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Abstract

Floating involute splines are widely used in aviation power transmission systems to transmit torque.
In this paper, by establishing a finite element model of the dynamic deformation of the floating
involute spline shaft, the influence of the dynamic deformation of the spline shaft on the
misalignment state of the spline pair under various typical dynamic overloads was analyzed. And a
contact simulation model of the floating spline pair with the actual tooth profile was established to
study the influence of the spline misalignment caused by dynamic deformation on the contact
pressure distribution on the tooth surface. The contact stress fatigue strength of the spline pair under
dynamic loads such as limit loads and ultimate loads was evaluated. The results show that the axial
overload can lead to the axial movement of the mating surface of the floating spline, reducing the
effective axial contact length; the radial overload and gyroscopic moment can lead to the parallel
misalignment and angular misalignment of the spline. When the overloads are superimposed, the
angular misalignment of the spline is the most significant under the limit load, and the parallel
misalignment is the most significant under the ultimate load. There are obvious stress concentrations
and uneven load-bearing in the contact stress distribution of the spline under the limit and ultimate
loads. According to the infinite life and static strength design methods, the evaluation shows that the
long-term working contact fatigue strength of the floating spline of a certain type of engine under the
ultimate load does not meet the design requirements, and the spline parameters need to be optimized.
The quantitative analysis method for the misalignment of the floating spline under the superposition
of various dynamic loads formed in this paper provides an important theoretical reference for the
design of the misalignment of the aviation floating spline and the improvement of its long-term
working ability.

Keywords: floating involute spline; limit loads; ultimate loads; dynamic deformation; misalignment;
contact stress

1. Introduction

In the design of aero-engine transmission systems, various couplings are employed to transmit
torque. To enhance the thrust-to-weight ratio of the engine and improve the safety and reliability of
the transmission system, couplings are required to possess characteristics such as lightweight
construction, low cantilever moment, high-speed capability, high balancing potential, acceptable
centrifugal stress, and good misalignment compensation capability [1]. Due to their compact
structure, ease of installation, minimal weakening effect on shaft and hub strength, and ability to
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compensate for installation errors and misalignment, aerospace splines have found extensive
application in aero-engine structural design. For instance, a single US A-4 Skyhawk attack aircraft
incorporates 174 splined connection structures [2].

However, aerospace splines operate under diverse conditions. In addition to enduring complex
environmental loads, they are subjected to various mechanical loads including centrifugal force,
constant torque, periodic torque, additional cyclic torsional loads, transient peak torque, impact
torque, misalignment loads, and resonance [3]. These factors lead to widespread issues such as
contact wear, contact fatigue, and even failure during extended operation or testing. For floating
involute splines, misalignment is a critical factor causing uneven load distribution, reduced load-
carrying capacity, increased contact stress, contact wear, and contact fatigue failure [2]. Data surveys
from the US Navy aircraft maintenance repository indicate that spline connection problems exist in
40% of fixed-wing aircraft and 70% of rotary-wing aircraft [1], primarily involving misalignment-
induced wear. During actual operation, misalignment issues arising from the coupling of various
factors result in only 25% to 50% of the spline teeth engaging in meshing. Therefore, the misalignment
problems in service splines and the factors driving their changes necessitate in-depth analysis.

Contact analysis is the basic work to obtain the effect of floating spline misalignment on the load
carrying capacity, therefore, many scholars have carried out theoretical calculations on the contact
characteristics [4,5] and load distribution [6,7] of spline joints, as well as test studies on the contact
pressure [8,9]and contact stiffness [10]. Regarding the contact characteristics of aerospace spline
misalignment, Cura et al. [11] investigated the effect of radial misalignment angle on the load
distribution between the teeth of the spline sub-tooth, and Cuffaro, Cura et al. [12] analyzed in detail
the effect of the magnitude of angular misalignment and the type of lubrication of the key of the
spline sub-tooth on the micromotor wear of the spline teeth of different shapes. Medina et al. [13]
analyzed the contact pressure and contact stiffness of the teeth of an angular eccentric spline based
on the boundary element method. Hong et al. [14] analyzed the tooth contact load distribution law of
misaligned spline based on the finite element method. Zhang C et al. [15] conducted a study on the
load distribution of splines under static misalignment and dynamic misalignment conditions. Xiao L
et al. [16] studied the influence mechanism of misalignment on the wear of spline couplings. In
addition, some scholars [17-19] have carried out theoretical modeling and research on the system
dynamics of the spline coupling combined with the connected rotor.

In summary, scholars both at home and abroad have carried out extensive research and achieved
fruitful results in aspects such as spline contact analysis, analysis of the impact of misalignment, and
dynamic analysis of rotating systems. However, the following problem:s still exist:

First, for (military) aero-engines, during aircraft flight, landing, catapult takeoff, and various
maneuvering flights, the inertial loads cause the floating involute spline shafts in operation to
produce maneuvering deformations of varying degrees, which have an obvious impact on the
misalignment state of the floating spline pairs. At present, there are few literatures mentioning the
connection state and contact fatigue strength of spline pairs under the comprehensive consideration
of such loads. Second, using simplified spline tooth profiles for contact analysis makes it difficult to
accurately obtain the distribution and magnitude of the contact stress on the tooth surface.

Therefore, this paper establishes a finite element model for the maneuvering-induced
deformation of floating involute spline shafts. It analyzes the impact of deformation issues caused by
various typical maneuvering loads on the misalignment state of spline couplings. Based on a contact
simulation model of the spline coupling incorporating true tooth profiles, the study investigates the
influence of spline misalignment resulting from maneuvering deformation on the distribution of
contact pressure across tooth flanks. Furthermore, it conducts assessments of contact stress fatigue
strength for the spline coupling under maneuvering loads, including limited and ultimate load
conditions. This work provides a basis for the optimal design of floating spline structures and the
prediction of their contact fatigue life.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.2197.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 January 2026 d0i:10.20944/preprints202601.2197.v1

3 of 18

2. Floating Spline Vice Maneuvering Load Analysis

Maneuvering loads refer to the mass inertial forces at the center of mass of engine components,
the mass inertial moments around the engine’s center of mass, and the gyroscopic moments of
rotating parts, which are caused when an aircraft is in flight, landing, catapult takeoff, and various
maneuvering flights. Under the combined action of these loads, the floating spline shaft will undergo
maneuvering deformation, resulting in misalignment in the fitting state of the floating spline pair, as
shown in Figure 1.

This paper mainly studies the influence of maneuvering loads such as mass inertial forces and
gyroscopic moments on the misalignment of floating spline pairs. It calculates and analyzes the
maneuvering deformation of the floating spline shaft under maneuvering loads, extracts the
misalignment amounts of the spline pair under different maneuvering loads, and further studies the
influence of the misalignment amounts caused by maneuvering loads on the contact stress of the
spline pair.

gyroscopic moment

Internal spline shaft

\
\

gyroscopic moment

AN
—— N\
Externa] Spline shaft

Figure 1. Schematic diagram of maneuvering deformation under gyroscopic moment of a typical floating spline

floating spline

shaft of an aero-engine.

The misalignment types of a floating spline pair can be categorized into three cases: angular
misalignment, radial misalignment, and axial misalignment, as illustrated in Figure 2. The
corresponding symbols defining the misalignment magnitudes are given in Table 1. Figure 3 depicts
the Cartesian coordinate system employed for analyzing the maneuver loads on the floating spline.
The X-axis coincides with the rotational axis of the spline shaft, with the positive direction defined
from the internal spline towards the external spline. The Z-axis is oriented vertically downward
(positive downward). The Y-axis is determined by the right-hand rule, oriented positively to the right
along the X-axis. w denotes the rotational angular velocity of the spline shaft. The inertial force
overloads acting on the floating spline are decomposed into axial, vertical, and horizontal directions.
Since the vertical and horizontal overloads exert identical influences on floating spline misalignment,
they are consolidated herein as the radial overload. Similarly, the gyroscopic moments of the spline
shaft are decomposed into vertical and horizontal yaw components, which also exhibit equivalent
effects on spline misalignment; consequently, they are combined into a single yaw rate. Synthesizing
the above considerations, the defined overload types for the floating spline and their corresponding
symbols are presented in Table 2. Figure 4 provides a schematic representation of the maneuver loads
acting on the floating spline. It is crucial to note that the vector directions of the radial overload and
the gyroscopic moment are aligned, resulting in the most hazardous superimposed misalignment
effect under this condition. The calculation formulas for the inertial force and gyroscopic moment
listed in Table 2 are referenced as [20]:

Fy = mghy (1)
Fr = mgNg (2)
Mg =Jw X wg (3)
where: m is the spline shaft mass; g is the gravitational acceleration; J is the spline shaft moment of
inertia.
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Table 1. Types and symbols of misalignment of floating spline pair.

Types of spline misalignment Symbol
Axial misalignment / mm Uy
Parallel misalignment / mm e
Angular misalignment / ° a

Table 2. Overload types and symbols.

Type of dynamic load Symbol Remarks
Axial overload factor/g Ny —
) Including vertical and
Radial overload factor/g Ng
horizontal overloads
Including vertical and
Yaw rate / (rad/s) oy
horizontal yaw
Spin angular velocity / (rad/s) w —
Gyroscopic moment (N-m) My —
Axial mass inertial force (N) Fx —
Radial mass inertial force (N) Fg —

a) perfectly centered b) angularly misaligned c) radially misaligned d) axially misaligned

Figure 2. Schematic diagram of misalignment of floating spline pair.

Figure 3. Cartesian coordinate system for motorized load analysis of floating spline shafts.

During flight, landing, catapult takeoff, and various maneuvering flights of an aircraft, there are
situations where multiple maneuvering loads are superimposed. Table 3 presents the maneuvering
overload superimposition coefficients under typical working scenarios of the floating spline, which
refers to the relevant requirements for maneuvering overload in China’s relevant standards [21] and
is mainly divided into two cases:
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a) The capability of the floating spline to operate under short-term conditions combining +3.5
rad/s yaw angular velocity and 1g radial overload is defined as the ultimate load scenario.
b) The capability for long-term operation under conditions combining +1.4 rad/s yaw angular

velocity with either 10g radial overload or 5.5g axial overload is defined as the limit load scenario
respectively.

Figure 4. Schematic diagram of floating spline shaft motorized loads.

Table 3. Motorized overload stacking factors for typical operating scenarios with floating splines.

Working scenario Ny/g Ni/g wg (rad/s)
Ultimate load 1 0 1 3.5
Ultimate load 2 0 1 -3.5

Limit load 1 0 10 14
Limit load 2 0 10 -14
Limit load 3 5.5 0 1.4
Limit load 4 55 0 -14

3. Spline Misalignment Analysis Method

During actual flight operations, an aircraft engine encounters various working scenarios
involving superimposed maneuver loads. To facilitate the analysis of maneuver-induced
deformations in the floating spline shaft under these multiple scenarios, the misalignment matrix [U]
of the spline pair under a unit maneuver load is first computed. This matrix is then multiplied by the
operational condition matrix [V] representing the superimposed maneuver loads. This yields the
misalignment matrix [W] of the spline pair under various superimposed maneuver load conditions:

W] =[U]v] 4

The selected unit motorized loads are shown in Table 4, where Q is the spline shaft rotational

speed for the steady-state maximum speed, which is a purely numerical value with no physical

significance.
Table 4. Selected values for floating spline unit motorized load.
Type of dynamic load Symbol Numerical value
Axial overload factor/g Ny 1
Radjial overload factor/g Ng 1
Angular velocity of gyroscopic moment / (rad/s) wg 1
Spin angular velocity / (rad/s) ® Q

The schematic diagram of a typical floating spline shaft structure in an aero-engine is shown in
Figure 5. It mainly consists of an internal spline shaft and an external spline shaft. The internal spline

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202601.2197.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 January 2026 d0i:10.20944/preprints202601.2197.v1

6 of 18

shaft is supported on the casing through a roller bearing K1 and a ball bearing K2, while the external
spline shaft is supported on the casing through a ball bearing K4. The two shafts realize the
transmission of operating torque and mutual support through a floating spline coupling K3.

b radial Ball bearing

Roller bearing K1 Ball bearing K2

K4
Floating spline

:‘: coupling K3

| A @
Internal spline Iz |

shaft

External spline shaft axial
Figure 5. Schematic diagram of a typical floating spline shaft structure for an aero-engine.

Finite element analysis was employed to investigate the maneuver deformation of a floating
splined shaft under unit maneuver load. The mechanical model established for analyzing the
maneuver deformation of the floating spline is shown in Figure 6. A radial grounded bearing element
was defined at the roller bearing K1. Radial and axial grounded bearing elements were defined at the
ball bearings K2 and K4. The spline coupling K3 was modeled with an intermediate bearing element
simulating radial support between the two components. In the figure, the subscript R denotes radial
support stiffness, and the subscript X denotes axial support stiffness. The required splined shaft
support stiffness parameters for the calculation are listed in Table 5. The bearing support stiffness is
determined by the stiffness of the bearings and the supporting stator casing. The formula for
calculating the radial stiffness of the spline [20]is given below:

\K, = 37, Ky c0s2(6; + ¢) (5)
where: refer to Figure 7, z is the number of spline teeth; 6; is the circumferential angle of the contact
point of the i-th tooth of the spline located on the radius of the pitch circle; ¢ is the contact pressure
angle of the spline; K, is the normal stiffness of the spline, which can be obtained by first calculating
the displacement (i.e., compliance) of the single-tooth model caused by applying a unit load in the
normal direction, and then taking its reciprocal.

Table 5. Support stiffness parameter table for input in dynamic deformation analysis of spline shaft.

Parameter name Parameter symbol
Radjial support stiffness of the splined shaft roller bearing Kilr
Radial support stiffness of internal spline shaft ball bearing K2r
Axial support stiffness of internal spline shaft ball bearing K2x
Radial support stiffness of spline connection K3r
Radial support stiffness of external spline shaft ball bearing K4r
Axial support stiffness of external spline shaft ball bearing K4x

In the finite element model, apply the unit dynamic loads listed in Table 4 respectively, and
calculate the misalignment amount of the floating spline under the unit dynamic loads. Collate the
calculated data to form the spline pair misalignment matrix [U], which is specifically expressed as:

uf uf ug
[Ul=]ex eR ef| (6)
a¥ aR af
where: the data superscript X in the first column of the matrix [U] denotes the misalignment due to
unit axial overload, the data superscript R in the second column denotes the misalighment due to
unit radial overload, and the data superscript 8 in the third column denotes the misalignment due

to unit gyroscopic moment; and the data in the first row of the matrix [U] is the axial misalignment,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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the data in the second row is the radial misalignment, and the data in the third row is the angular
misalignment.

Radial stiffncss of
roller bearings K7,

Radial stiffness of Axial stiffness of ball
ball bearings K2, 7al'ings K2,
S WV\/E . ) Axial stiffness of
| Spline radial ball bearings K4,
stiffhess K4, :

Spline radial
stiffness K3,

\/

Externa] splme shaft (adapter shdt’t)

Figure 6. Mechanical model for deformation analysis of spline maneuvering.

normal

tangential )
radial

\ The i-th tooth

of the spline

Figure 7. Mechanical model for calculating spline meshing support stiffness.

Based on the motorized overload stacking coefficients listed in Table 3, the motorized load
stacking combined conditions matrix [V] is formed as:
0 0 0 0 55 55
1 1 10 10 0 0| @
35 =35 14 -14 14 -14
where: the data in the first and second columns of the matrix [V] represent the ultimate load

superposition coefficients, and the data in the third to sixth columns represent the extreme limit load

vl=

superposition coefficients; the data in the first row of the matrix [V] is the axial overload coefficients,
the second row is the radial overload coefficients, and the third row is the gyroscopic moment
overload coefficients.
According to Formula (4), the matrix [W] of spline pair misalignment under the superposition
of dynamic loads can be calculated, which can be expressed as:
u)](Xl u)](XZ u}(‘Zl u))((zz u))((zs u
[V] = |g/X1  giX2 ,XZ1 eXZ2  oXZ3 o XZ4 (8)
QJX1 gJX2 G XZ1 gXZ2  oXZ3
In the formula, the first and second columns of matrix [W] represent the spline pair
misalignment amounts under ultimate load 1 and ultimate load 2, respectively, while the third to
sixth columns represent the spline misalignment amounts under limiting load 1 to limiting load 4.
The first row of matrix [W] corresponds to the axial misalignment amount, the second row to the

radial misalignment amount, and the third row to the angular misalignment amount.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.2197.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 January 2026 d0i:10.20944/preprints202601.2197.v1

8 of 18

The angular misalignment of the spline is limited by the radial float of the floating spline, Ag.
Normally the design float of the floating spline has the following relationship with the parallel
misalignment and angular misalignment:

Aj="54e (9)
where: Ag; is the design float of the floating spline; L is the contact length of the floating spline.
If Ag j is greater than the radial float of the spline Ap, interference occurs, which restricts the

angular misalignment of the spline, in which case the angular misalignment is:

e =22 (g —€) (10)

where: @, is the spline angular misalignment at the time of interference.

As a result, the spline interference and the angular misalignment after the interference are
determined by Equations (9) and (10), which corrects the angular misalignment value in the matrix
[W].

4. Simulation Analysis of Misalignment of Floating Spline Pair Under Dynamic
Overload

Taking a certain type of engine floating spline as an example, the main characteristic structures
of the internal and external spline shafts of the floating spline are extracted. The established finite
element model for the dynamic deformation of the floating involute spline is shown in Figure 8. The
input support stiffness parameters for the dynamic deformation analysis of the spline shaft are listed
in Table 6, where x represents the true value of the support stiffness, which is a pure numerical value
without physical meaning. The structural parameters and material parameters of the floating spline
are shown in Table 7 and Table 8, respectively.

Table 6. Table of Support Stiffness Parameters Input for Dynamic Deformation Analysis of Spline Shaft.

Parameter name Parameter symbol Numerical
value /(N/mm)

Radial support stiffness of the splined shaft roller bearing Kilr 1.5«
Radial support stiffness of internal spline shaft ball bearing K2r K
Axial support stiffness of internal spline shaft ball bearing K2x K

Radial support stiffness of spline connection K3r 35k
Radial support stiffness of external spline shaft ball bearing K4r K
Axial support stiffness of external spline shaft ball bearing K4x K

Table 7. Structural parameters of involute floating splines.

Parameter name Parameter symbol Numerical value
Number of teeth z 18
Module/mm m 1
Contact pressure angle/(°) ) 30
Spline contact length/mm L 26
Normal stiffness of spline/(N/mm) K, 2.2
External spline shaft diameter/mm Dy 15
Internal spline shaft diameter/mm D; 28
Spline radial floating amount/mm Ag *+0.08

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.2197.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 January 2026 d0i:10.20944/preprints202601.2197.v1

9 of 18

Table 8. Involute Floating Spline Material Parameters.

Object Internal spline External spline

Material grade 16Cr3NiWMoVNDbE 18Cr2Ni4WA
Elastic modulus/GPa 215 202
Poisson’s ratio 0.33 0.273
Density/(kg/m?) 7860 7910

Internal spline shaft

External spline shaft

Roller Ball |
bearing K1 bearing K2 Floating spline Ball bearing— =

coupling K3 K4

Figure 8. Finite element model of floating involute spline maneuvering deformation for a certain type of
engine.

Figure 9 presents the maneuver-induced deformation analysis results of the spline shaft under
an axial overload condition of Ny =1g.1Itis evident that the deformation primarily manifests as axial
displacement. The axial deformation results of the spline pair extracted at this state are shown in
Figure 10. The results indicate an axial float displacement (i) of the spline pair equal to 0.029 mm.
At this point, both the parallel misalignment and angular misalignment of the spline pair are
negligible. The axial float displacement is defined as the average value of the relative axial
deformation between the spline pair members. A positive value indicates that the axial deformation
of the internal spline exceeds that of the external spline, while a negative value signifies the opposite.

00319

0.02871
0.02552
0.02233
0.01914

0.01595
0.01276
95763 [ — T [

6.38e-3

319e-3

0

Figure 9. Clouds of motorized deformation of floating spline shaft under axial overload Ny = 1g (mm).

—s=— internal spline
—a— external spline 0.040

o
s
8

0.035

0.030

Axial deformation / mm
o
=

o
=

0.025

Relative axial deformation / mm

0.00 L L L L L L . . L L L L
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 Lo
Dimensionless spline contact length Dimensionless spline contact length

S
g
8

a) Axial deformation of internal and external splines b) Relative axial deformation of the spline pair
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Figure 10. Maneuvering deformation of floating spline pair under axial overload Ny =1g.

Figure 11 shows the analysis results of the spline shaft’'s maneuvering deformation under a
radial overload of Ny = 1g. It can be seen that the maneuvering deformation of the spline shaft is
mainly radial and angular deformation. The radial deformation results of the spline pair at this time
are extracted as shown in Figure 12. The results indicate that the parallel misalignment e of the spline
pair is 0.002 mm, and the angular misalignment « is 0.007°. At this time, the axial movement of the
spline pair is extremely small and can be ignored. Among them, the parallel misalignment is the
average value of the relative radial deformation of the spline pair, and the angular misalignment is
the arctangent value of the slope of the relative radial deformation curve of the spline pair. The
positive and negative values of the angle are consistent with the positive and negative values of the
curve slope.

0.0158
0.01422
0.01264
0.01106
9.48e-3
7.9e-3
6.32e-3
4.74e-3

3.16e-3

PN

1.58e-3

0

Figure 11. Motorized deformation of floating spline shaft with radial overload Np =1 g (mm).

0.016 - - 0.0040
—=— internal spline

—a— external spline

0.0035 |

oy ‘\\

0.008 [

0.0030 |

0.0025 -

0.0020 -

0.0015 -

Radial deformation / mm

0.0010 |

Relative radial deformation/ mm

0.0005 -

0.001 a L L ! L L 0. 0000 L L L L L L
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 Lo

Dimensionless spline contact length Dimensionless spline contact length

a) Radial deformation of inner and outer spline b) Relative radial deformation of the spline pair

Figure 12. Maneuvering deformation of floating spline pair with radial overload Ny =1g.

Figure 13 presents the maneuver deformation analysis results of the spline shaft under a
gyroscopic moment wg =1 rad/s. It is shown that the primary manifestations of the spline shaft’s
maneuver deformation are radial and angular deformation. The radial deformation results of the
spline pair extracted at this condition are illustrated in Figure 14. The results indicate a parallel
misalignment e of -0.005 mm and an angular misalignment « of -0.045° for the spline pair. The axial
float at this point is minimal and negligible. Here, the parallel misalignment is defined as the average
value of the relative radial deformation of the spline pair, while the angular misalignment is
calculated as the arctangent of the slope of the relative radial deformation curve. The sign of the
angular misalignment corresponds to the sign of the curve’s slope.
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0.0474

0.04266
0.03792
0.03318
0.02844
0.0237

0.01896
0.01422

9.48e-3

4.74e-3
0

Figure 13. Floating spline shaft maneuvering deformation at gyroscopic moment angular velocity
wg=1rad/s(mm).
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Figure 14. Maneuvering deformation of floating spline sub with gyroscopic moment angular velocity
wg=lrad/s.

Different units of maneuvering load under the floating spline misalignment calculation results
shown in Table 9, the results show that the engine operating process of the maneuvering load can
significantly affect the floating spline misalignment state, in which the axial overload can lead to the
floating spline mating surface axial runout, radial overload, gyroscopic moments can lead to the
parallel misalignment and angular misalignment, but gyroscopic moments caused by the amount of
misalignment is more significant. Therefore, in the design of floating spline, the maneuvering load
significantly affects the parallel misalignment and angular misalignment of floating spline, especially
the gyroscopic moment is the most significant.

Table 9. Calculation results of floating spline misalignment per unit motorized load.

Angular
) Axial misalignment Parallel misalignment o
Dynamic load misalignment
u, (mm) e (mm) .

a (%)

Ny=1g 0.029 0 0
Np =1g 0 0.002 0.007
wg =1rad/s 0 -0.005 -0.045

Table 10 shows the calculation results of floating spline misalignment under the superposition
of dynamic overload. The results indicate that under ultimate load 2, the maximum angular
misalignment is 0.165°, followed by the parallel misalignment of 0.02 mm; under limited load 2, the
maximum parallel misalignment is 0.027 mm, followed by the angular misalignment of 0.133°; under
limited load 3 and limited load 4, the maximum axial misalignment is 0.16 mm, while the parallel
and angular misalignments are relatively small. The axial misalignment of 0.16 mm is comparable to
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the allowable assembly error, which has a minor impact on the spline and is within the acceptable
range. A large number of literatures [11-14] show that the angular and parallel misalignments of
splines significantly change the contact state of spline tooth surfaces, and they are the main factors
leading to spline eccentric load, reduced bearing capacity, increased contact stress, contact wear and
fatigue failure. Since the parallel and angular misalignments under limited load 3 and limited load 4
are both small, the more stringent ultimate load 2 and limited load 2 are selected as the input loads
for the study of spline contact stress, as detailed in Table 11.

Table 10. Calculation results of floating spline misalignment under the superposition of dynamic overload.

Ultimate  Ultimate Limit Limit Limit Limit
Working scenario
load 1 load 2 load 1 load 2 load 3 load 4
Axial misalignment
0 0 0 0 0.16 0.16
u, (mm)
Parallel misalignment

-0.016 0.020 0.013 0.027 -0.007 0.007

e (mm)

Angular
-0.151 0.165 0.007 0.133 -0.063 0.063

misalignment a (°)

Table 11. Calculation results of floating spline misalignment under the superposition of the most dangerous

dynamic overload.

Axial Parallel Angular
Working Ny / o o
. Np/g  wg /(rad/s) movement misalignment misalignment
scenario g
u, (mm) e (mm) a (°)
Ultimate load 2 0 1 -3.5 0 0.020 0.165
Limited load 2 0 10 -14 0 0.027 0.133

Table 12 presents the interference check results for the spline coupling. Figure 15 illustrates the
superimposed deformation of the floating spline coupling under maneuver overload conditions. As
can be seen from the above, the radial float deformation under both limited load 2 and ultimate load
2 remains below the 0.08 mm threshold mandated by the structural design requirements. This
indicates that no deformation interference occurred within the spline coupling. These results confirm
that such deformation behavior is consistent with actual conditions during aircraft maneuvering
flight.

0. 08
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0.01
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-0.01
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Figure 15. Dynamic deformation of the lower floating spline pair under the superposition of dynamic
overload.
Table 12. Floating Spline Socket Mating Interference Check Results.
Working Designed floating Radial floating amount Whether there
scenario amount Ag; /mm Ag/mm is interference
Ultimate load 2 0.058 0.08 No
Limited load 2 0.057 0.08 No

5. Simulation Analysis of Tooth Surface Contact of Floating Involute Spline Pair
Under Dynamic Overload

In the previous section, aiming at the typical floating spline shaft structure of aero-engines, an
analysis of the misalignment of the spline contact pair under dynamic overload was carried out. In
the following, the finite element method is adopted to separately extract the internal and external
spline contact pairs, so as to study the influence of the misalignment of the floating spline pair on the
tooth surface contact characteristics under the superposition of dynamic overload, and evaluate the
contact stress and fatigue strength.

The tooth surface contact analysis of the floating spline pair was conducted using the finite
element method. A finite element model for the tooth surface contact of the spline pair was
established with reference to Figure 16. A steady-state maximum torque load was applied to the input
end of the external spline, a fixed support constraint was imposed on the output end of the internal
spline, and a standard frictional contact was set up on the meshing tooth surfaces of the internal and
external splines. To reduce the impact of loads and boundaries on the simulation results of the contact
pair, in accordance with Saint-Venant’s principle, the lengths of the spline input shaft and output
shaft were set to 3 times the meshing contact length of the spline tooth surfaces. To realistically
simulate the meshing behavior of the actual involute spline tooth profile, a real model with geometric
features such as fillets and chamfers on the spline tooth surfaces was selected for finite element
modeling. Mesh refinement was performed at the tooth surface contact positions and the tooth root
fillet areas. Due to the complex structure of local fillets and chamfers, which makes it difficult to
achieve structured meshes, tetrahedral elements with mid-nodes were adopted. In addition, a study
on the independence of tooth surface mesh size was carried out. Considering both calculation
accuracy and efficiency, a mesh size of 0.1 mm was chosen for the tooth surfaces, as shown in Figure
17.

The internal and external splines were taken as the contact surface and target surface,
respectively. To prevent mesh penetration during the simulation, symmetric contact was established.
The contact friction coefficient was assumed to be 0.1. Based on engineering experience, this friction
coefficient is reasonable because the spline operates in an oil mist or oil-gas environment with self-
lubrication. When conducting the tooth surface contact analysis of a floating involute spline pair
under maneuvering overload, the misalignment amounts of the floating spline under the ultimate
load and limited load specified in Table 11 are artificially set during the assembly process of the
internal and external splines. Both the angular misalignment and parallel misalignment occur in the
positive Z-direction as shown in Figure 17. The contact state is checked to ensure that no tooth surface
contact interference occurs. To facilitate the explanation of the influence of misalignment on the
contact load distribution of each tooth surface, the external spline teeth are numbered according to
Figure 18.
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Figure 16. Schematic diagram of loading and constraints for the finite element model of the floating spline.
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Figure 18. External spline tooth numbering.

Figures 19 and 20 respectively show the cloud diagram of maximum contact pressure, maximum
contact pressure and contact load force on each tooth surface of the external spline under ultimate
load 2. Both angular misalignment and parallel misalignment under ultimate load 2 occur in the
positive direction of the Z-axis. As shown in Figure 19: the external spline at teeth No. 6, 7, 15 and 16
has relatively large stress at the input end, with obvious stress concentration. These positions are
located in the positive direction of the Z-axis where angular misalignment and parallel misalignment
occur, as well as in the opposite negative direction. For the other teeth, the relatively large stress
occurs near the output end, but not at the outermost output end. Figures 20 and 21 show that the
spline has obvious stress concentration and uneven load distribution. The relatively large contact
pressure and large meshing contact load force of the spline occur at teeth No. 6, 7, 15 and 16. Among
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them, the contact stress at tooth No. 7 is the maximum, reaching 1980 MPa, and this tooth bears the
maximum contact load force of 3.5 kN. Angular misalignment reduces the contact area of the spline,
resulting in relatively large stress concentration. Parallel misalignment reduces the backlash of the
spline pair, and the tooth with the smallest backlash meshes first and bears the largest load. This
position should be located in the positive direction of the Z-axis where parallel misalignment occurs,
followed by the negative direction of the Z-axis, corresponding to teeth No. 7 and 16 in the calculation
results of this paper, respectively.

Externalspline 1 2 3 4 5 6 7 8 9 10111213 14 1516 17 18

number: ( | | ‘ Output end
, |
Pressure i |
Type: Pressure
Unit: MPa ‘
i) i
@0 |
525 i
450 |
375
300 ,
225
150
75 |
o i
Input end
X

Figure 19. Cloud diagram of contact pressure on the tooth surface of each tooth of the external spline under
ultimate load 2.
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Figure 20. Computation result of each tooth of the external spline under ultimate load 2.

Figures 21 to 22 respectively show the cloud diagram of maximum contact pressure, maximum
contact pressure and contact load force on each tooth surface of the external spline under limit load
2. Both angular misalignment and parallel misalignment under restricted load 2 occur in the positive
direction of the Z-axis. It can be seen from Figure 22 that the external spline at teeth No. 6, 7, 15 and
16 has relatively large stress at the input end, with obvious stress concentration. These positions are
located in the positive direction of the Z-axis where angular misalignment and parallel misalignment
occur and the opposite negative direction of the Z-axis, while the relatively large stress on other teeth
occurs near the output end. Figures 23 and 24 show that the spline has obvious stress concentration
and uneven load distribution. The relatively large contact pressure and large meshing contact load
force of the spline occur at teeth No. 6, 7, 15 and 16. Among them, the contact stress at tooth No. 7 is
the maximum, reaching 1680 MPa, and this tooth bears the maximum contact load force of 3.2 kN.
Angular misalignment reduces the contact area of the spline, resulting in relatively large stress
concentration. Parallel misalignment reduces the backlash of the spline pair, and the tooth with the
minimum backlash meshes first and bears the maximum load. This position should be located in the
positive direction of the Z-axis where parallel misalignment occurs, followed by the negative
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direction of the Z-axis, corresponding to teeth No. 7 and 16 in the calculation results of this paper,
respectively.
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Figure 21. Cloud diagram of tooth surface contact pressure of each tooth of external spline under limited load
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Figure 22. Computation result of each tooth of external spline under limited load 2.

Considering that the circumferential tooth-by-tooth load distribution of the spline changes
during maneuvering deformation, each rotation subjects the spline to one load cycle. Fatigue life
assessment is therefore required. In accordance with the requirements described in Section 1.2
regarding maneuvering overload usage, the floating spline must be capable of long-term service
under limit load conditions, and short-term operation under ultimate load conditions. Accordingly,
the contact stress of the floating spline under the limit load is assessed. Here, an infinite life
assessment is applied, requiring compliance with the following formula:

JHim > 1 (11)

KXZUXZ
where:0y;imis the contact fatigue limit of the floating spline, which is related to the gear material and
surface processing state and is usually measured by experiments; 0,,is the maximum contact
pressure under the action of spline limited load maneuvering deformation; k,,is the spline long-
term working wear life coefficient, which is generally taken as 0.8~0.9 according to engineering
experience [22].

To evaluate the contact stress of the floating spline under the spline limited load, the following
formula must be satisfied for static strength assessment:

IHlimKNTkw >1 (12)
O'jx -

where: 0jyis the maximum contact pressure under the action of spline limited load maneuvering
deformation; kyris the static strength contact life coefficient. For structural steel, quenched and
tempered steel, and carburized and quenched carburized steel, Kky=1.6[23]; for nitrided steel (after
nitriding), quenched and tempered steel, and carburized steel, kyr= 1.3 [23]; for quenched and
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tempered steel and carburized steel after nitrocarburizing, kyp= 1.1 [23]; k,, is the tooth surface
work hardening coefficient, with k,,=1.2~1.0 [23].

Based on Formula (11) and Formula (12), the evaluation results are shown in Table 13. The
results indicate that the long-term working contact fatigue strength of the floating spline under the
limited load working scenario does not meet the design requirements, while the short-term working
of the floating spline under the limit load working scenario meets the strength design. Therefore, it
is suggested that the spline parameters need to be optimized during the design of the floating spline
to meet the long-term working requirements.

Table 13. Evaluation Results of Contact Stress of Floating Spline Pair.

Working Contact Contact fatigue
. o Check result Remarks
scenario stress/MPa limit/MPa
Limited load 1470 ZHUm. — 0,97, Not satisfied Ky, =0.9
2 xz0xz
Ultimate load imkNTRw -
1980 1470 THmINTW — 119, Satisfied  ky=1.6, k,=1.0
2 9jx

6. Conclusions

The main conclusions of this study are as follows:

1) By coupling the maneuvering deformation and misalignment that occur in the actual working
state of the floating spline, the quantitative analysis of the floating spline misalignment under the
superposition of multiple maneuvering loads is realized.

2) Axial overload can cause axial slippage on the mating surfaces of the floating spline, reducing
the effective axial contact length. Radial overload and gyroscopic torque can lead to parallel
misalignment and angular misalignment, with the misalignment caused by gyroscopic torque being
more significant.

3) The analysis results of the misalignment of the floating spline under the superposition of
maneuvering overload show that under the ultimate load 2, the maximum angular misalignment is
0.165°, followed by the parallel misalignment of 0.02 mm; under the limited load 2, the maximum
parallel misalignment is 0.027 mm, followed by the angular misalignment of 0.133°; under both
limited load 3 and limited load 4, the maximum axial misalignment is 0.16 mm, while the parallel
misalignment and angular misalignment are at relatively small values. The axial misalignment of 0.16
mm is comparable to the allowable assembly error.

4) The analysis of contact stress of the floating spline pair under more severe ultimate and limited
loads reveals obvious stress concentration and uneven load-bearing phenomena. Larger contact
pressure and meshing contact load force occur on the teeth numbered 6, 7, 15, and 16, which are
located near the positive and negative directions of the Z-axis where parallel misalignment occurs.
The maximum contact stress on the tooth surface under the ultimate load is 1980 MPa, and that under
the limited load is 1680 MPa.

5) In accordance with the load application requirements and the design methods for infinite life
and static strength, the evaluation shows that the long-term operating contact fatigue strength of the
floating spline in a certain type of engine under limited loads does not meet the design requirements,
and it is necessary to optimize the design of the spline parameters. The formed quantitative analysis
method for the misalignment of floating splines under the superposition of multiple maneuvering
overloads provides an important theoretical reference for the misalignment design of aviation
floating splines and the improvement of their long-term operating capability.
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