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Abstract This study investigates the deformation coordination of an engine crankshaft-bearing system and presents a tolerance-based method to improve
stiffness matching. First, a continuous-beam analytical model is developed to derive bearing support reactions, with its accuracy being validated through a three-
dimensional finite element model under worst-case loading conditions. Then the Reynolds equation is combined with the Gumbel boundary condition to explain
hydrodynamic effects. Based on the journal eccentricity, the load-carrying coefficient is described by fitting an exponential function. Finally, using the relative
bearing clearance as the design variable, a clearance-optimization model is formulated to minimize the variance in support displacements. The results show that
the sequential quadratic programming method after particle swarm optimization can improve the deformation coordination by 31 %. This method can provide a
practical and computationally efficient guideline for improving structural stiffness matching and lubrication performance in crankshaft-bearing system design.
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Highlights

= A continuous-beam model gives a closed-form deformation-coordination equation.

= Asimplified lubrication model links bearing reaction load and displacement.

= Atolerance-based optimization uses clearance and displacement variance.

= FE and dynamic loading confirm applicability under worst-case engine conditions.

1 INTRODUCTION

The crankshaft-bearing system is the core structure of an engine. It is
the structure of the output power, and the part that periodically bears
severe and complex loads. As a key rotating assembly in internal
combustion engines, the crankshaft-bearing system is responsible
for torque transmission and bears multi-directional dynamic loads
generated by gas pressure, inertia forces, and bending-torsional
vibration. Its stiffness distribution and deformation behavior
significantly influence the stability, lubrication and service life of
the main bearings. Therefore, achieving coordinated deformation
between the crankshaft and its supporting structure is essential for
improving the reliability and overall performance of engines.

A vehicle is an extremely complex technical system composed
of many interconnected subsystems, with many key components
relying on the interaction of load-carrying surfaces during operation.
In particular, engine and drivetrain components such as piston rings,
main bearings, valve guides, tappet shims, fuel-injector plungers,
transmission gears, and face seals are significantly influenced by
friction and wear. Designing such friction pairs requires selecting
appropriate structural configurations, materials of high wear
resistance and low friction, and suitable lubrication strategies. These
characteristics have been emphasized in recent tribological studies
and have prompted the need to understand the structural-tribological
coupling in crankshaft-bearing systems [1-2].

Cho and Jung [3] theoretically analyzed the friction characteristics
between crankshaft and bearing. The results showed that friction
characteristics were affected by the clearance between crankshaft and
plain bearing and the oil viscosity. Rong [4] introduced a calculation
method for large deformation of multi-flexible body systems, and
verified the effectiveness of this method using a crank connecting
rod mechanism. Choi et al. [5] analyzed the lubrication characteristics
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of bearings using a multi-body model with elastohydrodynamic
lubrication, and solved the system problem of fluid structure
coupling. Bai et al. [6] compared the crankshaft strength through
continuous beam method and simulation based finite element analysis
(FEA). Other studies mainly focus on the stress-strain analysis of a
single component under a single load, especially the cylinder head
and cylinder liner [7-11]. For example, Zhai et al. [12] used a flexible
body model to model piston cylinder liner friction pairs, providing
more accurate boundary conditions for tribological calculation. Bi
et al. [13] established a fluid-structure coupling model for cylinder
head, cylinder liner, cooling water and body. They studied the
influence of coolant flow uniformity on the hot deformation of
cylinder liner, and optimized the flow characteristics of water
distribution holes of the body and water holes on the cylinder head.
The structure of the diesel engine block has also been optimized, and
significant progress has been made in the dynamics and tribology
of the crankshaft bearing system [14-15]. However, they mainly
focus on crankshaft stiffness or bearing lubrication, ignoring the
interaction between the two components. Zhang et al. [16] established
a dynamic tribological coupling model of the crankshaft-bearing
system for coupling analysis. The results showed that the influence
of crankshaft and body deformation on the lubrication performance
of the main bearing should not be ignored. Yu et al. [17] studied
the coupling characteristics of crankshaft transient vibration and
bearing lubrication, and improved the coupling calculation method
of the dynamics and lubrication of the crankshaft-bearing system.
Considering the influence of temperature on friction lubrication, Wei
et al. [18] established a thermo elasto hydro dynamic (TEHD) mixed
lubrication model for the coupling of main bearing with crankshaft
of marine diesel engine body. Shao et al. [19] established an elastic
hydrodynamic lubrication model for crankshaft main bearings
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(including thermal effects), based on the influencing factors of
lubrication. The analysis results show that thermal effect included has
a great influence on crankshaft main bearing. Gao et al. [20] discussed
the analysis model, calculation methods and influencing factors of
the dynamics, tribology and coupling of crankshaft-bearing system
of internal combustion engine. Based on the mean Reynolds equation
and the dynamic adaptation equation considering bump contact,
Wang et al. [21] established a TEHD calculation model for crankshaft
main bearing of internal combustion engine. They analyzed its
lubrication and friction characteristics, discussed the mechanism of
heat production and heat transfer, and obtained the effect rules. Based
on particle swarm optimization (PSO), Tong et al. [22] carried out a
multi-objective optimization in the design of the main shaft bearing
system. This design optimization considers several objectives such
as natural frequency, static stiffness and total frictional torque, and
the target was significantly improved. Zhan et al. [23] established a
boundary element model discretized by discontinuous iso-parametric
quadratic boundary elements and compared it with the experimental
data and finite element method (FEM). This model is more
suitable for thermal deformation coupling calculation and has high
universality and accuracy.

Tribological studies have revealed several influential factors that
cannot be fully incorporated into this model, including the contact
behavior of rough surfaces, influence of Iubricant formulation,
thermo-dynamic balance of mass, energy and entropy in lubrication
films, and self-organization mechanisms in the friction system.
Although these factors are crucial for understanding detailed
lubrication behaviors, this study focuses on deformation coordination
at the system level.

For the design of high-intensity diesel engine, it is necessary to
consider the deformation of crankshaft and its supporting structure
during movement and the deformation coordination between them.

When the crankshaft deforms under complex loads, a single main
bearing often shows inconsistent support displacements, resulting
in misalignment, uneven distribution of oil-film pressure, and a
decrease in the minimum film thickness. Therefore, improving the
consistency (coordination) of these support displacements is crucial
for preventing edge loading, localized wear and premature bearing
failure.

Most studies focus on crankshaft stiffness or bearing tribology
independently, and only a few consider their coupling behaviors. The
crankshaft deformation will change the attitude angle of each journal,
which in turn influences oil-film thickness and bearing reaction
forces, forming a closed-loop structure-lubrication interaction.
Neglecting this coupling may lead to inaccurate evaluation of bearing
loads and stiffness-matching performance.

To overcome these limitations, we develop an analytical
continuous-beam model for the crankshaft-bearing system to derive
a deformation-coordination equation connecting bearing reactions
and support displacements. This model integrates a simplified
hydrodynamic lubrication model to describe oil-film-controlled
bearing compliance. In addition, a tolerance based structural
optimization framework is proposed with relative bearing clearance
as the optimization variable and displacement variance as the
objective function.

This framework was further assessed under dynamic crankshaft
loading and compared with finite-element predictions. The results
show that this method can capture the deformation-coordination
behavior of the crankshaft-bearing system with high accuracy while
maintaining high computational efficiency. This makes the method
suitable for tolerance design and rapid evaluation of bearing-
clearance schemes, particularly under severe operating conditions.

2 METHODS & MATERIALS
2.1 Crankshaft Shafting Deformation Coordination

The calculation model shown in Fig. 1 can be obtained by treating the
crankshaft system as a continuous beam placed on each rigid hinge
support. To analyze the interaction between the crankshaft and its
multiple bearing supports, the crankshaft is idealized as a continuous
Euler-Bernoulli beam resting on seven supports. The Euler-Bernoulli
beam formulation neglects torsional deformation. This simplification
is justified to analyze the bearing support reactions under quasi-
static peak loading, where bending-induced misalignment dominates
oil-film load redistribution. Torsional effects become significant
for vibration, fatigue, and dynamic response analysis, which goes
beyond the scope of the deformation-coordination framework. This
formulation can derive the coordination conditions between support
reactions and deflection in a closed form. This is crucial for evaluating
the deformation coordination of the shafting under complex loads.

This rigid-support assumption is due to the fact that the crankcase
structure of heavy-duty engines typically shows a bending stiffness
one to two orders of magnitude higher than that of the crankshaft.
Although bearing housings are not completely rigid, finite-element
studies have demonstrated that their deformation contributes less
than 3 % to 5 % to the overall support displacement. Therefore, the
continuous-beam approximation captures the dominant characteristics
of crankshaft deformation and load redistribution, thereby enabling
efficient analysis modeling. For clarity and conciseness, the
Supplementary Information (SI) provides a detailed derivation of the
beam compatibility equation. Only the control equations required for
system level analysis are retained in the main text.
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Fig. 1. The release body of the left and right span beams at the it support

At support 7, the rotation angle 0 is obtained through deformation
superposition and induced by the bending moments M, ; and M,, the
concentrated load P;, and the uniformly distributed load ¢;. L; is the
span length; E; and /; represent the elastic modulus and the second
moment of area of the shaft segment; a; indicates the distance from
the concentrated load to the support, and ¥; denotes the vertical
displacement of the ith support. i~1 and i+1 refer to adjacent spans.
The coordination equation of crankshaft deformation can be obtained
as follows:

M, M, M, M, L Y -Y
i1 Li + i Li + i Li+1 + i+1 Li+1 qzl‘z + i i1
6Ei1i 3Ei[i 3Ei+l[i+l 6Ei+11i+l 24Ei1i Li
- Pa(L’~a’) _ Paan(L.’ ~a.’) _ 4L’ _Y-r, (1)
6Ei1iLi 6Ei+lli+lLi+1 24Ei+11i+1 Li+l .
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2.2 Support Reaction Calculation

Let the support reaction force at the i support be R;, it can be divided
into two parts R;'and R;". R;' keeps the shaft segment L; balanced,

R'= M, =M, | Fa, | al
L L 2

i i

©)

Another part R;" keeps the L, shaft segment balanced. According to
the moment balanced:

M, —M;, B.b qi+1Li+]

Ri” — i+l L i+17i+1 + (6)
Li+1 L[+l 2
The reaction force at the i bearing can be obtained as follows:
R =R'+R'=
— MH _Mi + Mi+l _Mi +ﬁ+ Pmbm +qi7Li+ qi+]Li+l . (7)
L[ L[+l Li L[+l 2 2
Equations (6) and (7) are represented by a matrix:
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Equations (12) to (14) shows the local equilibrium of each
crankshaft span and yield a system of linear equations of the support
reactions. These counteracting forces represent the fluid dynamic
loads that each bearing experiences during the worst crank angle,
forming the basis of the lubrication analysis described in Section 2.4.

It can be seen from Egs. (9) and (14) that the bearing support
reaction force is jointly affected by the geometric parameters of the
crankshaft system, external load and support displacement distance.
The displacement distance of the bearing depends on the shape and
position of the oil film, bearing deformation and installation error,
and numerical determination is difficult. In the calculation results, the
order of magnitude AR of the bearing displacement distance on the
support reaction is only 10~ N. The impact of the error caused by this
factor on the calculation results of the supporting reaction force can
be ignored. Therefore, Eq. (15) is simplified as follows:

R=D'M+F=D'A"'B+F. )



2.3 FEA of Crankshaft

To verify the analysis formula and assess the accuracy of the
continuous-beam model, a three-dimensional FEM of the crankshaft-
bearing system is constructed. The FEM captures the true geometry
of the crankshaft, including the main journals, crank throws, fillets,
and counterweights, providing a high-fidelity reference solution.
To ensure the accuracy of the FEA results, the geometric model of
the structure should be established as far as possible according to
the real object. However, the crankshaft support structure studied
is an integral structure including the whole body, and it is difficult
to establish its FEM based on real objects. In accordance with
established FE modeling practices for crankshaft, the engine block is
simplified by only maintaining the main bearing saddles and omitting
the bulk block structure.

This simplification is further supported by published studies
on theelastic interaction between the crankshaft and the engine
crankcase [24,28]. The stiffness characteristics of the crankshaft-
crankcase assembly have a significant influence on the distribution
of the main bearing load. The crankcase has significantly higher
structural stiffness than the crankshaft in typical engine architectures.
The results indicate that crankshaft bending deformation plays a
key role in the redistribution of bearing load, and the contribution
of crankcase deformation is comparatively limited. Therefore, in the
finite element analysis of crankshaft bearing systems, a simplified
block representation method that only retains the bearing housing
is usually used, without affecting the accuracy of bearing load
prediction [2,24]. The simplified model and bearings 1-7 are shown
in Fig. 2.
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Fig.2. Simplified model of crankshaft geometry
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As shown in Fig. 3, the integral crankshaft FEM is divided
into hexahedral elements, consisting of 36012 nodes and 21379
elements. The Supplementary Information (SI) provides a detailed
mesh convergence study, confirming that mesh refinement leads to a
deviation of less than 3.4 % in bearing reaction forces.

%x

Fig.3  FEM of crankshaft

Boundary condition procedure
The engine is driven by the pressure of the cylinder pistons. The
cylinder pressure curve is adjusted according to the engine firing

sequence left 1— right 6— left 5— right 2— left 3— right 4—
left 6— right 1— left 2— right 5— left 4— right 3. The 90-degree
phase difference from left cylinder to right cylinder and 30-degree
difference from right cylinder to left cylinder to obtain the crankshaft
load at any corner position within a working cycle of the crankshaft,
as shown in Fig. 4.

The cylinder pressure curves used to establish the gas-force
history in Fig. 4 correspond to the rated full-load operating
condition of the target diesel engine. The pressure trajectory in each
cylinder is obtained from an internal performance simulation model
calibrated based on test data of similar engines. Then, based on the
instantaneous cylinder pressure, piston area and geometric shape of
the crank-slider mechanism, the gas force acting on each crank pin is
calculated, and this force is converted into an equivalent load acting
on the crank stroke. By superposing the contributions of the firing
cylinders according to the specified firing order, the crankshaft load
at any crank angle position within one working cycle can be obtained.

Gas explosive
power [bar]

180 e
Crankshaft corner [°]

Fig.4 Cylinder explosive force-crankshaft angle

The crankshaft load mainly comes from the explosive force of
gas, and the crankshaft load is the heaviest when the combustion
pressure is at its maximum. As shown in Fig. 4, the crankshaft is
mainly affected by the gas pressure load from the two cylinders at
any time. The crankshaft system has 6 load peaks in one operating
cycle, which are work completed by right 1 and left 2 cylinders at
-255°, by right 5 and left 4 at -135°, by right 3 and left 1 at -15°, by
right 6 and left 5 at 105°, by right 2 and left 3 at 225°, and by right 4
and left 6 at 345°. The position of the cylinder body corresponds to
the connecting rod journal of each shaft segment of the crankshaft.
The smaller the span of the two cylinders and the farther the
equivalent load is from the symmetry center of the crankshaft, and
the worse is the effect of the loading. Therefore, the position of -255°
is analyzed. The gas explosion pressure on the piston is equivalent to
the load on the crankshaft connecting rod journal, and its magnitude
and direction are determined by dynamic calculation. Horizontal and
vertical displacement constraints are set in each spindle neck, and
axial displacement constraints are set in the end of the crankshaft.

Calculation results and analysis

Based on the above conditions, a simple supported beam model,
a continuous beam model, and a FEM of crankshaft are established,
respectively. The bearing support reaction force is calculated by
Matlab and Ansys. Taking the vertical loads on seven main bearings
as the object, the calculation results of the three models are studied,
as shown in Table 1.

Due to the hyperstatic characteristics of the crankshaft bearing
system, changes in the stiffness or relative clearance of one bearing
can redistribute the load between adjacent bearings. This coupling is
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Table 1.  Support reaction and support displacement of each bearing

Bearings 1 3 4 5 6 7
Bearing support reaction by FEM [N] 53070 118420 38886 —6083.8 —5867.7 4883 —-1111.3
Continuous beam bearing support reaction [N] 62452.65 10537224  35072.73 —-5966.52  —5594.30 3850.10 —904.98
Simply supported beam method bearing support reaction [N] ~ 131662.4  317832.98 70533.4 0 0 0 0

particularly strong at the middle bearings (#3 to #5) with the highest
bending curvature of the shaft. As a result, even small deviations in
clearance in this region may cause significant changes in bearing
reaction forces and support displacement.

Comparing the forces on each main bearing in Table 1, the
following conclusions can be drawn: Under the same load, the
bearing support reactions obtained by the continuous beam method
and by FEM match adequately. In the traditional simple supported
beam method, the crankshaft is artificially divided into several
sections as static beams supported on two bearings respectively,
completely ignoring the influence of adjacent parts on the force of the
crank. This is quite different from the actual working conditions, and
the error of calculation results is high.

Bearing #2 is located near the rotation axis of the crankshaft,
and its corresponding crankshaft angle is -255°. At this point, the
corresponding cylinder is the main ignition cylinder. The combined
gas-force vector generates a strong bending moment at the second
support, resulting in the highest reaction force. The local unloading
caused by the multi support hyperstatic characteristics of the
crankshaft can have negative reactions. Under strong bending
curvature near the mid-span, the shaft slightly lifts from supports
#4 and #5, causing them to generate negative reaction forces, and
the nearby bearings compensate by increasing the load. However,
this assumption ignores the secondary deformation mode of the
crankcase, and the calculated bearing reaction force represents an
approximation value. Future work will incorporate a more complete
flexible installation of the crankshaft-block system.

2.4 Derivation and Calculation of Oil Film Thickness

During the operation of the engine, the crankshaft transmits the
load through the lubricating oil film of the main bearings. The oil
film is located between the surface of the crankshaft journal and
the main bearing hole. The oil film pressure separates the journal
from the bearing and bears the load transmitted by the journal to the
bearing. The lubrication behavior of each main bearing is governed
by hydrodynamic pressure generated by journal rotation and the
wedge-shaped lubricant film. The oil-film thickness and eccentricity
ratio determine the load-carrying capacity of each bearing, ultimately
affecting the support displacement and deformation coordination
of the crankshaft-bearing system. These relationships are described
directly in the text to reduce redundancy, and the subsequent equation
numbering has been adjusted accordingly.

Hydrodynamic Lubrication Governing Equation

The hydrodynamic pressure field in the bearing is governed by
the classical Reynolds equation for incompressible, isoviscous
lubrication:

jz(h3ggj—ka[h3ggj::6nllgﬁ, (10)
ox\' ox) oz 0z Ox

where £ is the local film thickness [m]; p is the oil-film pressure [Pa];
n is the dynamic viscosity [Pa-s]; U is the journal surface velocity
[m/s], and x, z are horizontal and axial directions [m], respectively.
This equation forms the theoretical basis for the load-bearing
capacity of fluid dynamic pressure bearings and is used to link
bearing displacement with support reaction forces.
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Film geometry and eccentricity
As shown in Fig. 5, the equivalent bearing displacement is
expressed as follows:

Ay =6(1-y cosg), (11
where Ay is a vertical equivalent bearing displacement [m]; 0
is the radius clearance of bearings [m]; y is the eccentricity
ratio, and ¢ is the angle of displacement [rad]. This expression
approximates the film profile of journal bearings operating

under steady hydrodynamic lubrication.

A
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Fig.5. Position of the journal

Equivalent bearing displacement

The equivalent vertical displacement of a bearing support,
denoted Ay;, is determined by the journal center shift caused by
oil-film deformation under the applied hydrodynamic load. For a
given support reaction R;, the corresponding eccentricity ratio y and
journal attitude angle ¢ are obtained from the hydrodynamic pressure
distribution, and then the journal center displacement is calculated.

Bearing load-eccentricity relationship

As long as the eccentricity and deflection angle of the journal at
the fulcrum are known, the equivalent bearing displacement can be
determined. According to the theory of fluid lubrication, the total
bearing capacity of oil film is expressed as follows:
nodB

l//2
where # is the lubricating oil dynamic viscosity [Pa‘s]; B is the
bearing width [m]; y is the relative gap; d is the journal diameter
[m]; C, is the factor of bearing capacity, and w is the journal circular
velocity [rad/s].

For a single bearing, when the bearing runs stably and other
parameters are constant, the bearing capacity coefficient can be
determined according to the total bearing load (i.e. bearing support
reaction).

F=

C, (12)

P

2

__Vv
’ nedB
Since the ratio of width to diameter has been given, the eccentricity
x can be calculated according to Table 2. The scatter plot is shown in
Fig. 6.

F=K-F. (13)



Table 2. Bearing capacity coefficients

Eccentricity y 0.3 0.4 0.5
Bearing capacity factor C, 0.0893 0.141 0.216

0.6 0.65 0.7
0.339

0.85
1.775

0.75 0.8

0.431 0.573 0.776 1.079

1.0 1

0.8 - =

0.6 +

0.4

0.2

Bearing capacity coefficient

0 |

0 0.4 0.8

1.2 1.6 2.0

Eccentricity ratio
Fig. 6. Scatter diagram of the bearing capacity factor ®(x) and eccentricity x used for curve fitting

To obtain a convenient expression of the bearing capacity
factor @ (y) as a function of eccentricity y, several candidate fitting
functions (including low-order polynomials, rational functions and
exponential functions) are tested using a least-squares criterion based
on the tabulated data in Table 2. In these candidates, the exponential
function given in Eq. (14) provides the smallest root-mean-square
error and the highest coefficient of determination (R*~=0.998) in
the eccentricity range from 0.3 to 0.85. In addition, the exponential
form preserves the correct monotonic trend and asymptotic behavior
of ®(y), which is important for avoiding unphysical oscillations
in interpolation. Due to these reasons, the exponential function is
adopted as the fitting model:

C,

x=f(C)=a-e" " +c-e". (14)
where a=0.7947, b=0.03239, ¢c=-0.6468, d=-3.309.

A shown in Fig. 7, the eccentricity is in the range of 0 to 0.7,
and the curve can coincide well with the scatter point. When the
eccentricity is greater than 0.7, the curve is consistent with the trend
of scatter distribution, with almost the same value. The function can
be well consistent with the trend of scatter. Therefore, the fitting
function meets the requirement of analysis accuracy.

The Gumbel boundary condition is adopted because it is more
suitable for finite-length journal bearings under high eccentricity.
There is a distinct cavitation region on the unloaded side of the
bearing. In contrast, the classical Sommerfeld boundary condition
assumes that the circumferential oil film is completely submerged

and leads to negative pressure predictions in the cavitated region.
This is physically unrealistic. The Reynolds boundary condition
modifies the pressure distribution in the cavitated zone. For current
system level, its practical implementation in analytical form is
more complex. Using the Gumbel boundary condition, the pressure
in the cavitation region is set to be equal to the ambient pressure.
The range of the bearing area is consistently determined to provide
a more realistic estimation of the bearing capacity under heavy load
operating conditions. The relation between the deviation angle ¢ and
eccentricity y can be obtained by Gumbel boundary condition:

2

F, 1-
tan(p=%=£ £ (15)
E x
1 4 5
cosp == K (16)
\/tan p+l T l-yx
The joint Eq. (11) gives:
4 5
Ay=6|1-— . 17
Y ( ﬂzlxzj (17)

From the first # terms of the geometric sequence and the Eq (18):

n 1—¢"
Zalt”] :M, when [ <1, (18)
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at ™ =", 19
Z = (19)
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Fig. 7. Fitting curves of y and C,,
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let a,=46/7%, t=y2, then

n

45 i+
Ayza—?zxz ! (20)
i=1
Omitting the higher order infinitesimal term, then:
46
Ay=5—?)(3. (21)

Substituting the crankshaft bearing support reaction and bearing
structure parameters solved in Part 1 into Eq. (13) and solving them
jointly with Egs. (14) and (21), the variation of support reaction
and support displacement in the vertical direction of each bearing is
obtained. The calculation results are shown in Table 3.

Table 3. Bearing support load and displacement

According to Eq. (21), the displacements of crankshaft bearings
under harsh working are calculated. It is found that the deformation
state of the crankshaft system has a large optimization space.
Lubrication analysis is conducted under a quasi-static assumption by
taking the worst-case crank angle (-255°) and treating the oil film as
being in a steady hydrodynamic equilibrium with the instantaneous
bearing load. This method is widely used for preliminary design
and parametric analysis, but it does not capture the full transient
and TEHD behavior of dynamically loaded bearings. Extending the
present model to a time-resolved TEHD analysis can more detailed
evaluate the minimum film thickness and temperature increase in an
engine cycle. This is also the subject of our future work.

Bearings 1 2 3 4 5 6 7
Bearing load [N] 53070 118420 38886 -6083.8 -5867.7 4883 -1111.3
Support displacement [mm] 0.0243 0.0168 0.0259 -0.0546 -0.0544 0.0449 -0.0496

3 RESULTS AND DISCUSSION
3.1 Crankshaft-Bearing System Structure Optimization

This section applies modern design theory, MATLAB software and
practical application to optimize the shaft system, and achieve better
stiffness match between the crankshaft and the supporting bearing.

In theory, when the crankshaft is not deformed by force, the
displacement of each support should be consistent. The more discrete
the displacement of each support, the greater the deformation
of the crankshaft. Therefore, the variance value of each support
displacement can be set as the objective function for evaluating the
deformation coordination degree of the crankshaft-bearing system.

The optimization objective is to improve the deformation
coordination of the crankshaft-bearing system by minimizing the
variance of the support displacements among the main bearings.
Therefore, the objective function is defined as follows:

7
F(X)=,/2Ay,-—®2,
i=1

where Ay, is the i bearing displacement [mm], and Ay average
displacement of each support [mmy].

It can be seen from Egs. (11) and (12) that there are many
parameters affecting the displacement of bearing support. In
engineering practice, these parameters such as lubricating oil
dynamic viscosity, crankshaft speed, bearing span and crankshaft
shape cannot be adjusted. Bearing clearance has a significant impact
on the maximum temperature and maximum friction power loss of
the main bearing [25]. Therefore, the relative gap y is selected as the
optimization variable.

The conditions that limit the range of design variables based on
actual requirements in engineering design are called constraints.
Parameter control here is achieved by adjusting the size tolerance
of the crankshaft journal. Before optimization, each main bearing
is supported with equal stiffness, and each bearing journal adopts
H7/e8 fit. The crankshaft journal will tilt under the combined action
of external load and bearing constraints. To avoid the stress increase
caused by scraping bearing and the oil film deflection caused by
the journal tilt, the journal tilt should be controlled. Based on the
principle of linear superposition of small deformation, the inclination
angle of journal ; at bearing i can be obtained as follows:

(22)
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The crankshaft journal is 98 mm. The relative clearance
recommended in the design standard JB/ZQ 4614-2006 (Table 4) is
taken into account [26]. JB/ZQ 4614-2006 specifies the recommended
fit clearances for sliding bearings under nominal diameter and
operating conditions. The recommended clearances adopted are
consistent with the ISO 286-1:2010 system of limits and fits for
hole-shaft pairs (such as H7/e8 and H7/f7 fits for bearing-journal
assemblies. Therefore, the clearance ranges in Table 4 can also be
interpreted in the framework of the ISO 286-1:2010 limits and fits
system [27].

w; € [0.007,0.0016], i=1,2,3,4,5,6,7.

Table 4. Bearing piston engine and the oil film bearing clearance

Bearing diameter Minimum Average Maximum
[mm] clearance clearance clearance
80-120 0.072 0.117 0.161

The mathematical model of optimal design of crankshaft shafting
can be expressed as optimization objective:

-
min F(X) = /Z(Ay,. -AVY, (24)
i=1
constraint condition:
2 _ 2
Stg(X): Rai(l‘i a[ )+ Mi L‘. + Mifl L[
6EIL, 3E I 6E 1,
ql’ Y- Y,
11 + 1 1 S 9 s 25
24E 1, L [ ] (25)

optimization variable, where y,i, < W1 ~ W7 = Wpax. The optimization
problem is solved using the sequential quadratic programming (SQP)
algorithm implemented in MATLAB’s fmincon solver. SQP is highly
suitable for constrained nonlinear optimization tasks with smooth
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Fig. 8. Convergence history of SQP and PSO algorithms
Table 5. Journal bearing with selection and optimization results
Bearings 1 2 3 4 5 6 7
- Tolerance
Recommended fit H7/e8 H7/e8 H7/f7 H7/f7 H7/f7 H7/e8 H7/e8
The amount of support displacement before optimization [mm] ~ 0.0243 0.0168 0.0259 -0.0546 -0.0544 0.0449 -0.0496 0.0019
The amount of support displacement after optimization [mm] 0.0243 0.0168 0.0222 -0.0386 -0.0385 0.0449 -0.0496 0.0013

objective functions, and provides fast convergence in problems with
fewer design variables.

The PSO algorithm is also used to cross-check the SQP result
and verify that the identified optimum is not a local minimum. The
objective decreases monotonically and stabilizes after 20 iterations,
confirming convergence.

Considering the selection range of relative clearance
recommended in the design standard of plain bearings, the bearing
support displacement obtained through optimization calculation is
shown in Table 5.

To improve the deformation coordination state of crankshaft
shafting, different journal bearings are selected to change the equal
stiffness support and increase the stiffness of each support in the
middle position. A quantitative comparison of the bearing support
displacements before and after optimization is provided in Table 5.
The results show that the deformation coordination of the crankshaft-
bearing system is significantly improved after optimization, as
evident from the systematic reduction in bearing displacement
magnitudes in all main bearings. In particular, the maximum tilt
deformation at the most critical shaft segment is reduced by about
18 % after optimization. This indicates a clear improvement in local
stiffness matching and support compatibility. In addition, the overall
deformation coordination evaluated based on the displacement
tolerance between the main bearing supports has increased by about
31%. This indicates that the support reaction force distribution along
the crankshaft is more uniform, and the deformation incompatibility
is reduced.

The high performance of the optimized clearance configuration
can be explained by the interaction between bearing stiffness, shaft
bending curvature, and hydrodynamic film formation. In areas with
high bending curvature of the crankshaft, slightly reduced clearance
increases local support stiffness and limits journal misalignment.
In areas with lower curvature, slightly larger clearance allows the
system to redistribute loads more evenly on adjacent bearings. This
coordinated effect suppresses deformation incompatibility, stabilizes

the oil-film geometry, and enhances lubrication robustness. These
mechanisms collectively explain why the optimized clearance pattern
can provide more favorable structural and lubrication characteristics
than the baseline configuration.

Theoretically, the improvement in deformation coordination
can be explained by the redistribution of the curvature of the beam.
When the bearing stiffness is uniform, areas with high bending
curvature will generate large local support displacement gradients.
By selectively modifying clearance, the effective hydrodynamic
stiffness of middle bearings increases, thereby suppressing curvature
amplification. This phenomenon can be explained by treating each
bearing as a nonlinear spring, whose stiffness is determined by the
lubrication-film geometry. The optimized configuration can reduce
stiffness discontinuities and stabilize load transfer between adjacent
spans. In addition, the reduction of displacement variance implies that
the alignment between journal axis and bearing axis is improved. The
improved alignment can enhance oil-film stability and reduce the risk
of edge loading. Therefore, optimization helps to improve structural
reliability, lubrication safety margin, deformation coordination
and lubrication performance. These improvements promote more
uniform load distribution along the crankshaft, reduce local wear, and
lower the risk of edge loads and lubrication failures. In addition, the
proposed tolerance-based optimization strategy is fully compatible
with standard manufacturing practices and provides a practical, low-
cost method for improving the durability and lubrication robustness
of production engines.

Athough this study does not include bench-test validation, the
predicted improvement in deformation coordination and oil-film
safety margin is consistent with experimental findings in TEHD and
clastohydrodynamic studies [17,18,28]. Future work will incorporate
experimental measurements of bearing deformation and oil-film
thickness to directly verify this optimization strategy.
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3.2 Structural-Lubrication Coupling Analysis

Although Section 2.4 introduces the lubrication formula, its role in
the final solution needs to be clarified. The fluid dynamic lubrication
model is not an isolated frictional calculation, but a stiffness
coupling mechanism that links the bearing reaction force and support
displacement.

According to Eq. (13), the bearing reaction is directly related to
the bearing capacity coefficient @ (y), which is determined by the
eccentricity ratio y. Through the fitted exponential relation, variations
in bearing clearance will change the effective hydrodynamic stiffness
of each support. This modified the deformation coordination
equation, thereby redistributing the bearing reaction force.

Before optimization, due to the large bending curvature, the
intermediate bearings (# 3-# 5) showed relatively high eccentricity.
This leads to a decrease in local oil film thickness and uneven load
distribution. After optimization, the adjusted relative clearances
reduce the eccentricity gradient along the shafting, resulting in a
more uniform hydrodynamic stiffness distribution, reducing peak
eccentricity at critical span, and improving the consistency of oil-film
load-carrying.

The coupling effect explains why the deformation coordination
has increased by 31 %. The optimization cannot only change
geometric clearance, but also reshape the structural and tribological
interaction mechanism. Therefore, although the lubrication model
is not solved dynamically in a full TEHD sense, it directly affects
the final support reaction distribution and should be regarded as an
integral component of the structural optimization framework.

4 CONCLUSIONS

The deformation coordination of an engine crankshaft-bearing

system is investigated and a tolerance-based method is presented to

improve stiffness matching. The main findings are drawn as follows:

1. The continuous beam theory is used to calculate the bearing
capacity, which is different from the traditional simply supported
beam method;

2. The fluid dynamic lubrication formula is integrated into a stiffness
coupling mechanism that connects the bearing reaction force
and support displacement. By integrating the lubrication model
into the deformation coordination framework, the interaction
between structure and tribology is explicitly considered, achieving
coordinated optimization of stiffness matching and oil film load
capacity;

3. Combined with the crankshaft deformation coordination equation,
the maximum deformation position and deformation degree
of crankshaft at a certain time can be determined by using the
calculated support displacements. Taking the tolerance of each
support displacement as the optimization target and the relative
clearance as the optimization variable, the structure is optimized.
This method has the advantages of clear intuitive meaning
and easy operation, which provide a reference for the overall
evaluation of crankshaft deformation coordination;

4. The coupling effect between structure stiffness and friction
lubrication of engine crankshaft-bearing system is studied,
avoiding the artificial separation of the crankshaft-bearing
system. This optimization method can provide practical guidance
for improving the stiffness matching between crankshaft and
bearings. It also provides measurable benefits in oil-film load-
carrying capacity and wear reduction, thereby supporting real-
engine applications.
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Strukturna optimizacija sistema rocicne gredi in lezajev motorja na
osnovi analize usklajenosti deformacij

Povzetek V Studiji je obravnavana usklajenost deformacij sistema rocicne
gredi in leZajev motorja in predstavijen pristop na osnovi toleranc za
izboljsanje ujemanja togosti. Najprej je bil razvit analiticni model zveznega
nosilca za doloCitev reakcij v lezajnih podporah, njegova natancnost pa
je potriena s tridimenzionalnim modelom koncnih elementov v najslabSih
obremenitvenih pogojih. Nato je bila Reynoldsova enacba zdruZena z
Gumbelovim robnim pogojem za razlago hidrodinamicnih ucinkov. Na podlagi
ekscentricénosti leZajne pusSe je bil nosilni koeficient opisan s prilagoditvijo
eksponentne funkcije. KonCno je bil oblikovan optimizacijski model
zracnosti, pri katerem je relativna zracnost leZaja uporabljena kot projektna
spremenljivka, z namenom minimizacije variance pomikov podpor. Rezultati
kaZejo, da metoda sekvencnega kvadratnega programiranja po optimizaciji
Z rojem delcev izboljSa usklajenost deformacij za 31 %. Metoda predstavija
prakti¢ne in racunsko ucinkovite smernice za izboljSanje ujemanja togosti in
mazalnih lastnosti pri nacrtovanju sistemov roci¢éne gredi in leZajev.

Kljuéne besede sistem rocicne gredi in leZajev, usklajenost deformacij,
ujemanje togosti, strukturna optimizacija, hidrodinami¢no mazanje,
optimizacija zracnosti
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