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Abstract: Commercial X-EPS steering gears are characterized by high torque output,
torque—with increasing capabilities, high reliability, and excellent handling precision.
Among them, the screw—nut pair in the steering gear is subjected to complex working loads,
and its raceways are prone to fatigue failure. To more accurately and effectively predict
the fatigue life of the screw—nut pair in the steering gear, a method for dynamic simulation
and fatigue life prediction of commercial X-EPS steering gears is proposed based on virtual
prototyping technology and finite element theory. That is, a rigid—flexible coupling dynamic
model of the X-EPS steering gear is established to obtain the load spectra of the screw and
nut, and a finite-element static model is also established. Then, combined with the material
S-N curve, the fatigue life is predicted through the NOCDE fatigue “five-block diagram”.
The research results show that the screw and nut raceways are the key components prone
to fatigue failure in the steering gear. The minimum numbers of fatigue life cycles are
1.028 x 10° times and 2.9695 x 10° times, respectively. Subsequently, a fatigue life bench
test was conducted for verification. The results show that the error between the fatigue
life analysis model of the XEPS recirculating ball steering gear and the test is less than 5%,
meeting the requirements of the fatigue life test standard and design standard.

Keywords: X-EPS steering gear; dynamic calculation; rigid—flexible coupling model; bench
test; fatigue life prediction

1. Introduction

The automobile steering gear is an important steering system component widely used
in modern automobiles, and its performance is directly related to the handling stability and
safety of the vehicle. According to a worldwide survey, the circulating ball steering gear
accounts for about 45% [1]. In practical use, especially under extreme working conditions,
the screw and nut parts of the circulating ball steering gear often experience a large load.
This may lead to fatigue, which in turn affects the reliability and life of the system.

In recent years, there has been little research and analysis on the XEPS circulating
ball steering gear. Hu [2], Wei [3], and other scholars studied the control strategy of the
rocker shaft-type electric power steering system, transformed the dynamic differential
equation of the rocker shaft-assisted EPS system into the state space equation, and applied
the modern control theory. Ma [4] and others built the parametric model of the steering
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gear through AMESIM 2020 software to study the influence factor analysis of the assisted
characteristic curve. Li [5] statically analyzed the rack—tooth fan pair according to the work-
ing characteristics of the two-stage transmission pair of the circulating ball power steering
gear. Bertolino [6] used ADAMS 2021 software to evaluate the dynamic performance of
the steering gear. Yue [7] examined the fatigue life of the circulating ball steering gear
by using the explicit finite element software LS-DYNA 2014 to analyze the coordinated
working process of the two-stage transmission pair. Lv [8] pointed out that when the
transmission parts are subjected to extreme loads and under ultra-low cycle conditions,
the main failure mode is excessive plastic contact deformation on the raceway surface,
and the degree of deformation has exceeded the acceptable limit. The results showed that
under limited working conditions, the original uniform contact stress state is broken, and
the stress concentration occurs in the local area. Hojjati [9] developed a life prediction
tool for the initiation of fretting fatigue cracks by applying damage mechanics, providing
new ideas and quantification methods for evaluating the remaining life of components.
Ferjaoui [10] carried out research on the prediction of fretting fatigue crack initiation, which
is of great significance for the failure analysis of mechanical connection structures under
fretting fatigue. Kumar [11] analyzed the fretting fatigue stress of heterogeneous materials
by using direct numerical simulation. At present, most mathematicians use the virtual
prototype [12-17] test bed to predict the fatigue life of automobile key components, which
obviously shortens the design cycle and avoids the waste caused by unreasonable design.
Therefore, it is of great practical significance to use virtual prototyping technology to
study the fatigue prediction of related components of XEPS steering gear under ultimate
working conditions.

To effectively analyze the fatigue problem of commercial XEPS circulating ball steering
gear, this study uses SolidWorks 2022 to model it accurately. Then, the screw and nut
components are introduced into the finite element method to build a flexible body, generate
a flexible MNF file, to import into ADAMS to create a rigid—flexible coupling virtual
prototype model, carry out virtual dynamic experiments, and obtain the load spectrum
of key components under limited working conditions. Then, the static analysis results of
ANSYS Workbench 2021 are introduced into Ncode design life to evaluate the fatigue life.
Through this systematic analysis process, the fatigue point can be identified and the final
fatigue life can be evaluated, thus providing a scientific basis for improving the reliability
and life of steering system design.

2. Main Parameters of XEPS Steering Gear

This study takes the XEPS steering gear as the research object, which is mainly com-
posed of screw, nut, reverser, shell, rocker, and many small steel balls [18]. When the driver
turns the steering wheel, this action is transmitted through the steering screw. The steering
screw is connected to the steering shaft, and its rotational motion is transmitted through
the internal thread of the nut. To reduce the friction between the screw and the nut, there is
no direct contact between them. Instead, a series of small steel balls roll between the inner
and outer raceways, and these steel balls circulate in the closed pipeline, converting the
original sliding friction into rolling friction, thus significantly improving the transmission
efficiency. The nut is equipped with two steel ball ducts, which are filled with steel balls
and connected to the raceway. This design forms two independent closed channels for the
steel ball to circularly roll. When the screw pushes the nut to move, the steel ball circulates
and rolls in the conduit and raceway to transmit force effectively. In addition, a rack is
arranged under the nut, which engages with the tooth fan on the steering rocker arm. When
the nut moves along the screw, it pushes the rack, which in turn drives the tooth fan and
the steering rocker arm connected to it to swing. This continuous action finally results in
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the steering of the wheel, ensuring that the vehicle can turn accurately in accordance with
the driver’s intention.

An accurate 3D solid model is a guarantee of high reliability of simulation analysis
results. The system solid model was created by Solidworks. The main parameters of the
XEPS steering gear are shown in Table 1.

Table 1. XEPS component parameters.

Parameter Value
Gear fan module/mm 6.0
Rocker arm diameter/mm 41
Nut length/mm 81
Screw outer diameter/mm 37
Steel ball diameter/mm 8
Pitch/mm 11
Gear fan pressure angle 26.85°
Gear fan rake angle 6.5°
Number of teeth on gear fan 3

Finally, a simplified model of circulating ball steering gear is obtained, as shown in
Figure 1.

Steering gear Nut bolt
(N

)

Screw

Rocker arm

Figure 1. Recirculating ball steering assembly.

3. Rigid-Flexible Coupling Dynamic Analysis
3.1. Establishment of Dynamic Model

The flexible body can be established by finite element method in ADAMS software.
For the flexible parts, the material attributes are defined and meshed, the remote points are
located, the code is set, the mode is analyzed, the mnf format file is obtained, and the rigid
parts are converted into flexible parts when the file is imported into ADAMS. Among them,
the screw—nut pair generates flexible parts, and its related deformation can be viewed in
the process of simulation. The flexible parts are connected with other parts by constraint or
contact, and the rigid—flexible coupling dynamic model of XEPS steering gear is obtained,

as shown in Figure 2.

Figure 2. Dynamic model of rigid—flexible coupling of XEPS steering gear.
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The material parameters set in ADAMS mainly include screw, nut, reverser, rocker,
screw, tablet pressing, and so on. The material of the screw, nut, and rocker arm is 20CrMnTj,
and the material of the steel ball is GCr15. The main related component parameters are
shown in Table 2.

Table 2. Main material parameters of XEPS.

Material 20CrMnTi GCr15
Density/(kg-m~2) 7860.0 7830.0
Young’s modulus/GPa 212 2.19
Poisson’s ratio 0.289 0.3
Yield strength/MPa 835 518
Compressive
strength/MPa 1080 861

In ADAMS, when the impact function is used to select the impact function to calculate
the normal meshing force, the user must input the deformation depth (penetration depth),
viscous damping coefficient (damping), nonlinear index of force (force exponent), and
stiffness coefficient (stiffness). In general, the parameters in the compensation method
are more difficult to determine than those in the impact function. Therefore, the impact
function is generally selected when calculating the ball contact and the normal meshing
force of the gear. At the same time, ADAMS provides a variety of different contact types
for users to choose from, such as solid to solid, curve to curve, point to curve, flex body to
solid, etc. The impact function can be expressed as [19]:

0
Fy = 7> (1)

k(90— 9)° — cmax - (31) - step(q,q0 — d,1,40,0) q < 4o

where g is the initial distance of the collision body;, g is the actual distance of the collision
body, dq/dt is the speed of colliding objects, k is the stiffness factor, ¢ is the collision index,
Cmax 18 the damping coefficient, and d is the depth of penetration.

This study aims at the contact between steel ball and screw, nut, reverser track and nut,
and rocker rod. The contact between the steel ball and the steel ball is a ball contact; the
raceway usually has a specific Radian, so this contact can be approximated to the contact
between the sphere and the arc surface. In this case, Hertz’s contact theory can be used to
calculate the equivalent radius and analyze the stress state and deformation of the contact
surface. According to the Hertz contact theory, the contact area between the parts can be
regarded as an elliptical area, and the contact stiffness K of each part can be expressed
as [20]:

4
K = ~RZE* 2)
3
where R and E* are equivalent radius and equivalent elastic modulus, respectively.
2 2
% = R% + R%, = a Elm + 4 EZUZ) , R1is the equivalent radius of part 1; R2 is the equiva-

lent radius of part 2; E1 and E2 are the elastic modulus of part 1 and part 2, respectively;
and p 1 and u 2 are the Poisson’s ratio of part 1 and part 2, respectively.

The contact stiffness of the XEPS steering gear can be calculated by the above formula.
Considering that the tooth height and the indexing circle radius of the gear are relatively
small, the equivalent radius at the contact point of the gear can be approximately replaced
by the indexing circle radius, thus the equivalent radius R of the contact between the parts
can be calculated. According to its material characteristics, the composite elastic modulus E
of each part can be calculated, and then the contact stiffness K of each part can be calculated
according to the Formula (2). According to the calculation, the contact stiffness between the
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steel ball and the steel ball is 6.0 x 10° N/mm, the contact stiffness between the steel ball
and the raceway is 7.4 x 10° N/mm, the contact stiffness between the nut and the rocker
arm is 2.1 x 107 N/mm, the force index is 1.5, the damping coefficient is 100 Ns/mm, and
the breakdown depth is 0.1 mm.

3.2. Working Condition Analysis

According to the operating instructions of the automobile XEPS steering gear and the
durability test standard [21], the rotating speed of the screw was set to £180°/s, and the
rated torque of the rocker arm output was 1500 N-m. Because the forces acting on both
ends of the screw and nut are basically similar, considering that the amount of simulation
calculation is too large, this study circulated the ball steering gear from the middle position,
the screw rotated to one side for 2 s, decelerated for 0.1 s, then stopped for 1 s, then
accelerated for 0.1 s, then continued to rotate for 2 s, half a cycle, and calculated a total of
5.2 s. We used step function to realize the following: step (time, 0, 180 d, 2, 180 d) + step
(time, 2,0d, 2.1, —180d) + step (time, 3.1, 0 d, 3.2, —180 d); the torque of the rocker arm
was opposite to that of the screw: step (time, 0, 1500, 2, 1500) + step (time, 2, 0, 2.1, —1500)
+ step (time, 3.1, 0, 3.2, —1500), the speed and torque curves are shown in Figure 3.
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Figure 3. Extreme case curves. (a) Screw input rotation speed, angular velocity time-domain diagram.
(b) Time-domain diagram of rocker boom output torque.

3.3. Constraint Setup

In the geometric model imported into ADAMS, the included parts need to estab-
lish constraints, so the constraints between the parts should be defined according to the
real working conditions. The constraint relationship between the zero parts of the XEPS
circulating ball steering gear is shown in Table 3.
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Table 3. Constraints of XEPS steering gear.

Serial Number Constrain Assembly Constraint Type
1 Screw, ground Revolute joint
2 Nut, ground Prismatic joint
3 Rocker arm, ground Revolute joint
4 Nut, return device Fixed joint
5 Nut, M6 bolt Fixed joint
6 Nut, pressing tablet Fixed joint

3.4. Dynamic Response Results

The contact forces related to steel balls are the contact forces between steel balls
and screws, nuts, reversers, and adjacent steel balls, and the contact forces between nuts
and rocker arms need to be added. The model included 100 steel balls, so a total of
501 contact forces were added. The parameters of the contact force need to be set when
adding the contact force. The simulation time was set to 5.2 s and the simulation step
was set to 1000 steps to study the load of the circulating ball steering gear under the limit
working condition.

Figure 4 shows the rotational speed of the screw and rocker arm as a flexible body
and affected by deformation. In the process of rotation, the screw speed fluctuates around
180° /s, while the rocker speed fluctuates around 10°/s. This shows that when the screw
and rocker arm are running as flexible bodies, the dynamic characteristics caused by their
own deformation lead to the fluctuation of their respective speeds.

Screw speed
Rocker arm speed

I

3

3
T

)

S

3
T

Angular Velocity (deg/sec)

Time (Sec)

Figure 4. Time-domain diagram of screw and rocker boom speed.

Figure 5 shows the time-domain variation of the force and torque of the screw under
ultimate working conditions. In the process of motion, the force and torque of the screw
gradually increase, reaching the peak value of 6.3 x 10* N and 2.1 x 10° torsion at about 2 s,
respectively, and at 2.1 s, the screw begins to decelerate and withstand a large deceleration
until it stops rotating. Due to the influence of inertia, the singularity of the flexible body
appears at 2.3 s, and then at 3.1 s, the screw rotates in the opposite direction and finally
returns to the initial position to complete the half-cycle operation.

Figure 6 is the time-domain diagram of the force and torque of the nut under the
ultimate working conditions. It can be seen from the diagram that the force and torque on
the nut reach the highest values of 7.1 x 10* and 2.5 x 10% at about 2 s with the increase in
rotation, and then the force and torque decrease and remain at a stable value. Under the
influence of inertia, the nut’s flexible body is prone to large singularities around 2.1 s and
2.3 s; the nut moves in the opposite direction at 3.1 s; at 3.1 s, the rocker begins to reverse
output torque until it returns to the equilibrium position.
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Figure 5. Screw simulation results. (a) Time-domain diagram of screw stress; (b) screw moment
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4. Fatigue Life Analysis of XEPS Steering Gear
4.1. Finite Element Model

The SolidWorks model was exported to ANSYS. Considering the computational effi-
ciency, the circulating ball whole is meshed by 5 mm, the rail feed grid of screw, nut, and
converter was adjusted to 2 mm, and the steel ball was also 2 mm, as shown in the figure.
According to the working condition of the circulating ball steering gear, the motion process
of the recirculating ball steering gear was simplified and its related parts are constrained
as shown in the table. In this study, the rotating speed of the screw was equivalent to the
torque of the normal rotation of the screw, and the contact force between the rocker arm
and the nut was equivalent to applying force on the nut.

In this study, through the static analysis of ANSYS Workbench, the boundary condi-
tions are shown in Figure 7, and the load mapping was applied at the equivalent place, and
finally imported into NCode, and the relevant results were obtained.

Figure 7. Boundary condition settings.

4.2. Fatigue Life Analysis

In the process of transmission, the track of the circulating ball steering gear screw and
nut is prone to pitting corrosion, so the fatigue life of the track is studied in this study. Based
on the nominal stress method, using the load spectrum obtained by dynamic simulation
and the stress spectrum obtained by finite element analysis, the fatigue life was calculated
by NCode Design Life 2021 software.

The basic process of fatigue life is shown in Figure 8.

i o ~ “
ANSYS
Statics

FE Input

User defined Mapping Analysis Display

i

i

i

| Material CAE Fatigue Fatigue Results
i

i

| ADAMS Load

|

Load spectrum Mapping

Pretreatment Solve Post processing
Figure 8. Basic process analysis diagram of fatigue analysis.

4.3. Parameter Definition

In this study, the finite element results were imported into NCode Design Life, the
load type was defined as time load series, and the statics results were associated with time.
In the Time Series of NCode, the mapping expression of time load series is [22]:

(Pi(t) - ScaleFactory + of fsety.) - 0ji k static
() =Y k =
‘711( ) Z Dividery, ©)

where 0;;(t) is the time history stress in fatigue analysis; Py(t) is the input time series load
spectrum; ScaleFactory is the ratio coefficient of the load spectrum of time series; of fset, is
the load offset; 0j k static is the static stress result; and Dividery, is the divider, with a value
of 1; and k is the number of load steps of the real process.

In this study, there was a situation in which multiple loads acted together (k > 1), The
root carried on the linear superposition of each load according to the linear damage theory.



Machines 2025, 13,218

9of 14

Considering the proportional coefficient in the load, the ratio factor expression of the
material as a whole is [23]:

(SFgaq - P (t) + Offloud)>

Toprri -
s = SFeng : (Offmat,'d + SFmat,-d . DIVI d
oa

(4)
where s is the population proportion coefficient; SFeng calculates the example factor of the
engine; Of fat,q is the coefficient of material compensation; SFy,y,4 is the coefficient of
material compensation; Ogatic is the static stress result; DIV},,q is the load divider; SF,gq is
the load scale factor; of fsefy is the load offset; Py(f) is the input time series load spectrum.

The screw nut pair material used in this study was 20CrMnTi, but there was no Smurn
curve of this material in the default material library of NCode. Therefore, through the
elastic modulus E and tensile strength limit UTS of the material, the Smurn curve of the
material was estimated based on the empirical formula, and the SN curve is shown in
Figure 9.

2400 T T T T T T T T T

2200 k oA

——20CrMnTi
2000 |-
1800 |-

~ 1600

<

e

S 1400 |

1

201200 -
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&~ 1000 |
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600 -

400 | p

200 L L L L ! L L L L
1x10° 1x10" 1x10% 1x10° 1x10* 1x10° 1x10° 1x107 1x10° 1x10° 1x10'°

Life (cycles)

Figure 9. S-N curves of 20CrMnTi materials.

In this study, the default damage assessment was grounded in linear damage theory,
where the underlying principle is linear superposition. As expounded in the work of
Kobelev [24], in the realm of linear damage theory, the linear Miner theory stands as the
most prevalently utilized approach. This theory posits that the damage accrued and the
remaining life of components remain unaffected by the loading sequence. Instead, damage
accumulates in a linear fashion.

The total damage is expressed as [25]:

Yo=Y EN= 55 ®

where D; is the fatigue damage caused by all levels of load; #; is the number of cycles of all
levels of load; N; is the fatigue limit times corresponding to all levels of load; and }_ N is
the total life span. When the cumulative damage reaches a certain limit, the component
will be damaged.

4.4. Research Result Analysis

In this study, the Goodman mean stress theory was used to modify the input fatigue
load. The survival rate was set to 95%; the time load history file (.s3t) and the statics result
file (.rst) were imported into the “fatigue five diagrams” process, and finally analyzed with
20CrMnTi’s Smurn curve.

Nocde 2021 software flow chart, as shown in Figure 10.
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Figure 10. Five-block diagram of fatigue analysis.

According to the above operation, the fatigue life/damage of the key parts was
obtained, as shown in the Figure 11.
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Figure 11. Screw life/damage contour. (a) Screw life. (b) Screw damage.

As can be seen from Figure 11 above, the position where failure is most likely to occur
is near the left track of the screw, which is consistent with the maximum deformation
position of Adams dynamic simulation results. The maximum damage value of each cycle
is 7.605 x 10~7, and the minimum number of cycles of the screw under this limit condition
is 2.056 x 10°.

As can be seen from Figure 12, the place where the nut is most prone to failure
is the lower part of the track, and the steel ball returns to the nut raceway from the
reverser, resulting in a larger contact force, and the maximum damage value of each cycle
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is 2.868 x 107, the minimum number of cycles of the nut under this limit condition is
5.939 x 10°.

In this study, only half of the stroke was simulated, and the number of cycles needed
to be reduced by half, so the minimum cycle times of the whole screw and nut were
1.028 x 10° and 2.9695 x 10° times, which are larger than 5 x 10* times specified in the
industry standard, so it meets the design requirements.
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Figure 12. Nut life/damage contour. (a) Nut life. (b) Nut damage.

4.5. Bench Tests

Figure 13 shows a fatigue life test platform, which is mainly composed of key compo-
nents such as motors, XEPS recirculating ball steerers, and sensors. The whole is fixed on
the base of the bench by the designed fixture, and a series of operations such as starting,
stopping, intermittent operation, load application, and cycle setting of the equipment can
be effectively achieved through precise control of the motor speed during the test process.
and displays the current number of cycles.

ting ball steering :

—w x

Figure 13. Fatigue life test bench.



Machines 2025, 13,218

12 of 14

According to the actual working conditions of the XEPS cyclic ball steering gear, the
fatigue test results show that the screw and nut are in contact with the rail fatigue pitting
after a certain loading cycle, which is mainly manifested in the corrosion phenomenon of
the steel ball track between the screw and the nut, as shown in Figure 14. Among them, the
life cycle of the screw and nut is 106,589 and 283,643 cycles, respectively.

(b)

Figure 14. Fatigue life test results. (a) Screw pitting diagram. (b) Nut pitting diagram.

The finite element simulation prediction results were compared with the experimental
results. The results of the analysis are shown in Table 4.

Table 4. Comparison of simulation results and test results.

Component Simulation/Time  Experimental/Time Error/%
Screw 102,800 106,589 3.68
Nut 296,950 283,643 4.48

As can be seen from Table 4, the error between the finite element simulation predic-
tion results and the experimental results is within 5%, which is theoretically within the
acceptable range, which verifies the feasibility of the fatigue life analysis model of the XEPS
recirculating ball steering gear.

5. Conclusions

This study integrated virtual prototyping and finite element theory to analyze the
rigid—flexible coupling dynamics of a commercial vehicle X-EPS recirculating ball steering
gear for fatigue life prediction of its screw and nut.

1. A rigid—flexible coupling dynamic model in Adams provided real-motion loads
of the components. Finite element analysis in ANSYS and fatigue calculation in NCode
Design Life showed that the minimum fatigue life cycle numbers of the screw and nut, after
considering a full-stroke simulation, were 1.028 x 10° and 2.9695 x 10° times, respectively,
meeting the industry standard of 5 x 10* times.

2. Bench tests were conducted, and the results showed fatigue pitting on the screw
and nut tracks. The error between simulation and experimental results was within 5%,
verifying the feasibility of the analysis model and prediction method.

In conclusion, this research offers an effective way for predicting X-EPS steering gear
fatigue life, which can assist automotive manufacturers in optimizing steering system
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design, and also serves as a reference for fatigue performance research of other automo-
tive components.
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