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Abstract: Lightweight gears have the potential to substantially contribute to the green economy
demands. However, gear lightweighting is a challenging problem where various factors, such as
the definition of the optimization problem and the parameterization of the design space, must be
handled to achieve design targets and meet performance criteria. Recent advances in FE-based contact
analysis have demonstrated that using hybrid FE-analytical gear contact models can offer a good
compromise between computational costs and predictive accuracy. This paper exploits these enabling
methodologies in a fully automated process, efficiently and reliably achieving an optimal lightweight
gear design. The proposed methodology is demonstrated by prototyping a software architecture that
combines commercial solutions and ad hoc procedures. The feasibility and validity of the proposed
methodology are assessed, considering the multiobjective optimization of a transmission consisting
of a pair of helical gears.

Keywords: lightweight gears; finite-element analysis; multibody simulation; design space exploration;
transmission error

1. Introduction

Gears are crucial components for a wide range of applications: from recreational
equipment to transportation, and from energy production (aka wind turbine gearboxes) to
industrial machinery. Gear design has been perfected over millennia, as it encompasses a
fundamental theory that enables efficient mechanical power transmission. Nevertheless,
some margin of technological improvement can still be pursued. Gears design could be
refined even further by exploiting the more recent advances in material science and modern
designs, and manufacturing processes.

Over the last few decades, mass reduction was pursued as one of the main drivers
of performance enhancement in the aerospace sector, from which lightweight design
methodologies originated. Later, the usage of lightweight designs, including lightweight
gears, expanded to the automotive sector, playing a crucial role in satisfying increasingly
stricter regulations on combustion engine emission and fuel efficiency. The recent literature
shows that weight reduction greatly benefits system efficiency in vehicles [1] and aircraft.
In the latter, gearboxes can account for up to 15% [2] of the total mass saving, significantly
lowering fuel consumption [3].

The improving computational performance of modern computers is opening new
horizons concerning the adoption of physics-inspired models in optimization routines. In
this context, model-based optimization strategies employ high-fidelity models to capture
the relevant physics and obtain the proper model parameterization, which allows for
netting a direct link between design parameters and model variables. As a result, the
more expensive optimization processes based on prototypes and physical testing can be
substituted by reliable model-based processes.

More specifically, the design of lightweight gears relies on the possibility of effectively
modeling their dynamic behavior in the context of lumped or detailed system-level simula-
tions. State-of-the-art solutions to decrease gear mass rely either on a geometrical approach
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where the material is removed from the gear blank [4,5] or on a multimaterial approach that
combines lightweight materials with high-performance steel [6]. The geometrical approach
typically exploits thin-rim geometries and the subtraction of features (e.g., holes or slots)
from the gear body. In this regard, attention must be paid to prevent the deterioration of
noise and vibration (N and V) performance [4] and even the impairment of the structural
integrity of the geared transmission. Nonetheless, the analysis-driven design of lightweight
gears requires advanced simulation methods to properly consider the body geometry and
its impact on the gear flexibility [5]. The multimaterial approach exploits material-level
properties to improve component performance, and has demonstrated potential for N and
V improvement in lightweight gears [6]. However, several technological gaps must still be
covered before achieving a maturity level that enables its industrial applicability.

Recent trends suggest that transmission lightweighting may pave the way to system-
level performance improvement. The goal of concurrently reducing the gears” weight
and the vibrations in transmission was pursued by Yang et al. in [7], and by Ramadani
et al. in [8]. In [9], the effects of lightweight gear blank on static and dynamic behavior
for electric-drive systems in electric vehicles were studied using a hybrid finite-element-
analytical method in conjunction with a rigid—flexible coupled dynamic model that took
into account the flexibility of the shaft, bearings, and housing.

Recent advances in FE-based contact analysis demonstrated that hybrid FE-analytical
gear contact models [10-12] could better compromise computational costs and predictive
accuracy. Their usage enables optimally tuning all relevant lightweighting parameters
without sacrificing dynamic performance.

Built on the experience that matured in [10], this paper proposes a complete work-
flow required for accomplishing a multiobjective design space exploration of lightweight
transmissions. We exploit the geometrical approach to derive a lightweight helical gear
design. The joint objectives of optimizing the weight, and N and V performance of geared
transmissions are pursued by exploiting a hybrid FE—analytical gear contact model in con-
junction with multiobjective design optimization software resulting in a fully automatized
optimization toolchain. Moreover, the obtained framework could easily be expanded to
further generalize the optimization problem by including more complex features or using
different materials.

The remainder of the paper is structured as follows: an overview of the proposed
multiobjective optimization strategy is illustrated in Section 2, while Section 3 describes
the hybrid FE-analytical method employed to analyze the gears meshing. In Section 4, the
basic steps of the optimization workflow are illustrated. Section 5 describes an optimization
case where a pair of helical gears, one of which with a lightweight design, was optimized,
and presents the obtained results. Section 6 closes the paper by discussing the achieved
results and proposing further advances.

2. Multiobjective Optimization Strategy

The optimal design of lightweight gears can be formulated as a multiobjective op-
timization problem (MOP). Such a problem involves the joint minimization of multiple,
usually conflicting, objective functions while varying a set of decision variables. Mathemat-
ically, a MOP is described as:

min F(x),
x )
subjecttox € X C R”"
which describes the joint minimization of all the components of objective function F :
F(x) = {fi(x), fa(x), ..., fu(x)}, as a function of decision vector x. The effect of enforcing
any constraint results in a reduction in the feasible decision space, X. The image of feasible
decision set X is defined as feasible objective space Z:

Z =F(x), Vx € X 2)
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Optimal solutions to the MOP usually comprise a subset of feasible solutions that are
not dominated by any other feasible alternative. Geometrically, they are confined at the
edges of the feasible objective space, constituting the well-known Pareto front. The inverse
image of the Pareto front is called the Pareto optimal set. As depicted in Figure 1, such a
representation offers valuable insight to designers, as it allows for them to immediately
distinguish the optimal solutions and select the more suitable one depending on the
considered criterion for prioritizing between the different objectives.

fa p
) o o o O  Feasable solutions
\
\ o o o @ Non — dominated solutions
Q
~ ° o o o o Selected solution
\\ O -- Pareto front
®. o o o
@ o
@ o
~
”
fi

Figure 1. Example of a Pareto front.

In engineering optimization, the goodness of an algorithm is measured by looking
at two metrics: efficiency and robustness. Efficiency refers to the ability of an algorithm
to achieve the optimal solution within a prescribed confidence interval with a minimal
number of iterations. Robustness instead concerns the ability of the algorithm to achieve
the same objective with a similar number of iterations, irrespective of the starting design. In
this contribution, both efficiency and robustness were attempted thanks to the usage of the
Siemens Simcenter software ecosystem (Release 2020.2, Siemens PLM, Leuven, Belgium).
In particular, we relied on the Siemens Simcenter HEEDS | MDO package [13] (Release
2020.2.1, Siemens PLM, Leuven, Belgium), considered for its design space exploration
and optimization capabilities, in conjunction with Siemens Simcenter 3D, which is a fully
integrated CAE solution, of which we used two modules: the Simcenter 3D Transmission
Builder [14] and the Simcenter 3D Motion solver [15], enabling an efficient simulation of
multibody models.

HEEDS | MDO Optimization Software

As depicted in Figure 2, the HEEDS user interface allows for a very natural definition
of complex optimization scenarios. It provides a plethora of native plugins, each enabling
input/output interfaces for specific third-party software modules such as Simcenter 3D,
MATLAB, and Abaqus.

In the context of this work, the “best” solution candidates were obtained by relying
on the SHERPA proprietary optimization algorithm. SHERPA stands for Simultaneous
Hybrid Exploration that is Robust, Progressive and Adaptive; it is an optimization strategy
designed to adapt dynamically to the specific features of the considered optimization prob-
lem. By exploiting a set of dedicated heuristics, SHERPA simultaneously analyzes several
optimization strategies, and selects the more efficient and robust one. Confidentiality
restrictions limit the amount of disclosable information regarding the solver’s background
methodologies; therefore, they are omitted in the remainder of this contribution.
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Figure 2. HEEDS graphical user interface.

3. Modeling Strategy for Gear Meshing Analysis

Meshing phenomena in drivetrain systems are typically governed by the contact mech-
anism occurring between the interacting bodies. A correct description of such phenomena
in the modeling environment is vital to accurately describe the transmitted mechanical
energy and obtain realistic results.

In the design optimization context, optimal candidates are chosen by exploring the
feasible design space. The fitness of each design configuration is evaluated by measuring
the performance of different simulations. In this regard, the feasibility of the adopted
modeling solution requires relying on time-efficient models to ensure that the evaluation of
the objective functions is accomplished in a reasonable time. Different modeling strategies
are available in the literature to cope with different analysis objectives. For geared drivetrain
systems, the most used solutions can be grouped as follows:

i Lumped-parameter (LP) modeling [16-20] aims to (semi)analytically lump me-
chanical and contact properties of a system through the most relevant, yet few,
parameters (e.g., meshing stiffness, damping, and inertias) and states (e.g., angu-
lar positions and velocities). It allows for efficiently representing the overall load
distribution and approximating the system-level statics/dynamics with simple
and quick-to-solve equations. However, it is limited to simple gear topologies
and geometry-dependent parameter sets that are often difficult to obtain [21,22].
Therefore, although they are very computationally efficient, LP models require the
careful parameterization of the design space (not always possible) to be used in
optimization problems.

ii. Finite-element (FE) modeling a gear train [12,23,24] relies on using finite elements
to achieve a geometrical domain discretization and approximate the behavior of
the continuous bodies through numerical integrations. It is a general modeling
approach since it does not rely on any gear topologies assumption and is a first-
principle-based strategy. It can account for micro- and macrogeometry deviations
from the nominal operating conditions, teeth coupling, and the contacting bodies’
dynamic behavior. Nevertheless, it usually requires the fine discretization of the
contacting bodies in the contact zones due to the high-stress gradients involved,
and computationally expensive contact detection, which renders the FE method
computationally prohibitive to use in design optimization problems.

iii. Multibody (MB) modeling [25-28] is used to analyze the dynamics of systems com-
posed of several components interconnected in space with different specifications.
It enables the representation of the different bodies as rigid or deformable (flexible)
components linked together through permanent (e.g., bushings) or variable (e.g.,
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meshing gears) connection elements. It is modular, efficient (depending on the
formulation and system topology), and allows for including other modeling strate-
gies, i.e., LP and FE. Moreover, it accounts for large and complex body motions in
space, macro misalignments, and microgeometry modifications [29] with respect to
nominal operating and geometrical specifications. Nevertheless, it is challenging
to accurately and efficiently formulate the body flexibility effects in a MB environ-
ment jointly with contact phenomena. In particular, most MB formulations are
based on small (body) deformations that represent a limitation under high loading
conditions.

This work relies on an advanced contact formulation already integrated within a
MB tool of Siemens Simcenter Motion [30]. In particular, the floating frame of reference
(FFR) formulation [31] was adopted to describe the motion of the gears in space and their
interactions, resulting in the following (at most) quadratic equations of motion (EOMs):

M(q)q+Kq+ GTA Jrfv +fexz,‘ =0

$(g) =0 )

where q and g € R™ represent the generalized system coordinates and accelerations,
respectively; M(q) is the configuration-dependent mass matrix of the system; K is the
constant stiffness matrix; f, is the velocity-dependent force vector that accounts for the
gyroscopic effects; f, , is the generalized external force vector; ¢ (g) represents the set of
constraint equations, and G = d¢p/dq is the constraint Jacobian.

3.1. Advanced Contact Strategy in Multibody Simulations

If we focus on the dynamics of two generic meshing gears, the interaction phenomena
governing the system dynamics are in the EOMs through generalized external forces f, .,
as depicted in Figure 3a, which can be written as:

fext :f12(F12) +f21 (PZl) +fin(Tin) +fres(Trf35) 4)

As a result of the considered boundary conditions, T}, is the input torque applied to the
driving gear, whereas T}, is the resistant torque applied to the driven gear. The remaining
terms required to solve the EOMs are the action (F;,) and reaction (F1) contact forces. The
fu( -) operator instead represents the projections of forces and torques onto the generalized
coordinates space of the assembled MB system.

TT(:’S

¢
{ Tin
(a) (b)

Figure 3. Contact problem: (a) external forces acting on the meshing gears; (b) slicing approach.

In such a context, the gear contact is solved using three steps:

1.  Detecting the contact locations of the meshing bodies.
2. Formulating the amount of contact deformation (compliance) or inversely the contact
stiffness.
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Total deformation

3.  Formulating the contact problem to be solved.

To deal with Points 1 and 2, the tracked tooth or teeth in contact are divided into
ns 2D slices (see Figure 3b), such that an analytical contact detection is performed. The
slicing approach enables a very efficient evaluation of the contact location and thus of
the localized geometrical properties of the meshing gears. For each slice, the software
exploits the involute gear geometries, accounting for gear misalignments in all DOFs.
Moreover, microgeometry modifications of the tooth profile typically used to optimize the
gear transmission error are considered at this stage.

Moreover, for each s-th slice, it is assumed that the total deformation pattern results
from the superposition of three effects (see Figure 4):

1. The residual static deformation based on the Andersson and Vedmar idea is described
in [32]. It is computed through an FE-based approach [21,33] where a static unit nodal
load, normal to the tooth surface, is applied in a preprocessing step; subsequently,
the deformation pattern is subtracted from the previous one considering the same
loading condition while clamping the tooth in its middle plane. In this way, a locally
incorrect solution is overcome [12].

2. The nonlinear local contact deformation is approximated as two contacting cylinders
in line contact according to Hertz theory, and theWeber and Banaschek formula [34].

3.  The dynamic deformation pattern is taken into account using the FE-based compo-
nent mode synthesis approach [35-37] and creating a set of mass-orthonormalized

eigenmodes.
Residual static deformation Local deformation Dynamic deformation
W ’/\‘
™~ \‘\/\ - ? 4 = /

Andersson — Vedmar Hertzian contact Eigenmodes

Figure 4. Computation of the required amount of deflection.

Once the compliance model had been defined for the meshing gears, the following
nonlinear contact problem was constructed for each s-th slice to link the kinematic and
dynamic displacements with the related contact forces F3;:

31— (Fil ‘nyy,  geomin, E1p,v12)
+[C1(geomy, E1,v1) + Ca(geomy, E1,v1)] {Fm '"31} (5a)

= g(P21 ‘N5, geomsyp, E1,2,V1,2) >0
F21 -nil > 0 (Sb)

g(F21 ‘13, geomy o, Ellz,vl,z)T [I—"z] -nil} =0 (5¢)

where § is the corrected penetration for dynamic effects, misalignment, and microgeometry;
C; is the residual compliance maps based on the Andersson and Vedmar approach [32];
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geom;, E;, v; are the geometrical properties, the Young modulus, and Poisson’s ratio of the
i-th gear, respectively; n is the unit vector representing the normal to the contact surface
at the contact location; « is the nonlinear Hertzian penetration described by the following
Weber and Banaschek formula [34]:

F{1-v 1-12 dhihy\  1( n vy
= — | —= .
* 7Tl< E] + Ez n a2 ) 2(1—1/1 +1—1/2 (6)
where g is the half contact width that can be computed as
2 2\1?
4F 1-v 1-v
=|—=R 1 2 . 7
a o Req ( E, + E, )] ; )

h; is the half tooth thickness computed at the pitch point of the i-th gear, and R,y is the
equivalent radius of curvature of the contacting cylinders:

1 1 1
=4 8
Ry Ri R ®)

Lastly, the overall MB problem was fully defined, and the assembled EOMs of
Equation (3) were solved with respect to the generalized coordinates and accelerations by
means of a nonlinear iterative solver [38].

3.2. Performance Metric: Transmission Error

Although nominal gear profiles are conjugate by design, tooth and body flexibility,
and other disturbing factors such as misalignment, deterioration, and micromodifications
produce a slight deviation from the ideal kinematic conditions. Analysts use the trans-
mission error (TE) to quantify the degree of offset between the ideal (or conjugate) and
actual (or real) behavior of the driven gear. It is defined as the difference between the ideal
kinematic motion of a gear pair and its actual realization:

TE = %A% YN )

where Af; and A6, represent the angular motion of the driving and driven gears, respec-
tively, and 7 is the transmission ratio of the gear pair. For practical reasons, the TE is often
reported in the equivalent linear form:

TE = i’bzAGz - rh1A91, (10)

where 751 and rp, represent the base radii of the corresponding gears.

As demonstrated by Palermo et al. in [39], an interesting metric to assess the N and
V performance of a geared transmission is the pick-to-pick (PtP) value of the TE, which
inherently indicates the severity of parametric excitation for different levels of load and
velocity occurring during the meshing cycle. The recent literature on the multiobjective
optimization of macrogeometry [40,41], and combined macro- and microgeometry [42] uses
the TE-related metric as an indicator of the N and V performance of geared transmissions.

4. Adopted Optimization Strategy

In complex problems such as the optimization of geared transmissions, the main
challenges stand on setting up a robust framework that often requires to set up fast and
reliable interconnections among several tools with different communication protocols.
Moreover, due to the high nonlinear nature of contact problems in gear transmissions,
efficient and accurate simulation models are required to evaluate the system performance
at each design configuration.
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4.1. Optimization Workflow

In this contribution, most limitations concerning the communication and solution of
the optimization problem are overcome by exploiting the versatile nature of HEEDS. In
addition, the optimization metrics per design are evaluated through Simcencer Motion, as
described in the previous sections.

On the one hand, HEEDS receives input parameters (i.e., design variables) that are
then manipulated to be compatible with the program where the selected optimization
metrics are evaluated, e.g., performing a dynamic simulation in Simcenter Motion.

On the other hand, the Simcenter 3D Transmission Builder takes as input the descrip-
tion of the gear train in terms of its basic geometrical and topological properties, expressed
according to industry standards as described in [14]. Then, a multibody model of the
assembled transmission is procedurally generated within the Simcenter 3D motion environ-
ment and an advanced gear contact method [14] is considered, as described in Section 3.1,
which allows for capturing relevant static and dynamic phenomena that influence the
system-level behavior of the considered gear pair.

The influence of the gear crown and gear-body design is taken into account without
compromising the computational efficiency of the dedicated gear-contact modules embed-
ded in the motion solver. The results of the multibody simulations are used to compute
the performance metrics required to evaluate the objective functions. Once the simulation
is completed, HEEDS extracts the results and converts them back into the format that the
input values previously had. The analysis of the characteristics or quantities that are opti-
mized is entrusted to the optimization algorithm, which produces new input parameters
by repeating the analysis until the stopping criteria are reached.

As depicted in Figure 5, the proposed methodology for achieving a multiobjective
optimal design of a lightweight transmission is initiated by generating a baseline solution.
This is achieved by means of the Simcenter 3D Transmission Builder module, which can
generate the CAE models for each component of the transmission system and assemble
them into the multibody model required for the quasistatic or dynamic simulations.

Start

3D

— »

Gear Crown FE

HEEDS | MDO

)

Gear Body FE

MOTION
Advanced Contact

Simulation

Transmission
Builder
Gear CAD
Legend
Baseline design
g 4 /-
j+1 Objective
Evaluation Ps i
valuation _rocess AL R Functions
automation
Design Space
Exploration Results

Figure 5. Multiobjective lightweight design: flowchart.
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4.2. Alterer

In order to enable the required lightweight design parameterization and the use of the
advanced contact solution in the presence of a lightweight gear body geometry, the current
version of the Simcenter software requires manual intervention from highly qualified users
for complementing the automatically generated FE model of the gear crown with the
preferred lightweight geometry. The manually assembled FE model of the lightweight
gear is given as input to the FE preprocessor, which computes the necessary information to
enable the simulation of the gear contact problem.

The HEEDS software can be used to completely automate the above-described process
except for the gear-body FE definition, which is still linked to manual user interaction.
To overcome this issue, a set of MATLAB routines were developed forming a software
package named ALTERER (Automated LighTweight gEaR body 9orphing). The latter
defines the FE mesh of the lightweight gear body and automatically assembles the FE body
part to the existing gear crown, starting from a set of design parameters. As a result, the
program generates the assembled gear body FE input files already complying with the
format expected by the FE Preprocessor.

Thanks to the obtained functionality, the HEEDS software can take the lead in or-
chestrating the ordered execution of all necessary modules, obtaining a fully automated
evaluation process without any manual human intervention. HEEDS relies on its patented
Sherpa proprietary algorithms and strategy in order to optimally and constantly tune the
next decision set to be explored. As a result, the lightweight gear design space exploration
process is fully automated. Moreover, HEEDS allows for aborting prematurely, pausing and
restarting the optimization, or even extending it by launching a set of additional evaluations
in case the analyst deems it necessary.

5. Application Case

In this section, the previously described optimization workflow and tools are applied
to an industrially relevant use case: the optimization of the gear body of a helical gear pair.

5.1. Use-Case Description

In order to illustrate the application of the proposed methodology, we considered
a multiobjective design of the gear pair starting from a reference or initial design. The
baseline gear pair was formed by two identical gears, a driver and a driven one, and the
geometrical properties are summarized in Table 1.

Table 1. Gears design specifications.

Parameter Name Baseline Gears
Teeth number 40
Normal module (m) 2.5mm

Normal pressure angle 20 deg
Helical angle 10 deg
Tooth width 20 mm
Addendum 1

Dedendum 1.25
Working center distance 101.6 mm
Rim width -
Web thickness 20 mm

As depicted in Figure 6, the optimal design was limited to the driven gear while
keeping the other fixed at its baseline geometry.
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Input
speed

Driver gear

Resistant
torque

.

Drinven gear

Figure 6. CAD model of the considered lightweight gear transmission: the multiobjective design op-
timization was formulated by removing material from the body of the driven gear while maintaining
the driving one in its full configuration.

As illustrated in Figure 7, the driven gear was parameterized enabling the mass
reduction considering only two geometrical decision variables: the Rim length and the
Web thickness. For a given combination of the design variables, HEEDS orchestrates the
evaluation of the objective functions by executing the evaluation pipeline described in
Section 4.

i,

Figure 7. Lightweight gear’s geometry, parametrically controlled by varying two decision variables:
rim length and web thickness.

Therefore, the automated design-exploration process first obtains an updated CAD
model and then the corresponding FE model of the driven gear, as depicted in Figure 8. As
described above, the HEEDS | MDO proprietary multiobjective Pareto search algorithm si-
multaneously uses multiple search strategies to more effectively explore the Pareto front. Its
superior efficiency to that of other technique available in the literature was also documented
in [43]. Table 2 summarizes the interval ranges used for the reported study.
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Figure 8. FE model of the lightweight driven gear.

Table 2. Design variables ranges.

Decision Variable Min Max Baseline
Web thickness (mm) 5 20 20
Rim length (mm) 36.25 43.75 43.75

Additionally, the optimization problem was formulated to minimize the total mass of
the driven gear while reducing the peek-to-peek value of the TE under dynamic conditions
and for different levels of the transmitted torque.

To avoid convergence problems, the driver gear was enforced to reach the desired
speed value of 10 rpm by following a ramp of one-second duration (as illustrated in
Figure 9) while applying a specific resistant torque to the driven gear. The ramp also allows
for simulating a more realistic scenario representing a motor from which the torque is
taken and gradually transmitted to the gear through a clutch or simply the time required to
overcome the system’s inertia.

A

N S O
]
T

Speed [rpm|

Time [s]
Figure 9. Angular velocity profile assigned to driver gear.

5.2. Optimization Results

Figure 10 shows the results obtained using the methodology under investigation for
three levels of the driving torque: 50, 100, and 200 nm. As expected, increasing the torque
had a direct and proportional impact on the PtP value of the TE. For each analyzed level
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of torque, we could observe two clusters of solutions. The first cluster contained all those
solutions starting from the baseline and moving in the direction of reducing the mass while
mildly compromising PtP performance: in this cluster, the two conflicting design goals
were reflected in a typical hyperbolic trend. Interestingly, a second cluster of solutions
appeared when looking at the leftmost side of the chart. Below 0.9 kg of mass, different
hyperbolic branches dominated the Pareto front, featuring the possibility of substantially
improving PtP performance while also reducing the mass of the gear.

2r .
(O Baseline . ol () Baseline 4.5¢ (O Baseline
Explored Designs . Explored Designs Explored Designs
Pareto Front Pareto Front 4t Pareto Front
15} x PF-A ¥t PFA I PF-A
_ > FPFB z 2r Y¢ PE-B T35 ¥ PFB
E
3 = BRI = .
£ 1t . ) . . sl f"-.., AR & 3 Wt
A SR . W sy e,
M B . 25 Tt
0.5¢ 1L
2+
0.6 08 12 0.6 0.8 1 12 0.6 1 12
Mass [Kg] Mass [Kg] Mass [Kg]
(@) (b) (©)
Figure 10. PtP vs. mass trend for different values of torque: (a) 50 nm; (b) 100 nm; (c) 200 nm.

The results of MOP analysis are summarized in Table 3. From each Pareto front, two
extreme solutions were extracted for further analysis: solutions PF-A, which were selected
as the best compromise along the Pareto Front, and solutions PF-B were selected as the best
PtP solution; thus, they are at the bottom corner of each Pareto front.

Table 3. Optimal design Results.
Design Parameters Design Goals
Web Rim Mass PtP
Thickness Length ke) % 50 nm 100 nm 200 nm
(mm) (mm) 8 Y m) %) wm) %) wm) (%)
Baseline 20 43.75 1.205 0.75 1.35 2.54

PF-A 6.04 43.75 0.691 —42.7%  0.61. —19.0% 1.09 —19.1% 2.14 —15.7%
PE-B 5.60 40 0780  —-353%  0.53 —29.3% 099 —26.3%  1.84 —27.6%

The computational time required for the optimization of the gear pair ranged between
54.75 h for the 100 nm case and 69.95 h for the 200 nm case, with an average computational
time per evaluated design of 10.84 and 13.94 min, respectively. The computational overhead
of executing HEEDS proved to be minimal compared to the complexity of the simulation
software used for the evaluation of the objective function. All examples were computed
using a commodity laptop featuring an Intel Core i7-h and 12 GB RAM.

6. Conclusions

Fueled by recent advances in the field of FE-based contact analysis, this paper ex-
tended the usage of modern design exploration software to the field of lightweight gear
transmissions. The envisioned methodology was built on top of existing state-of-the-art
commercial solutions. HEEDS and its patented SHERPA multiobjective search algorithms
were used to efficiently explore the Pareto front in case of multiobjective design space
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exploration problems. Simcenter 3D, comprising the FE-preprocessor and the Transmission
Builder functionalities, was used because its hybrid FE-analytical approach offers the
best-in-class numerical efficiency in terms of gear contact problem simulations. As part of
this study, ad hoc procedures were developed to eliminate human intervention from the
evaluation pipeline, leading to a fully automated evaluation process.

The proposed methodology was tested by considering the multiobjective design space
exploration of helical gear transmission. Three levels of torque were also used to analyze
the impact of the loading conditions on the obtained results. For each subcase, a Pareto
front appeared at the bottom-left corner of each chart, featuring the hyperbolic shape typical
of competing goals scenarios.

As summarized in Table 3, solutions PF-A and PF-B extracted from each of the Pareto
fronts, corresponded to realizations of the same design parameters, suggesting that the
optimal results obtained for one torque level were robust enough to maintain optimality
within the considered torque variations. Further investigations are required to assess the
validity of such findings on a more methodological level.

Future works will further expand the proposed approach by considering different
types of lightweight gears, eventually combining micro- and macrogeometrical parameters
with topological choice variables, such as the type and number of holes in the gear body.
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