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With the growing demand for lightweight gear transmission systems, composite
materials have emerged as a promising solution due to their high specific
properties. However, the complexity of designing gear pairs with composite
materials necessitates the development of reliable numerical procedures. This
study presents a robust numerical approach using a flexible multibody method
through the MSC MARC solver to accurately estimate static transmission error
(STE) in lightweight gears, considering the nonlinear behavior caused by gear
contact. The Finite Element (FE) model uses the Multi-Point Constraint equations
(MPCs) to ensure the non-penetration condition considering a node-to-surface
contact detection. The proposed method is compared against commercial
software for standard gear pair cases, demonstrating its effectiveness in
addressing complex structures based on composite materials. The
numerical procedure is further applied to analyze hybrid metal-composite
gear pairs and compared to a holed one. The results provide insights into the
time evolution and harmonic components of STE, highlighting the advantages
of hybrid gears in terms of reduced vibrations and noise for the same mass
reduction compared to holed gears. Additionally, ply arrangements resulting
in quasi-isotropic properties of the composite disc are compared to
unidirectional laminates to highlight the fiber orientation effect on the STE
results.
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1 Introduction

The necessity for on-board mass reduction has grown as a result of the issues involving
energy consumption and air pollution. This restriction applies particularly to gear
transmission systems. As essential components of power transmission systems, gears are
no exception to this trend. Nevertheless, the mass reduction can jeopardize structural
reliability and vibroacoustic capabilities. Any lightweight strategy must carefully consider
not increasing the gear mesh excitation. This excitation is caused by the well-known static
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transmission error (STE), which is the origin of whine noise (Opitz
et al., 1997; Derek Smith, 2003; Carbonelli et al., 2016).

The most widely adopted techniques for analyzing and
computing the Static Transmission Error (STE) of cylindrical
gear pairs include analytical approaches (Cornell, 1981; Wu et al,,
2008; chul et al., 2020; Chung et al., 2021; Pedrero, , 2022), hybrid
analytical-Finite Element Method (FEM) models (Ma et al., 2016;
Shweiki et al., 2019; Zheng et al., 2022), and the pure Finite Element
Method (FEM) (Du et al., 1998; Wang and Howard, 2005; Zhan
et al,, 2017; Benaicha et al,, 2022a). Analytical methodologies have
gained substantial popularity due to their capacity to deliver quick
results and the continual enhancements to their accuracy. Lewis
(Buckingham, 1949), in 1892, was among the pioneers, providing
the first analytical formulation that related the load on a tooth with
the stress on its base, considering the tooth as a cantilever beam. This
foundational work was built upon and expanded by several
researchers. Baud et al. (1929) and Cornell (1981) provided
expressions for determining the deformation, still treating the
tooth as a cantilever beam. A significant advancement came from
Caiand Hayashi (1994) who proposed a novel approach to approach
tooth rigidity through a parabolic curve, aiming for a more accurate
value for deformation. Subsequent efforts, such as the time-variable
meshing stiffness calculated by coupling Cai models with the
stiffness at the pitch point from ISO 6336-1, have further refined
these analytical methods. Most contemporary methods for
transmission error and mesh stiffness variation calculation can be
seen as improvements or derivatives of these foundational methods,
often incorporating various assumptions with the aim of
approaching the fidelity levels of FE element methods at a lower
cost (Chung et al, 2021; Yang et al, 2022). However, these
methodologies have their limitations, especially in not fully
accounting for body flexibility. The linear response they generate
with increasing load becomes particularly concerning when
examining lightweight gears. As a result, there has been a
growing interest among researchers in using FEM for the study
of lightweight gears. This method’s strength lies in its ability to
provide an accurate response that genuinely considers body
flexibility. Moreover, FEM’s prowess extends to conducting
comprehensive stress level analyses that account for the inherent
complexities in these gears.

A conventional method for lightweight gears involves material
removal from the body. Shweiki et al. (2017) used a nonlinear FE
simulation with a detailed model of the mating gears to compare
STE fluctuations between a thin-rim gear and others presenting slots
and holes. Recently, Benaicha et al. (2022b) studied the impact of
introducing holes in the gear blanks on the static transmission error
and the mesh stiffness fluctuations using a 2D decomposition
method by substructuring the holed gear blank from the gear
teeth. Results show that the gears’ dynamic behavior is affected
by material substructuring, increasing the gear’s compliance and
raising the stress field’s complexity in the gear body’s critical areas.

Over the past decade, the growing demand for composite
materials in gear systems has gained considerable traction,
particularly in the aerospace and automotive industries. These
high-load capacity applications are leveraging the outstanding
stiffness-to-weight ratio of Carbon Fiber Reinforced Polymers
(CFRP) as a replacement for metal parts. This approach
maintains structural performance while reducing weight. The web
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is the central part of the gear. Its position far from the contact
surface, vulnerable to wear, fatigue, and impact phenomena, makes
it a suitable candidate for mass reduction. In this context,
Handschuh et al. (2012) proposed a gear body made with triaxial
braided composite while the teeth remain in steel. Their work
demonstrates that the hybrid gear pair, 20% less in mass than
the equivalent steel gear pair, could operate at a relatively high
speed and torque for an extended time. An experimental study has
been carried out in (Handschuh et al., 2014) for the same gear pair
showing that the hybrid one exhibited lower vibrations but only at
higher speeds and loads. Results provided insight into hybrid gears’
noise and vibration signatures compared to conventional gears.
However, understanding the source of these differences between
the hybrid and standard gears needs to be treated, which requires a
study of the gear mesh behavior. In addition, Catera et al. (2019) and
Catera etal. (2020) compared a spur hybrid gear with a thin rim gear
of equal mass from the mesh stiffness and STE point of view. The
meshing operation of the metal-composite gears has been
investigated in a FE environment. Results were obtained over a
single mesh period.

A model was proposed by Weber and Banaschek (1953) to
estimate the deflection of the tooth induced by the gear body. This
model considers the tooth rigid, while the wheel body is represented
as an elastic half-plane. Additionally, they proposed a modification
of a Hertzian contact formulation that focuses on gears to compute
the local contact stiffness (Weber et al., 1955). This Hertzian-like
local deformation was used by Cappellini et al. (2018) and Shweiki
et al. (2019), together with tooth deflection, to describe the total
deformation of the gear. The behavior of lightweight gears was
studied using the previously mentioned hybrid FE-Analytical
representation of the gear mesh stiffness. This method was used
by Rezayat et al. (2022) to estimate the transmission error of the
hybrid metal-composite gear presented in (Catera et al, 2020)
driven by a solid gear and compare it to the experimentally
obtained one. Their results show that the model overestimates
the meshing stiffness but follows the trend for the meshing
stiffness across multiple torque levels. Notably, the experimental
analysis of hybrid gears revealed the presence of low-order
harmonics in the STE curves. These harmonics are expected to
generate broadband parametric transmission excitation during
meshing. This excitation was not captured in the simulation, thus
highlighting the effect caused by the interference fitting assembly
process. Alternatively, Vijayakar (1991) proposes a method
combining finite element and surface integral form of the
Boussinesq solution to model the stiffness behavior of contacting
gears. The size of the contact zone is estimated using Hertz’s model,
which does not consider the contact surfaces’ varying curvatures.

Despite the extensive research conducted on static transmission
error (STE) methods, there remains a lack of concrete approaches
specifically tailored for lightweight gears. Most existing methods,
including those employed by commercial software, make
simplifications in modeling structural elements of gear pairs due
to their focus on conventional gearbox configurations. On the other
hand, most of the FEM dealing with lightweight gears presents a
penalty-based contact method, e.g., Lagrangian multiplayer, penalty
methods, or a combination of both in the augmented Lagrangian
formulation. In such contact algorithms, a body diffuses into
another, aiming for the stiffness to be as high as possible. This
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causes the model to be less likely to converge or lead to significant
errors.

In response to these challenges, this paper introduces a flexible
multibody approach deploying a direct constraint contact algorithm.
This methodology allows for a robust and accurate evaluation of the
static transmission error using MSC MARC solver. The node-to-
segment procedure is utilized where the contact between the node
and the face is infinitely stiff. No interpenetration is allowed, which
is representative of the physical problem. Unlike penalty-based
methods, no round-off error could happen due to large contact
stiffness as the employed contact algorithms prevent material
penetration using mathematical equations to enforce an infinitely
stiff contact. The aims of the suggested approach are as follows:

o To employ a nonlinear finite element method using a direct
constraint contact algorithm that makes no assumptions about
the positions and orientations of the contact lines.

« To compute the static transmission error, root stress, and the
stresses arising from the chosen lightweight technique
simultaneously.

o To establish an adaptable procedure for lightweight gear
design, which could be based on either geometry or
material modifications (e.g., gears with slots, holes, or the
use of composite materials).

o To develop a modeling strategy that effectively considers fiber
orientations for composite materials and their impact on the
static transmission error response.

The structure of this paper is as follows: Section 2 outlines the
FE-based contact formulation employed through the MSC MARC
solver, detailing the node-to-segment contact procedure in
conjunction with the multibody modeling. Section 3 compares
the outcomes generated by the proposed numerical procedure
and those derived from commercial software for standard gear
pair cases. Subsequently, Section 4 applies the numerical method
to the analysis of hybrid metal-composite gear pairs, comparing
these to a gear pair with holes. The resultant findings are then
discussed in relation to some physical understanding of the time
evolution and harmonic components of the static transmission
error.

2 Flexible multibody approach for STE
calculation through MSC MARC solver

The STE is defined as the discrepancy between the driven gear’s
actual position and the position it would occupy if the gear pair were
geometrically perfect and infinitely stiff (Harris, , 1958). It is
expressed along the line of action:

0(61) = R0, (6,) — Ry 6 (1)

Where Ry, Rp1 and 6,, 0, are respectively the base radii and the
angular position of the output and input gear.

In classical methods (Rigaud, 1998; Rigaud and Barday, 2011;
Neufond et al, 2019), STE fluctuations are generated from the
equation defining the static equilibrium of the gear pair for a
series of subsequent driving wheel positions. A kinematic analysis
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of the gear operation is used to determine the theoretical lines of
contact corresponding to the location of theoretical contacts on the
surfaces of the meshing teeth for each position 8, (Houser et al,
1988; Andersson and Vedmar, 2003; Rigaud and Barday, 2006). The
contact lines are consequently discretized and the discrete points are
connected using a compliance matrix H (6;). This matrix describes
the relation between force and displacement at each segment, and it
is generally obtained using a finite element model. Tooth flank
modification and manufacturing errors are defined as a vector of the
initial gaps e (0;) between the discretized contact lines. Considering
the applied load F induced by the input torque, we can access the
scalar function § (6,) and the column vector P (6,), respectively, the
unknown STE and the unknown distributed load. The constrained
equations system characterizes the gear mesh contact in the
following matrix format:

E(GI)P(QI) =48(0)1 —-e(0))
{—T - - 2
17P(6) = F
under the constraints:
~H(6)P(6)) +8(6:1)1 < e(6))
Lo ©

In this problem, all components of the column vector 1 are equal
to 1. The solution (P (6,), and &§(6,)) is obtained by applying the
modified simplex method (Conry and Seireg, 1973) to the system of
Eq. 2 under constraints (3).

From a finite element perspective, solving nonlinear analysis
remains challenging as Contact behavior is complex to analyze. It
requires accurate tracking of the motion of multiple geometric bodies
and the resulting movement when they come into contact. The contact
specification must have a proper detection procedure and an
appropriate time integration pattern to deal with a considerable
variation in stiffness during contact processing. Thus, the node-to-
segment contact procedure is used. A frictionless contact is considered
as gear mesh excitations are mainly caused by the fluctuation of the
normal contact force at the gear pair (Carbonelli et al., 2016). The multi-
point constraint equations (MPCs) enforce the non-penetration
condition (MSC.Software, 2021) by tying the normal displacements
while the tangential displacements are free. Once the flexible multibody
model solves the contact problem, the static transmission error is
computed along the line of action.

2.1 FE-based contact through MSC MARC
solver

Several procedures have been developed to detect the motion of
bodies and apply constraints to prevent penetration. These
procedures
methods, penalty methods, and direct constraints. Contact

employ Perturbed or Augmented Lagrangian
simulation has often necessitated the use of special contact or
gap elements handling the interaction between two surfaces
coming into contact. However, integrating these elements and
ensuring their accurate behavior can be challenging and
Instead, MSC MARC addresses
contact interactions at the level of individual nodes and segments

computationally intensive.
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FIGURE 1
Deformable to deformable contact in MSC MARC (Kuijpers, 1994).

within the existing finite element mesh (MSC.Software, 2021). During
the iteration process, A bounding box algorithm is employed to swiftly
ascertain whether a node is near a segment. Once contact is detected, it
is directly satisfied through multi-point constraints (MPC) that ensure
compatibility of displacement fields at contact points rather than relying
on contact forces or penalties. This direct constraint approach offers a
more localized contact treatment, contrasting with method that uses
contact elements where contact inequalities are determined at
integration points, such as nodal points or Gauss points.

The constraint method, as implemented in MSC MARC, offers an
efficient and direct way to handle contact problems without introducing
the complexities and potential inaccuracies associated with special
contact elements. The node-to-segment procedure simplifies the
process further by only checking nodes against segments, reducing
the computational burden and potentially increasing the accuracy of
the simulation. In the augmented Lagrangian method, penalty terms and
Lagrange multipliers are incorporated into the optimization process. The
most fundamental difference is the Augmented Lagrangian’s reliance on
penalties and iterative refinement of Lagrange multipliers, while the
Constraint method enforces constraints directly without using penalties
(Kloosterman, 2002). This direct constraint approach offers advantages
in terms of simplicity and computational efficiency.

In this paper, the FE-based contact between the gear teeth is
solved by using a node-to-segment numerical procedure. At the start
of each iteration, the motion of the bodies is checked to see whether a
node has crossed a face by verifying its placement within the contact
tolerance. The contact tolerance size significantly impacts the
solution’s computational costs and accuracy, as the driving gear
initially rotates such that the nodes almost touch a surface. In this
case, a biased tolerance zone with a smaller distance on the outside
and a more considerable distance on the inside is considered to
prevent close nodes from contacting each other and separating
again.

When contact occurs, a tie is activated, relating the
displacement increments of the contacting node to the
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displacement increments of the boundary nodes. This concept
is depicted in Figure 1.

The displacement increment of the tied node during contact T in
the normal direction to the plane, which contains the point of
contact P, is a weighted average of the displacement increments of
the retained nodes R; and R,, or:

Aul = a Auf' + (1 - a) Aul (1)
Where « is defined by

PR,
o=
RiR,

The analysis will reveal the following:

AV = AVR 4 (1 - o) AVR (5)
and

Aa: =alAa’ + (1-a)Aa® (6)

where Au,, Av, and Aa, are respectively the incremental nodal
displacement, velocity, and acceleration components normal to
segment RiR,. # being the normal to the segment. At the end of
each iteration, if the reaction force between the node and the surface
becomes tensile or positive, it should separate, and the contact
constraint should be removed.

However, nodes are checked for separation only if the
convergence criteria are met. For nonlinear contact analysis, the
Full Newton-Raphson Method is used to solve the equilibrium
equations considering the following equation:

K (u) du=F -R (u) 7)

where K is the tangent stiffness matrix, u is the nodal displacement
vector, 8u is the displacement increment, F is the applied nodal
force vector, and R is the internal load generated by the elemental
stresses. In the proposed approach, convergence is achieved once
IF =R (u)ll < eand e = 1072, After performing a convergence study,
the convergence criterion is chosen to ensure accurate and efficient
results. An iterative penetration-checking procedure is used in
which the iteration process is done simultaneously to satisty the
contact constraints and global equilibrium using the Newton-
Raphson method. After obtaining the solution du; from (7), if a
node penetrates a contact surface, a scaling factor is utilized to adjust
the displacement change so that the node is relocated to the contact
surface. Assuming s represents the proportion of du; to prevent a

new penetration, the displacement increment is modified
accordingly:
AU; = AU + s 8y (8)
Furthermore, the total displacement is
U" = AU™ + AU, ©9)

2.2 Flexible multibody simulation

The FE mesh is generated according to the existing gear pairs
geometry using solid elements 3D CHEXA Nastran elements
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TABLE 1 Macro-geometry parameters of the spur gear pairs.

Name Designation Driving gear Driven gear Unit
Module m 1.47 mm
Number of teeth Z 34 -
Pressure angle a 20 deg
Base radius Ty 23.49 mm
Profile shift coefficient x 0 -
Addendum coefficient h, 1 -
Dedendum coefficient hy 1.25 -
Face width by 10 mm
Torque T 50 N m

FIGURE 2
(A) Spur gear mesh with hexa-linear element (B) close-up of the tooth mesh with 50 um element size.

T

18+ [ ----- 100 pm

0 0.2 0.4 06 08 1 1.2 14 16 1.8 2 0 0.2 0.4 0.6 0.8 1 12 14 16 18 2
Mesh period Mesh period

FIGURE 3
Static transmission error with mesh refinement (A) along the involute profile (B) along the face width.

(MSC Software Corporation, 2022). A fine mesh is defined in the =~ master node rigidly connected to the inner nodes of the
areas of the tooth where contact is expected to occur as  gears. The gear backlash is covered by rotating the driving
the nonlinear contact can be captured. A much larger mesh  gear to achieve contact at an initial state. Finally, the obtained
was used for the teeth far from the contact zone. The FE model is imported into MSC MARC Solver for the STE
supporting shafts are modeled as infinitely rigid via a central =~ Computation.
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TABLE 2 Macro-geometry parameters of the helical gear pairs.

10.3389/fmech.2023.1228696

Name Designation Driving gear Driven gear Unit
Module m 2 mm
Number of teeth Z 50 -
Pressure angle a 20 deg
Helix angle B 15 deg
Base radius rp 48.44 mm
Profile Shift coefficient x 0 -
Addendum coefficient h, 1 R
Dedendum coefficient hg 1.25 -
Face width by 20 mm
Torque T 115 Nm

\
/

Undeformed conjugate profile P

_—-—-__—" T.E /
=
b3
b S
b S
be
b
L Half face width
<

Deformed conjugate profile

FIGURE 4
Deformed conjugate profile (Romax Technology, 2021).

A single-stage transmission is considered, where the elasticity of
the gears is taken into account, and the quasi-static behavior of the
gear pair is evaluated. The meshed bodies are automatically detected,
and the driven and driving wheel are identified. The material is
assigned, and a new contact interaction is defined. The next step is to
set the relative boundary conditions at the wheel’s central nodes
6 DOFs. The applied torque is assigned to the driving gear where the
rotational DOF along the axial direction is left unconstrained. While
the driven one will get the requested rotation angle « of the wheel to
span, at minimum, an entire meshing cycle. Then the static
transmission error is computed along the line of action. The
discretization of the angular position of the driving gear must be

Frontiers in Mechanical Engineering

finely defined to describe the sudden change in the STE correctly.
Thus, a fixed-time stepping is used with « = (360/z)/n, where z is
the number of teeth and # is the number of discrete rotational
positions. For spur and helical gears, # is set to 30 and 45 for every
mesh period, respectively.

The accuracy of the approach can depend on several factors, e.g.,
the choice of contact parameters and the mesh density. As with any
numerical simulation technique, it is essential to carefully validate
and verify the results simulations to ensure that they accurately
capture the behavior of the modeled system. For this reason, some
numerical test-cases for standard spur and helical gears are
considered in the next section.

3 Numerical validation

In this section, a mesh convergence study is first conducted.
Subsequently, the STE results from the method described earlier are
compared with those obtained from commercial software, namely,
ROMAX® (Romax Technology, 2021) and VIBRAGEAR®
(Garambois et al,, 2017), in its module TERRA (Transmission
ERRor Analysis) is proposed. Gears are designed without any
microgeometry modification to compare the loaded STE caused
by the teeth deflection from the meshing process.

Two important aspects are being tracked in the following
comparison. First, the PPTE, with paramount importance,
constitutes the amplitude of the excitation being transmitted to
the gearbox system. Second, the STE curve shape as it translates the
harmonic distribution of the excitation. Under operating conditions,
a harmonic order could make an intersection with a specific mode,
potentially affecting the analyzed system’s NVH signature. For these
reasons, these two parameters need to be accurately identified while
studying a gear transmission system.

3.1 Mesh convergence

A convergence study on the FE mesh of the tooth is
conducted to establish an efficient multibody simulation.
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FIGURE 5
STE benchmarking in (A) helical gear case (B) spur gear case.
TABLE 3 STE Results comparison between three software methods.
Software Present procedure VIBRAGEAR® ROMAX®
PPTE (um) Spur gear pairs 5.4 5.8
Helical gear pairs 04 0.5

Three mesh cases along the involute profile were examined,
corresponding to mesh element sizes of 100, 70, and 50 pm.
The goal was to achieve an accurate STE response estimation with
minimal computational expense. This procedure is validated
using a spur gear pair with the characteristics outlined in
Table 1. The mesh generation, consisting of approximately
170,000 nodes and around half a million degrees of freedom,
is illustrated in Figure 2A. A detailed view of the teeth region can
be seen in Figure 2B.

For the nonlinear quasi-static analysis, an output torque of
T =50 Nm was applied. Figure 3A presents the associated STE for
different tooth mesh detail levels. The shapes of the curves are
nearly identical, indicating a smoother trend with a more refined
mesh. All three curves exhibit comparable PPTE and shapes,
reflecting similar amplitude and harmonic distributions of the
periodic excitations. Notably, as the mesh size reduces from
100 um to 70 um to 50 pum, the simulation time over two mesh
periods increases sequentially, requiring 1177s, 2030s, and
3031s respectively. Consequently, the 100 um mesh size was
selected as the optimal choice for spur gear cases in terms of
involute profile refinement.

For the selected case, inflations of 10 and 50 layers for the bulk
and along the tooth width were compared, corresponding to 1 mm
and 0.2 mm lengths. Figure 3B displays consistent results, even
though the wall time notably increased to 13449s. This increase in
time is attributed to the DOFs nearing 1.5 million in this instance.
Therefore, the final mesh chosen for the spur gear case was set with a
100 um mesh element size along the involute profile and a 1 mm
length along the face width.

Frontiers in Mechanical Engineering

A similar procedure was applied to the helical gear pair
described in Table 2 to derive an accurate yet cost-effective
solution, considering the helix angle. Then a 0.5mm element
length along the face width is adopted.

3.2 Software assumptions

In ROMAX® (Romax Technology, 2021), the microgeometry
analysis is based on a thin strip model where the contact teeth are
divided into many uncoupled springs across the face width. Figure 4
gives a simplified overview of how this works.

The first tooth is modeled as a series of uncoupled springs. These
springs capture the profile of the micro geometry modifications. In
the example below (for simplicity), only one gear is modeled with
springs. However, in the ROMAX® software, both teeth are modeled
with springs to capture the difference in pinion and wheel gear tooth
stiffness.

Considering the backlash, misalignment and torque to
calculate the deformed profile, the two gears are bought into
contact. This is repeated over the roll angle steps. The
microgeometry analysis assumes that the misalignment is
constant with the roll step.

The image also shows the absolute value of the TE for one roll
step (the Sum of the effects of backlash and deformation). This is
calculated at each role step, and the peak-to-peak and harmonics are
calculated.

On the other hand, VIBRAGEAR® presents two different ways
to calculate the flexibility matrix:

frontiersin.org
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FIGURE 6

Line of contact in (A) MSC MARC Solver (B) VIBRAGEAR ©.

o An analytical model based on the Ritz method, used to
calculate the flexibility matrices associated with the
contact lines from an analytical model of a thick
plate of variable thickness using a Reissner-Mindlin
theory.

o From the generation of a finite element mesh allowing the
calculation of flexibility matrices using a FE-software. Then,
the interpolation of the flexibility matrices associated with the
discretized contact lines is created and ready to be scaled with
the input data.

3.3 Method validation

A spur and helical gear pair configurations were tested to
develop different test conditions in order to better understand
the general trend between the results. The macro-geometry
parameters and the operating torque are reported respectively in
Tables 1, 2 for spur and helical pairs.

Figures 5A, B demonstrate that all software yield comparable
peak-to-peak transmission error (PPTE) values for the helical and spur
gear cases, respectively, with results reported in Table 3.
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Another comparative criterion is the shape of the curve.
ROMAX® and VIBRAGEAR® exhibit similar behavior, with a
sudden transition observed from two teeth in contact to one. In
contrast, the Multibody FE approach presents a more gradual
transition. This difference is attributed to commercial software
not directly calculating displacement at a contact point but
interpolating it from surrounding nodes, as shown in Figure 6B.
Consequently, this approach fails to capture the tip contact at the
transition phase, a capability inherent to the multibody method, as
shown in Figure 6A. This phenomenon affects the energy
distribution between the harmonics and should be considered for
a more accurate dynamic response.

Figure 7 presents an example of the results obtained from the
nonlinear FE method near the meshing area. Each image displays
the equivalent Von Mises stress distribution for the spur gear pair.
When the number of engaging teeth changes from one to two, a
reduction in the maximum stress value is noticeable from 1,005 MPa
in Figure 7A to 695 MPa in Figure 7B. This variation is due to the
time-varying nature of the mesh stiffness. Additionally, this
approach allows for a closer look at root stresses, where
fluctuations in stress levels can be identified during the contact
treatment phase.
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Stress distribution in Pa estimated by nonlinear FE simulation using MSC MARC Solver for (A) one tooth in contact (B) two teeth in contact.

TABLE 4 Macro-geometry parameters of the spur gear pair with.

Module
Number of teeth Z
Pressure angle o
Profile Shift coefficient x
Addendum coefficient h,
Dedendum coefficient ha
Face width by

Another case study is performed between pairs of spur gears with a
different number of teeth, ie., a reduction ratio R # 1. The macro-
geometry parameters are outlined in Table 4. Several analyses were
performed for different input torques. The results presented in Figure 8
are consistent with previous findings, as all three approaches produced
similar results. Additionally, an increase in PPTE values was observed
with increasing torque. However, differences between the methods in
STE form were influenced by the torque level.

Similar to the earlier observations, ROMAX® and VIBRAGEAR®
demonstrated a sudden shift of the STE in this study, with the flexible
multibody method indicating a more gradual transition. As shown in
Figures 8A-C, this effect becomes increasingly pronounced as torque
levels rise. Such a pattern is linked to the theoretical contact lines proposed
by ROMAX® and VIBRAGEAR®, which restrict potential contact points
to no-load contact points for the corresponding conjugate gear. However,
due to load-induced deflection, the tips of the teeth can initiate contact, a
phenomenon referred to as “corner contact” in the literature (Langlois
et al, 2016).

Figures 8D-F validate this behavior, demonstrating the contact
status from the proposed method at the same rotational position across
three different torque levels. Figure 8F displays two teeth in contact
where the highest torque (200 N m) is applied, while Figure 8D shows a
single tooth in contact when subjected to a torque of 80 N m. This
increase in the operational contact ratio contributes to the changing
shape of the STE curve observed with the present approach.
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On the other hand, Figure 9 is showing a comparison between the
methods from a peak-to-peak prospective. It is observed that PPTE
results obtained with the proposed approach are located in between the
ones estimated by ROMAX® and VIBRAGEAR®.

The latter methods present a linear increase against the applied
load, whereas the multibody simulation shows a nonlinear trend.
This aspect is related to the following points:

« The proposed approach presents a contact resolution based on a
nonlinear contact analysis. However, an analytical resolution of the
contact equations is addressed with ROMAX® and VIBRAGEAR®.

« Unlike the analytical methods, local and global deformations
are considered with the present methodology, as no
assumptions are made about the contact points’ location.
(e.g, in VIBRAGEAR®, the Hertzian contact is linearly
integrated into the compliance matrix).

o The proposed method is capable of capturing the “corner
contact” phenomenon.

In this validation phase, the STE results obtained from the
multibody finite element approach were compared with those
generated by ROMAX® and VIBRAGEAR® for standard gear
configurations. Despite the higher computational cost of the
multibody approach, the necessity of using the proposed method
for studying lightweight gears is summarized as follows:
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Effects of applied torque on the STE evolution [(A): 80 N m, (B) 140 N m, (C) 200 N m] and contact status using the present procedure [(D): 80 N m,

(E) 140 N m, (F) 200 N m].

o As lightweight gears are most likely compliant compared
to standard ones, a tooth is submitted to higher deflection
under load, leading to corner contact at early torque

stages.

Frontiers in Mechanical Engineering

o When dealing with lightweight gears, using a nonlinear

contact analysis instead of an analytical resolution of the
contact equations is crucial. This is because modifications
to the gear pair can have various effects that may not be
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FIGURE 9
Peak-to-peak transmission error comparison for different torque
levels T = [20, 50, 80, 100, 140, 175, 200].

accurately captured with an analytical resolution of the contact
equations. A nonlinear contact analysis ensures that all
possible outcomes are considered, resulting in more
accurate results.

o Analytical methods allow the study of the STE over one mesh
period. However, most lightweight gears present non-axisymmetric
properties, requiring multiple mesh periods to consider the
variability of the body stiffness during operating conditions.

o The proposed method enables the acquisition of stress
distribution data, which is crucial information, particularly
for lightweight gears, where greater complexity in the stress
field in the gear body is predicted.

Gathering all these aspects justify the use of the presented
method for studying lightweight gears as to be discussed in
Section 4.

4 STE of lightweight gears

The study conducted in this section applies the proposed
multibody approach to several lightweight gear pairs to highlight
the method’s capability. The gear pairs are classified into two
lightweight techniques for the previously mentioned spur gear
pair (R = 1). The first case is a gear pair with eight holes. The
second technique is thin-rim steel gears combined with multi-
layered composite material. A high-modulus carbon fiber-
reinforced epoxy laminate will be placed in the web part.

4.1 Gear with holes

This section examines the impact of holes in the gear blank on
the STE response, using a driven gear with eight holes as an example.
Table 5 provides the parameters of the holes. The gear pair achieves a
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TABLE 5 Holes parameters.

Name Designation Specification Unit
Number of holes Ny, 8 -
Diameter of holes dy, 10.35 mm

mass reduction of 21%. The torque applied is 50 N m, the same as in
the case of standard gears discussed in section 3.

Figure 10A illustrates the STE fluctuations of the standard gear
pair throughout a complete rotation. The frequency spectrum,
displayed in Figure 10B, highlights the mesh harmonic and its
multiples.

The presence of the holes significantly alters the curve shape, as
shown in Figure 10C, compared to the standard configuration. This
additional
harmonic components. An angular frequency equal to the

material discontinuity introduces low-frequency
number of holes in the lightweight gear corresponds to the
eighth order of the gear pair rotation.

A similar effect was discussed by Shweiki et al. (Shweiki et al.,
2019), where their experimental STE investigation of a lightweight
gear with three slots demonstrated a low-frequency contribution
corresponding to the third order of the gear pair rotation, equivalent
to the number of slots.

Figure 10D corroborates these observations, revealing an eighth-
order harmonic with an amplitude surpassing the meshing
frequency. Additionally, the harmonic content manifests the
presence of sidebands that can be expressed as Hg = H, + Hy,
with H, and Hj denote the meshing and hole harmonics,
respectively.

Figure 11 illustrates the impact of material removal from the
blank on the local and global deformation of the lightweight gear
with holes. The absence of material in the direction of the meshing
forces results in more significant deflections than when the meshing
teeth are close to a web region with no gaps. Furthermore,
11B  demonstrates that stresses are more widely
distributed, with certain regions exhibiting higher values, such as

Figure

the hole’s circumference near the meshing area, where concentrated
stresses reach 400 MPa, as opposed to 100 MPa in Figure 11A. This
discrepancy indicates a stiffer state of the gear and explains the STE
curve fluctuations.

4.2 Hybrid gears

4.2.1 Description of the hybrid model

In this section, the idea behind the design of the hybrid gears is
treated. Beginning with the standard gears previously introduced as
a reference. The design is an assembly of two main parts, as
presented in Figure 12 with an exploded view:

o Machined standard gear: a thin-rim steel gear where the web
part is removed from its thickness.

o Two composite discs will replace the removed steel part: a
glued contact is considered between the composite discs and
the machined gears. Glued contact ensures no relative sliding
or separation between the bodies.
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FIGURE 10
Time history and harmonic orders of the STE for standard-driven gear (A, B), and holed-driven gear (C, D).
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FIGURE 11
Stress distribution in Pa of the holed gear in two angular configurations corresponding to (A) the minimum static deformation and (B) the maximum
static deformation.

4.2.2 Material properties of the composite discs in a significant reduction in mass of 42% compared to standard

The primary objective of this method is to replace the heavy steel ~ configuration. However, the elastic properties of the laminate must
with lighter materials in areas exposed to lower loads during the  ensure high in-plane and out-of-plane stiffness. Therefore, the
meshing process. This replacement with composite material results ~ composite material used is an epoxy matrix reinforced with high-
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FIGURE 12
Exploded view of spur hybrid gears assembly.

TABLE 6 Fiber and matrix properties (Catera et al., 2019).

Property Fiber Matrix
Material type Carbon M46 ] Epoxy
Longitudinal Modulus [GPa] 436 2.7
Transverse Modulus [GPa] 12.35 2.7
Shear Modulus [GPa] 24.78 Long/5 Transverse 1
Poisson’s ratio [—] 0.41 0.35
Density [g/cm3] 1.84 1.2

modulus M46] fibers, as detailed in Table 6, with a fiber volume
fraction of 52.6%. The elastic behavior of a unidirectional lamina
was calculated using the Chamis Formula and is presented in
Table 7, with experimental verification provided in (Catera et al.,
2019). The use of unidirectional carbon fiber-reinforced polymer

10.3389/fmech.2023.1228696

As the gears rotate, teeth continue to alternate through the meshing
region. Hence, a quasi-isotropic configuration for a more homogeneous
response of the composite disc during operating conditions is chosen.
The laminate presents ten layers of UD prepreg. The plies orientation is
the following layup: [0/36/72/108/144]s. Two distinct approaches were
employed to model the composite disc:

4.2.2.1 First approach

For this method, the laminate was treated as a single block body,
and the equivalent homogenized properties of the elements were
applied. These engineering constants were obtained from analytical
stress-strain constitutive relations for orthotropic lamina, as detailed
in Eqs 10-12 as presented in (Chou et al., 1972).

vict.
ckck CRXilia

Cy=Y" vklck- 220, 2| (i,j=1,2,3,6) (10)
1 Zk:l j C’§3 C’3‘3Z” vl

=1L
I lc33

C,'j:Cj,':(i:1,2,3,6;j=4,5) (11)
T, Cf
Gy = . (,j=45) (12
l] > >
ZZ:IZL% (CLCls - CiCLy)
CiCis| ; . ,
Where Ap=|7# “#5\,i,j=1,..,3 are, respectively, the
54 Css

longitudinal, in-plane, out-of-plane, and transverse directions. i, j =
4,5 are the transverse shear directions and i, j = 6 the in-plane shear
directions. The stress-strain relation for homogenized material is
given by:

(13)

where 0; and ¢; are the stress and strain tensors, respectively, and.
Then the effective laminate compliance relation becomes

& = H,’]U,] for (l,] =1,... N 6) (14)

in which H; jis the laminate compliance matrix defined as the inverse
of the laminate stiffness matrix Cij. From this point, the effective
mechanical engineering constants are given by (15-17) (Bogetti
et al, 1995). Table 8 summarizes the elastic properties of the
homogenized laminate.

(CFRP) prepregs offers greater design flexibility and permits the p_tp_1p_1 (15)
. . . . . . x = Hy = Az T
investigation of the influence of fiber orientation. Hy Hxy Hz
TABLE 7 Unidirectional lamina elastic properties.
Lamina properties E, [GPa] E, [GPa] E; [GPa] v, Va3 V3 Gy, [GPa] G3 [GPa) G,3 [GPa]
230.6 6.23 6.23 0.38 0.31 0.38 3.29 3.29 328
TABLE 8 Homogenized Elastic properties of the laminate.
Homogenized properties El [GPa] E2 [GPa] E3 [GPa] v12 ‘ v23 ‘ vl3 G12 [GPa] G13 [GPa] G23 [GPa]
81.5 81.5 6.81 0.32 ‘ 0.27 ‘ 0.27 30.7 2.83 2.83
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4.2.2.2 Second approach

In this approach, rather than computing the homogenized properties
of the entire thick disc, it was divided into five distinct layers as detailed in
the layup sequence. Given that the 0-degree direction aligns with the
x-direction in the model, the orthotropic properties of the unidirectional
lamina were first allocated to the elements of each layer. Subsequently,
these properties were rotated based on their specific orientation in the
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laminate sequence, using the x-direction as a reference. The symmetric
layup was applied to the opposing disc using an analogous procedure. A
“glue” contact was assumed between the layers, implying that nodes on
one surface are bound to move synchronously with nodes on the adjacent
layer’s surface across all degrees of freedom. Figure 13 displays the contact
patterns for both the “touching” contact between teeth and the “glue”
contact. Both contact types were implemented during the simulation.

4.2.3 STE of hybrid gears

Figure 14 compares the hybrid gear’s STE curve with the standard
gear using the homogenized properties form the first approach. The
metal-composite gear shows an increase in the mean TE value,
indicating a decrease in overall stiffness. However, the PPTE is
moderately increased, which is promising for mass savings.

The second approach considers the proper orientation of each layer
in the laminate configuration, assigning unidirectional properties to
each layer’s elements. Unlike the first approach, this method highlights
the contribution of each ply orientation to the overall body stiffness.

Figure 15A demonstrates a modulation effect of the STE curve that
was not captured by the first approach. This modulation exhibits an
excitation of order two, which could be due to the effect of fiber
orientation causing low-frequency harmonics, as shown in Figure 15B.
The TE mean values reach two maxima when the driving gear rotates
around 50 and 230 degrees. This indicates the gears have their lowest
stiffness at these two angles, resulting in the composite disc being
subjected to the lowest stiffness during the meshing process. The degree
of modulation varies with the fiber’s orientation.

To simplify the analysis of this effect, a hybrid pair test was
performed, employing a composite disc made of unidirectional [0]s,
laminate. The transverse direction (i.e., 90 degrees) exhibits the lowest
laminate stiffness. Figure 15C shows that the modulation peaks shift
around 90- and 270-degree rotation as the gears rotate, corresponding to
the order two harmonics in Figure 15D. This confirms that the effect is
due to the fiber orientation, which corresponds to the lower stiffness of the
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composite laminate. Comparing the frequency response for both the
quasi-isotropic and unidirectional layups validates that opting for the
quasi-isotropic laminate is advantageous due to its diminished
modulation amplitude and considerably lower side-band amplitudes.

Another simulation was conducted using a hybrid gear with
quasi-isotropic laminate discs driven by a standard steel gear to
observe the effect on STE. The time and frequency domain results
are shown in Figures 16A,B, respectively.

When comparing the hybrid driving hybrid (h-h) and steel
driving hybrid (s-h) configurations, it was observed that the
modulation peaks occurred at approximately the same gear
rotation angle in both cases. However, the s-h set-up presented a
lower amplitude of the order two harmonic.

In Section 4.1, the study presented results for a standard gear
driving a holed one, with the size and dimensions of the holes chosen
to achieve mass properties equivalent to hybrid gears. The
availability of a reliable computational procedure allows for basic
design considerations. As shown in Figure 17, holed gears exhibit a
much higher amplitude of harmonic excitations compared to hybrid
wheels. Consequently, hybrid gears are quieter and produce less
noise for the same mass reduction, making them a more suitable
lightweight strategy.

5 Conclusion

This work has successfully demonstrated the development and
application of a robust numerical procedure using a flexible
multibody method through the MSC MARC solver to analyze
lightweight gear transmission systems, especially those incorporating
composites. By addressing the inherent complexities associated with
designing gear pairs that utilize such materials, the proposed method
contributes significantly to the ongoing advancement of their applications
in gear transmission systems.

The present method demonstrated its effectiveness through
validation studies with existing commercial software, ROMAX®,
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and VIBRAGEAR®, showing a good correlation for spur and helical
gears. Moreover, the method revealed certain phenomena that were
not captured by other techniques. Further application of the
numerical procedure to analyze hybrid metal-composite gear
pairs and comparison with holed gears provided valuable insights
into the time evolution and harmonic components of STE. These
results emphasized the benefits of hybrid gears in terms of reduced
vibrations and noise for the same mass reduction as holed gears.

Moreover, the study investigated the influence of fiber
orientation on STE results by comparing ply arrangements
resulting in quasi-isotropic properties of the composite disc
with unidirectional laminates. This analysis underscores the
importance of considering fiber orientation when designing
composite gears for optimal performance.

In summary, the findings of this work contribute to a deeper
understanding of the behavior of composite gears and pave the way for
further research and development in this area. As part of future work, an
experimental study will be conducted to evaluate the static and dynamic
behavior of metal-composite hybrid gears. Additionally, future research
could explore the effects of various composite material types,
manufacturing processes, and environmental factors on the
performance of lightweight gears and extend the proposed method
to other gear configurations and transmission systems.
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Nomenclature

Matrices and vectors

H (6)) Compliance matrix
e (6) Initial gaps vector
P (61) Distributed load vector

Unity column vector

K Tangent stiffness matrix

|&

Displacement increment

F The applied nodal force vector
R Internal load vector

o; Stress vector

Cij Laminate stiffness matrix

&j Strain vector

Scalars

8(60y) Static Transmission Error

R, Base radius

Z Number of teeth

m Gear module

a Pressure angle

x Profile shift coefficient

h, Addendum coefficient

hg Dedendum coefficient

by Face width

T Input torque

B Helix angle

Abbreviations

FE Finite Element

STE Static Transmission Error

MD Multibody

MPCs Multipoint Constraint equations
PPTE Peak-to-peak Transmission Error
R Reduction ratio

FFT Fast Fourier Transform

CFRP Carbon Fiber-Reinforced Polymer
E Young’s modulus

v Poisson’s ratio

G Shear modulus
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