accurately measure the oil film pressure. In many cases, the wear shown in Figure 1 is
found at the ends of plain bearings after running-in operations, owing to the effects of oil
film pressure and accompanying elastic deformation of the bearings. The oil film pressure
distribution to be measured in this study involved the oil film generation state at the crank
journal after the initial crank journal running-in operations were completed. Therefore,
thin-film sensors were formed along the bearing geometry after running-in operations. In
addition, forming the thin-film sensor in the shape after running-in operations reduced
direct contact with the sensor during measurement process and improved the durability of
the sensor.
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Figure 1. Cross-sectional view of plain bearing: (a) external view of plain bearing; (b) initial cross-
section of A-A; (c) after running-in.

3. Thin-film Pressure Sensor
3.1. Measurement Principle

A thin-film pressure sensor is an alloy film resistor with an electrical resistance of
around 120–500 Ω, which varies according to changes in pressure. Using a Wheatstone
bridge circuit, changes in the electrical resistance were converted to changes in the voltage
and were recorded, as shown in Figure 2. Resistance changes due to pressure changes
are mainly caused by changes in electrical resistivity, but since the basic measurement
principle is the same as that of strain gauges, large changes in strain or temperature can
cause pressure measurement errors. Therefore, it was important to minimize the sensitivity
of the sensor to strain and temperature.
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Figure 2. Measurement system for thin-film sensors.

3.2. Fabrication Procedure

Thin-film sensors were deposited using the sputtering equipment shown in Figure 3.
A thin film was deposited on a bearing from the sliding surface to the side surface of the
end face (see Figure 9b). For this purpose, the main bearing 4© was attached to a substrate
holder 3© that is rotated by a motor 2© inside a vacuum chamber 1©. The bearing was
rotated at 3 rpm so that its sliding surface and end face were periodically opposite the film
deposition material (target) 5©. This enabled thin-film fabrication up to the end face of the
bearing. As will be described in Section 3.6, lead wires were formed from the side of the
bearing end face. A uniform thin film was successfully fabricated by rotating the bearing
inside the sputtering apparatus.
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Figure 3. Sputtering equipment.

3.3. Sensor Structure

Figure 4a shows the basic structure of a thin-film pressure sensor for the main (plain)
bearings. An Al2O3 insulating film 2© was formed on the surface of the substrate 1© to
maintain insulation between the substrate and the pressure sensor alloy film 3©. A Cu-Mn-
Ni sensor film 3© used for sensing pressure was sputtered on this insulating film using
a photoresist method. In addition, a protective film was formed to improve the sensor
durability due to contact with the journal shaft surface facing the sensor film, and the
total film thickness was 5.2 µm. The protective film 4© was changed from the previous
Al2O3 film to a diamond-like carbon (DLC) coating to improve sensor durability. If the oil
clearance between the journal and bearing varied from the engine standard due to sensor
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formation, the oil film pressure may be affected. Therefore, the thickness of the bearing
used for sensor formation was reduced by the total thickness of the thin-film sensor, and
the thickness after sensor formation was aligned with the engine standard. The photos in
Figure 5 show the appearance of the main bearings following the deposition of the DLC
protective film. Any sensor film is applied only to the plain bearing surfaces and end faces,
and not to the rear surface of the bearing due to optimal masking techniques. Therefore,
even if the bearing with sensor is installed in the engine, the oil clearance will not change.
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Figure 5. Main bearing after DLC protective film deposition: (a) bearing ]1, ]3, and ]5; (b) bearing ]2
and ]4.

3.4. Sensor Film Shape

As shown in Figure 4b, the sensor consisted of a lead part 1© for leading the pressure
signal and a pressure sensing part 2©. The pressure sensing part was 0.8 mm in diameter and
had a line width of 20 µm; it was fabricated in the shape of two arcs that were connected
in the center of the two semi-circle shapes. This original sensor shape was selected to
minimize the gauge factor of the thin-film pressure sensor [7].

3.5. Measurement Positions

Figure 6 shows the cylinder numbers and main bearing numbers of the engine used in
the experiment. Cylinder numbering is the 1st, 2nd, 3rd, and 4th from the front side of the
engine, and the main bearings are also #1, #2, #3, #4, and #5 from the front side. Figure 7
shows the calculated results of the pressure applied to the lower side of each main bearing.
All of them show the highest pressure at around the 180-degree position in Figure 7 and
are assumed to be under severe lubrication conditions. Figure 8 shows the measurement
position of the lower-side main bearings. Based on the calculation results in Figure 7, for
main bearings #1, #3, and #5, the position of the sensing part was set at the center position
in the bearing width and 5.2 mm from the center to the front and rear side of the engine,
respectively (Figure 8a). In main bearings #2 and #4, the measurement position was set to
5.2 mm from the center of the bearing to the front and rear side, respectively, due to the
effect of the oil feed groove (Figure 8b). Among all the data measured by these sensors, the
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sensors with reliable data were selected and the experimental results were summarized in
Chapter 5.
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Figure 8. Measurement position of thin-film sensor: (a) sensor location (]1,3,5); (b) sensor location
(]2,4).

3.6. Wiring for Taking Sensor Signal out from the Engine

Figure 9a shows a side view of the main bearing after thin-film sensor formation. As
shown in Figure 9b, the lead part 1© was sputtered as far as the side surface of the bearing
end face in order to take the thin-film sensor signal out via a lead wire and avoid contact
with the crankshaft. A wire 2© 50 µm in diameter was welded to the side surface of the lead
part 1© and connected to an external Cu lead wire 4© via a terminal 3©. The external Cu lead
wire 4© was connected via the housing wall surface to measure instruments located outside
the engine. In this way, oil film pressure measurements were obtained without doing any
machining that would change the rigidity or shape of the bearings and the bearing housing.
As described in 3.5, in this chapter, among the thin-film sensors attached to slide bearings
#1 to #5, the measurement data of sensors with high experimental data accuracy were used.
For this reason, data from 9 of the 13 measurement points shown in Figure 8 were used
and summarized. These sensor positions are shown in Table 2.
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Figure 9. Wiring from thin-film sensor: (a) side view of main bearing after thin-film sensor formation;
(b) detail of end face of A.

Table 2. Symbols of sensors on main bearings used as experimental data in this study.

Main Bearing No. Sensor Location

1
]1-C
]1-R

2 ]2-R

3
]3-C
]3-R

4
]4-F
]4-R

5
]5-C
]5-R

3.7. Calibration Results for Pressure Sensitivity

Figure 10 shows the results of a pressure sensitivity calibration for the thin-film pres-
sure sensor in a pressure range of 0–50 MPa. As shown in Figure 10a, a bearing deposited
with a thin-film pressure sensor was placed in a pressure vessel that was pressurized to
50 Mpa using a high-pressure oil pump in order to determine the calibration values. The
results plotted in Figure 10b indicate that the pressure sensitivity of the thin-film sensor
was approximately 9 µε/Mpa. It was determined that measurement errors, due to the
temperature and strain sensitivities of the thin-film pressure sensor, were negligibly small
after optimizing the sensor structure [7].
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3.8. Measurement System

The measurement system used in this study is shown schematically in Figure 11.
Bearings deposited with thin-film pressure sensors 2© were installed in the lower crankcase
1© of the test engine. A signal cable was connected to a bridge box 3© and a dynamic

strain amplifier 4© was situated in a measurement room. An oscilloscope 5© and an AVL
data acquisition system 6© were used as recording devices for combustion analysis. A
ground wire was connected to the double-shielded signal cable running from right near
the sensor-deposited bearings to the measurement instruments as a thorough measure for
preventing noise in the oil film pressure measurements.
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4. Test Results
4.1. Measured Oil Film Pressure Results

Figure 12 shows the oil film pressure results at an engine speed of 5000 rpm and a load
of 25%. The positions of the sensors and the symbols in Figure 12 are shown in Table 2. As
a characteristic of the experimental results, a high peak of oil film pressure was measured at
the bearing neighboring to the cylinder where the combustion pressure acts. For example,
when the combustion pressure of the 4th cylinder was applied, #4-R was 122 MPa and #4-F
was 86 MPa; however, #5-R was 5 MPa and #5-C was 15 MPa. It can be seen that the #4
bearing has a very large share of the bearing load due to the combustion pressure of the
4th cylinder (4th). Moreover, when the combustion pressure of the 1st cylinder (1st) was
applied, #1-R in the #1 bearing obtained 65 MPa and #2-R obtained 75 MPa. From this
result, the neighboring bearings showed almost the same load sharing. These tendencies
are characteristic of the engine used in the experiment, and the inclination and deformation
of the crank when a load is applied to each bearing, as well as the induced deformation of
the main bearing, are considered to be the main causes of uneven load distribution.
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Figure 12. Measured oil film pressure results (oil temperature = 90 deg. C, engine speed = 5000 rpm,
load = 25%),.

4.2. Measured Oil Film Pressure Results for Different Loads at 5000 rpm

Figure 13 shows the maximum oil film pressure at each measurement position under
the three load conditions of 50% load and full load in addition to the 25% load at the
rotation speed of 5000 rpm, as shown in Figure 12. At this rotational speed, #1-R and
#3-R (right end of bearing) exceeded 60 MPa under all load conditions, and #1-C and #3-C
(bearing center) fell below 40 MPa. It was understood that in these #1 and #3 bearings, an
offset load was applied mainly to the right end of the bearing. It was found that #5-R and
#5-C, which had the same geometry as these bearings, were lower than 20 MPa and the
load distribution to the #5 bearing was low. In #2-R, #4-R, and #4-F, a high oil film pressure
of 100 MPa to 120 MPa was generated at any load. As shown in Figure 8, the bearings of #2
and #4 had smaller sliding areas than those of #1, #3, and #5. For this reason, the surface
pressure increased, which is considered to be the reason for the high oil film pressure.
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4.3. Measured Oil Film Pressure Results at Different Engine Speeds under Full Load Condition

Figure 14 shows the maximum oil film pressure at each measurement point when the
load condition is full load and the rotation speed is changed to 5000 rpm, 10,000 rpm, and
13,000 rpm. The trend was similar to the results shown in Figure 13, but the oil film pressure
at the #3-R and #3-C and #5-R and #5-C measurement points increased sharply when the
rotation speed was 13,000 rpm, possibly due to an increase in inertial forces following
an increase in the rotation speed. (Since the #4-F sensor lost its signal at 13,000 rpm, the
measurement data were not recorded.)
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Figure 14. Measured peak oil film pressure (full load).

In addition, the generation of a peculiar oil film pressure was also measured by increasing
the rotation speed. As an example of this phenomenon, Figure 15 shows the change in oil
film pressure for each rotational speed at measurement position #1-R. At 5000 rpm, the oil
film pressure rose to about 75 MPa in response to the increase in combustion pressure in the
neighboring 1st cylinder. At 10,000 rpm and 13,000 rpm, the oil film pressure was almost
the same at around 75 MPa when the combustion pressure of the 1st cylinder increased, but
when the combustion pressure of the 2nd and 3rd cylinders acted, an increase in the oil film
pressure ranging from 30 to 50 MPa was observed at the #1-R measurement point.
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5. EHL Simulation Results
5.1. Analysis Model

The software (AVL/EXCITE 2020) was used to perform elastohydrodynamic lubri-
cation (EHL) simulations, and the calculated results were compared with the measured
results for validation. The simulation model had the same structure as the engine used in
the experimental measurements. A finite element (FE) model of the crankshaft and engine
block (see Figure 16) was created, modeling only the mass of the pistons and connecting
rods. Figure 17 is the 2D connection view of the simulation model. MB indicates main
bearing, and EHD2 indicates the elastohydrodynamics joint. EHD2 joints calculate the
modified Reynolds equation by a difference method. Cylinder pressure, engine speed, oil
properties, oil supply conditions, bearing profile, and geometry are input parameters. In
addition, the surface properties of the slide bearing and crankshaft journal used in this
experiment were measured with a three-dimensional measuring instrument, and the results
were entered into the simulation model as surface roughness, allowing the oil film pressure
of each main bearing to be accurately calculated. The oil film pressure was calculated at the
same location as the main bearing lower half measured on the test engine and compared
with the measured results.

5.2. Comparison of Analysis Model and Experimental Results

Figure 18 compares the measured and calculated results under full load conditions
and an engine speed of 5000 rpm. Figure 18a shows the oil film pressure of journal #1-R and
Figure 18b shows the oil film pressure of journal #4-R. Looking at the results in Figure 18a,
it can be seen that the oil film pressure of the #1-R journal increased as the cylinder pressure
of the 1st cylinder increased. Both the calculated and measured results show that the oil
film pressure reached its peak around 10 degrees ATDC (After top dead center). The peak
pressure and calculated peak pressure were 66 MPa and 33 MPa, respectively, and the
analytical value was about 50% smaller than the measured value.

Next, looking at the results in Figure 18b, the oil film pressure of the #4-R journal
increased as the combustion pressure increased in the neighboring 4th and 3rd cylinders.
Measured and calculated values reached maximum oil film pressure values at 375 and
555 degrees, respectively. Although there was a difference in the maximum value of the oil
film pressure, almost the same result was obtained for the pressure generation timing at
the crank angle.
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Figure 19 compares the measured and calculated results when the load was full and
the engine speed was 13,000 rpm. Figure 19a shows the oil film pressure of journal #1-R.
The oil film pressure increased around 10 degrees of crank angle due to the increase in
cylinder pressure in the 1st cylinder. In addition, an increase in oil film pressure was
also measured near the bottom dead center of 180 degrees and 540 degrees, and these are
thought to be due to the downward inertial force of the piston of the 1st cylinder near the
bottom dead center in the high rotation region of 13,000 rpm. Comparing the measured
results with the calculated results, it can be seen that the oil film pressure peaked at almost
the same crank angle for both. At a crank angle of 10 degrees, the measured and calculated
maximum pressures were 68 MPa and 27 MPa, respectively, with the calculated value
approximately 60% lower than the measured value.
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Figure 19. Measured and calculated oil film pressures (13,000 rpm, full load): (a) oil film pressures at
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Figure 19b shows the experimental and calculated results of the oil film pressure at
#4-R. The oil film pressure increased at crank angles of 375 degrees and 555 degrees due to
the bearing load caused by the internal pressure of the 4th cylinder. On the other hand, oil
film pressure peaks also occurred at crank angles of 90, 270, 450, and 630 degrees.

These factors are due to the inertial force of the piston, similar to measurement point
#1-R. However, unlike the #1-R, it occurred during the upward or downward stroke of the
pistons of the 4th and 3rd cylinders. In other words, the 3rd and 4th cylinders adjacent
to #4-R were out of phase by 180 degrees, and the inertial forces of the respective pistons
cancelled each other out at the top dead center or the bottom dead center. However, this
is because a downward bearing load was generated due to the synthesis of inertial force
during the upward and downward strokes of the piston.

Comparing the experimental value and the analytical value, the crank angle at which
the pressure peak occurs was almost the same, and experimental verification data capturing
this phenomenon were obtained. On the other hand, the maximum value of the oil film
pressure was different.

5.3. Simulation of Oil Film Pressure Taking into Account Bearing Temperature

The difference between experimental and calculated oil film pressure values (analysis
of oil film pressure incorporating bearing temperature) was also investigated.
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At each measurement point and experimental conditions of the sliding bearing shown
in Figures 18 and 19, the calculated value of the oil film pressure was lower than the
measured value. As a factor, it was considered that the clearance of the bearing initially
set in the calculation was different due to the temperature rise in the bearing experiment.
Therefore, an analysis was performed by calculating the change in bearing clearance using
the actually measured bearing temperature. Figure 20 shows a comparison between the
experimental results and analysis results for #4-R at a crankshaft speed of 13,000 rpm and
full load. To compare the peak around the 400 deg crank angle, an experimental value of
the bearing temperature was introduced into the calculation which increased the oil film
pressure from 88 MPa before consideration to 97 MPa. Moreover, in the verification of other
conditions, the analytical value of the oil film pressure increased and tended to approach
the measured value. At other measurement points, the oil film pressure increased and
tended to approach the experimental value. These results confirm that EHL analysis can
accurately predict the timing of oil film pressure generation in the main bearing. In addition,
the relative magnitude of each oil film pressure peak was consistent, and it is assumed
that the dynamic behavior of the crankshaft due to the combustion load and inertial load
can be reproduced. The absolute value of the oil film pressure was generally lower than
the experimental value, but it achieved the measured value by considering the bearing
clearance during a bearing temperature increase. In addition, we believe that more accurate
calculations are possible by reproducing accurate bearing clearances in consideration of
bearing deformation and thermal deformation distribution due to bolt tightening.
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6. Conclusions

Using a newly developed highly durable thin-film sensor, we measured the oil film
pressure distribution of the main bearing at 13,000 rpm of a high-speed high-power motor-
cycle engine, which had not been measured before.

1. In order to improve the accuracy of predicting the oil film pressure distribution using
the analysis model, the shape of the main bearing after engine break-in was used as
the standard. This shape was introduced into the analysis model as the initial shape,
and the thin-film sensor was also formed along this shape.

2. A diamond-like carbon film with a thickness of 2 µm was applied to the protective film
to improve the durability of the thin-film sensor under high-rotation and high-load
operation conditions. As a result, the oil film pressure values at nine locations on five
main bearings could be simultaneously measured with a four-cylinder engine.

3. When the engine load was changed in the experiment, there was little change in the
maximum oil film pressure due to the difference in load for all five main bearings
at the measurement position just below the shaft. In addition, main bearings #2 and
#4, possessing a small sliding area and high surface pressure, had a higher oil film
pressure than the other bearings, exceeding a maximum value of 140 MPa.
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4. The increase in oil film pressure was measured in all main bearings from the results
of experiments with varying rotational speeds at full load. In particular, the #3 and #5
main bearings tended to increase the oil film pressure due to the increase in inertial
force as the rotational speed increased. As a feature of the experiment where the
rotational speed was increased, since the main bearing was affected by the downward
inertial force acting on each bearing, oil film pressure corresponding to the rotational
speed was generated at crank angles other than the cylinder pressure adjacent to each
main bearing. This study highlights this phenomenon, especially at the measurement
point of the ]1 main bearing.

5. The calculation results obtained by the analysis software (AVL/EXCITE) were com-
pared with the actual measurement results and verified. The crank angle at which
maximum film pressure occurred was the same for both results. Therefore, it was
assumed that the simulation model accurately reproduced the dynamic crankshaft be-
havior caused by combustion and inertial loads. On the other hand, it was found that
the difference in oil film pressure values between the calculation and the experiment
was about 30 to 60%, and the experimental value was generally higher.

6. Regarding the difference in oil film pressure value, the temperature of the engine
bearing was introduced into the analysis model. As a result, the analysis result was
closer to the measured value. We found that a change in bearing clearance due to
thermal expansion was actually achieved. As a further improvement, it is believed
that a more accurate simulation model can be constructed by considering thermal
deformation due to temperature distribution and bearing deformation due to the
bolt-tightening torque.
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