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Abstract - The structural sustainability of multi-stage helical gearboxes is largely influenced by casing geometry, material 

stiffness, and dynamic excitation effects. Premature structural deterioration may occur due to resonant stress amplification and 

excessive deformation induced by harmonic gear–mesh excitations under severe operating conditions. A methodological 

framework for predictive validation and geometry-driven vibro-structural optimization of three-stage helical transmission 

casings under harmonic excitation is presented. Three geometric configurations - Rectangular Top And Bottom (RTRB), Curved 

Top And Rectangular Bottom (CTRB), and curved top and curved bottom (CTCB) with casing thicknesses of 5, 7, and 9 mm and 

materials of Structural Steel A36 (S.S.A36), AISI 1050 High Carbon Steel (AISI 1050 H.C.S.), and Al–Ti–SiC Metal Matrix 

Composites (Al–Ti–SiC M.M.C.) are studied. Through finite element-based modal and harmonic response analyses, natural 

frequency shifts, total deformation, and equivalent von Mises stress are examined. Geometry alteration notably changes modal 

stiffness and resonance separation margin. Overall, the CTRB with 9 mm S.S.A36 shows the best dynamic behavior, reducing 

total deformation and equivalent stress by about 97.2% and 80.3%, respectively, compared to the 5 mm RTRB under the same 

harmonic load. Upon validation, Taguchi L27 DOE quantifies the effect of geometry, thickness, and material properties, while 

regression and ANN predict responses within the design space and at intermediate thicknesses (5.5–8.5 mm). Regression 

exhibited lower deviation (11–16% and 12–16%) than ANN (17–24% and 15–32%). The integrated computational–statistical 

framework provides a systematic approach for geometry-driven optimization under harmonic excitation, improving vibration 

resistance and structural integrity of high-torque transmission systems. 

 

Keywords - Geometry-driven optimization, Harmonic response, Predictive modeling, Taguchi method, Vibro-structural analysis. 

 

1. Introduction 
During operation, three-stage helical gearbox housings 

are dynamically excited due to periodic gear mesh forces, 

shaft rotation, and varying torque inputs. Such dynamic 

loadings, if harmonic, can combine with the natural modes of 

the casing to cause resonance amplification of stresses and 

deflections, potentially compromising the structural integrity 

and lifespan of the casing. Although multistage gearboxes are 

widely used for industrial and heavy-duty applications, the 

dynamics and resonance-sensitive vibro-structural response of 

multistage gearbox housings under harmonic loadings have 

not been systematically studied, particularly in relation to 

geometry-induced stiffness variations and their predictive 

modeling.  

 

The housing for the gearbox is also important in ensuring 

correct alignment of the shafts and bearings under operating 

loads, and if the structure is flexible, it can result in misaligned 

transmissions, greater vibration and premature component 

failure. Gearbox housings are often subjected to cyclic 

excitation over extended periods of time, impact loads and 

varying torques in industrial applications like conveyors, 

process plants, mining equipment and cranes. So it is 

paramount that all aspects of the dynamics between geometry 

of the housing, its structural stiffness and the harmonic loading 

conditions are thoroughly understood, to ensure safe and 

reliable operation. Recent development of computational 

structural dynamics, high-performance finite element analysis 

and material engineering has enabled more sophisticated 

housing configurations to be considered. Such advances have 

made it desirable to pursue and challenge the traditional 

“static” design paradigm and to include resonance-sensitive 

performance as a key design criterion. Additionally, new 

opportunities have arisen for improving vibration suppression 

while minimizing structural mass through the use of improved 

lightweight materials and advanced composite systems. As a 

result, the study of gearbox casing optimization is emerging as 

an important research field to improve the mechanical 
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performance and long-term application of modern power 

transmission systems by optimizing the geometry and material 

of gearbox casings. 

 

Furthermore, a few review studies have highlighted that 

not only gear mesh excitations, but also the stiffness and 

damping properties of the gearbox housing play an important 

role in gearbox vibration and structural response, influencing 

the dynamic transmission of forces and the resulting resonance 

behaviour. Recent studies on gearbox diagnostics, structural 

dynamics and noise control have additionally stressed the 

necessity of integrated studies where the geometry, material 

and thickness effects in gearbox housing design are all taken 

into account.  

In the same context of static design optimisation and 

enhancing the efficiency of gear trains, Golabi et al. 

investigated most influential design variables to minimize the 

volume of a gearbox using numerical optimisation techniques 

[1]. Hofstetter et al. extended their multi-objective design 

optimisation methodology to the design of electric 

powertrains [2]. Maputi & Arora and Thompson et al. utilised 

analytical and evolutionary design algorithms to optimise the 

geometry and weight of multistage transmissions [3, 4]. Other 

researchers have also applied genetic algorithms, particle 

swarm optimization and topology optimization techniques to 

improve transmission efficiency, reduce weight and enhance 

load-carrying capacity. These studies all confirmed the need 

to optimize gearbox, but most of these studies were conducted 

with regard to dimensions of gear trains and static mechanical 

requirements. However, all these works concern only the 

geometric sizing and static performance of the gear trains, 

without any specific study of the casings exciting dynamically. 
 

Most computational studies focused on the assessment of 

equivalent von mises stress fields and deformation under 

static loading conditions, with some of the computed results 

on vibration responses at the sub-system level [5]. The FEM 

have been widely used to determine stress concentration, 

deformation, fatigue life and structural integrity of gear box 

housing under static and quasi-static loading conditions. 

Experimental modal testing and operational vibration 

measurements have also been reported to validate the 

numerical models and to find the critical frequencies relating 

to resonance and excessive vibration. Liao et al. studied the 

dynamic responses of gear systems in axial mesh force 

components of gear pairs; with the conclusion that vibration is 

a significant source of excitation [6].  Wang and Li also 

studied the dynamic response of gears due to periodic surface 

waviness deviation, signifying importance of such dynamic 

effects [7]. It has also been demonstrated in a structural–

acoustic coupled optimization of a gearbox housing that 

geometric changes play a significant role in the resulting noise 

and vibration radiation of the housing, strongly demonstrating 

the need to consider dynamics in housing design based on the 

geometry [8-11]. Nonlinear dynamic approaches, such as 

improved harmonic balance methods, have also been applied 

to gear systems to determine the frequency-dependent 

vibration response [12]. These studies show some progress in 

understanding dynamics, but currently, a comprehensive study 

of how changes in geometry affect the modal results and 

subsequent harmonic stress response of the gearbox housing 

is missing [13, 14]. 

 

On top of that, there exists a paucity of studies that 

incorporate statistical design alongside predictive modeling 

under dynamic loads [15-18]. While Taguchi design of 

experiment has gained widespread use to identify influential 

parameters and improve design responses, regression and 

machine learning models such as Artificial Neural Networks 

(ANN) have not been compared to predict intermediate 

responses of the structure in a stiffness-related domain during 

the optimization of gearbox housing [19-23].  

 

In recent years, techniques such as surrogate modelling, 

response surface methods, support vector regression, random 

forest methods and artificial neural networks have been 

proven to be very effective in reducing the computational cost 

maintaining relatively high prediction accuracy, in the field of 

mechanical system optimization. Although there is some 

comparative validation for these predictive methods, for 

gearbox housing structures excited by harmonics, the 

available data is still rather scarce, particularly for a limited 

number of design combinations. Such predictive validation in 

a limited design space is essential for making informed design 

decisions when numerical or experimental results are very 

limited [24-27]. 

 

The discussion above demonstrates that the following key 

research gaps have not been adequately addressed in the 

existing literature: 

 The absence of systematic geometry-based investigations 

that concentrate on harmonic dynamic behaviour of 

multi-stage gearbox casings. 

 Limited integration of modal analysis with harmonic 

response to evaluate resonance-sensitive structural 

performance. 

 Lack of comparative predictive validation systems which 

unite statistical design of experiments with machine 

learning methods within a constrained design space. 

 Limited investigation of the redistribution of geometry-

induced stiffness and how it affects dynamic stability and 

vibration suppression. 

 Only a few comparative studies about conventional steels 

and advanced metal matrix composites with harmonic 

excitation conditions have been performed for gearbox 

casing applications. 

 Lack of discussion of optimized gearbox casing 

configurations for industrial application and reliability 

assessment and uncertainty interpretation.
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To address these research gaps, the present study 

develops a geometry-driven vibro-structural optimization 

framework for three-stage helical gearbox casing subjected to 

harmonic excitation. Three casing profiles, namely 

Rectangular Top And Rectangular Bottom (RTRB), Curved 

Top And Rectangular Bottom (CTRB), and Curved Top And 

Curved Bottom (CTCB), are investigated under varying 

thicknesses (5, 7, and 9 mm) and material combinations 

including Structural Steel A36, AISI 1050 High Carbon Steel, 

and Al–Ti–SiC Metal Matrix Composites. 

 

The proposed study combines modal and harmonic 

response analyses, Taguchi optimization design, regression-

based predictive modeling, and ANN-assisted validation of 

the interpolation results into a unified numerical framework. 

The effects of curvature assisted with redistribution of local 

stiffness on mode separation, deformation associated with 

resonance, and stress due to amplification are presented. The 

novelty of the current work is the development of a geometry-

driven vibro-structural optimization framework which 

establishes a direct relationship between casing geometry, 

redistribution of stiffness, modal characteristics and harmonic 

response. 

In addition, predictive validation, comparative validation 

of regression & Artificial Neural Network (ANN) models, 

predictive reliability of stiffness-dominated structural 

systems, uncertainty interpretation, & industrial application 

implications are included to increase the utility of the 

proposed optimized casing structure for high torque 

transmitting gearbox systems. 

The contributions of this research include: 

 A vibro-structural optimization methodology based on 

geometry that has not yet been presented in the literature 

with particular emphasis on harmonic excitation 

performance rather than static stress in helical gearbox 

casings of a three-stage system. 

 The introduction of CTRB and CTCB casing profiles as 

examples of curvature assisted redistribution of local 

stiffness to explore resonance sensitive mode separation 

and reduction of harmonic amplification. 

 The application of a unified computational-statistical 

framework that comprises modal analysis, harmonic 

response analysis, Taguchi design of experiment, 

regression modeling, and ANN-based predictions. 

 Evaluation of the dynamic mechanical behavior for 

conventional steels as well as advanced Al–Ti–SiC metal 

matrix composites for dynamic applications that are 

predominantly stiffness dependent. 

 Interpolation for intermediate thickness values based on 

the regression results and ANN predictions were further 

validated with finite element results. 

 Consideration concept of uncertainty interpretation, 

industrial applicability with respect to manufacturing 

aspects, reliability throughout the system lifecycle, and 

digital twin validation strategy. 

 Benchmarking the proposed methodology against state-

of-the-art approaches discussed in recent literature, 

highlighting better dynamic mechanical behavior in the 

area of vibration and resonance control. 

 

2. Gearbox Geometry and Design Variables 
2.1. Baseline Gearbox Configuration 

The three-stage helical gearbox with high torque 

industrial power transmission capability is investigated. The 

gear train comprises three stages of helical gears configured to 

provide desired speed reduction ratio while optimizing 

compactness and load distribution. The gear parameters 

provided by gearbox manufacturing company such as 

modules, pressure angles, helix angles, number of teeth, and 

shafts center distance are kept invariant throughout the study 

to focus on the effect of the casing design parameters on the 

structural behavior. Table 1 summarizes the geometric 

parameters of the helical gears utilized in all configurations, 

as provided by leading gear manufacturing company Real 

Technocast Limited, Rajkot [38]. 

 
Table 1. Helical gear design specifications for existing and modified models [38] 

Terminology Gear I Gear II Gear III Gear IV Gear V Gear VI 
Module (mm) 2 2 2 2 2 2 

Helix Angle (degree) 15° 15° 15° 15° 15° 15° 
Pressure Angle (degree) 20° 20° 20° 20° 20° 20° 

Rake Angle (degree) 6° 12° 7.2° 14.4° 9° 17.14° 
Teeth Number 60 30 50 25 40 20 

Pitch Diameter (mm) 120 60 100 50 80 40 
Outside Diameter (mm) 124 64 104 54 84 44 

The gearbox housing encompasses gear–shaft system and 

constitutes the main load-bearing component countering the 

static and dynamic loads transmitted from the meshing gears. 

During the operation, dynamic excitation generated by the 

rotating shaft gets transmitted to the housing via the bearing 

support, leading to a distributed loading of the structure.  

 

The baseline model (Figure 1) of the casing is a 

Rectangular Top and Rectangular Bottom (RTRB) with a 

uniform rib & cover thickness 5 mm and material S.S.A36, 

which is considered as a reference for all comparison studies. 

The operating input speed and transmitted torque for each 

shaft stage, defining the harmonic excitation and load transfer 

conditions, are summarized in Table 2. 
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Table 2. Summary of each shafts speed and torques [38] 

Shaft Speed (rpm) Torque (Nm) 

Input shaft (S1) 1400 3.41 

Shaft II (S2) 700 6.82 

Shaft III (S3) 350 13.64 

Output shaft (S4) 175 27.29 

 

2.2. Geometry Modifications of the Casing Profile 

In order to study geometry-driven stiffness redistribution, 

two additional casing configurations were obtained by 

introducing controlled curvature modifications to the housing 

profile: 

 Curved Top and Rectangular Bottom (CTRB) 

 Curved Top and Curved Bottom (CTCB) 

 

For the CTRB, the top of the casing is converted into a 

continuously curved shape while maintaining the rectangular 

shape at the bottom. This results in a different bending 

stiffness distribution along the top panel and a different load 

transfer path between the bearing seats and the casing walls. 

 

In the CTCB case, curvature is introduced on the top as 

well as the bottom surface of the housing. The fully curved 

profile may have an impact on sectional rigidity and 

continuity, which could affect the spacing of modal 

frequencies and resonance behavior. 

 

No changes were made to the internal gear profile or shaft 

center lines in order to isolate any differences in structural 

response that result solely from changes to the casing profile. 

The curvature radius was selected to maintain 

manufacturability while ensuring measurable stiffness 

redistribution. 

Fig. 1 Existing and modified casing configurations: (a) RTRB profile, 

(b) CTRB profile, and (c) CTCB profile with rib and cover assembly 

(cross-sectional views) 

The intent behind employing curvature is not merely for 

aesthetic embellishment but rather for the structural provision 

of varying bending stiffness. A curved panel possesses a 

greater out-of-plane bending stiffness than a flat plate, thereby 

redirecting the paths of loading and promoting favourable 

stress flow characteristics [39-41].  

 

This subtle change in geometry can impact the spacing of 

modal frequencies and hence the tendency of harmonic 

amplification by altering the stiffness distribution pattern 

across the casing walls. The studies on rib-stiffened and 

optimally designed gearbox housing also confirmed that a 

geometrical manipulation can be effectively employed to 

reduce the deformation without compromising the structural 

efficiency [42]. On the downside, excessive curvatures or 

sharp curvature changes can potentially lead to local stress 

concentration zones under certain thickness and material 

conditions which need to be identified carefully [43, 44]. 

 

2.3. Thickness and Material Parameters 

2.3.1. Thickness Level 

In order to study the effect of the thickness of the sections, 

three different values were considered: 

 5 mm (baseline thickness) 

 7 mm (intermediate size) 

 9 mm (maximum evaluated thickness) 

 

These thicknesses were chosen to cover a range of values 

typical in industry and to provide a sufficient range of 

stiffnesses to conduct modal and harmonic analyses. The 

5 mm thickness is typical in industry for medium duty gearbox 

cases due to ease of manufacturing, cost, and adequacy under 

nominal loads [45].  

 

However, at lower thicknesses, finite element analysis 

and field studies indicate increased deformation, stress, and 

vibration [46]. Thicknesses below 5 mm exhibit reduced 

fatigue strength, manufacturability tolerance, higher dynamic 

amplification [47]. 

 

The 7 mm is considered a medium stiffness. Increasing 

thickness will not only increase the bending stiffness (∝ t3) but 

also change the mass of the structure, which affects the natural 

frequencies and the dynamic behavior [48]. This intermediate 

stiffness allows investigating how far from the gear-mesh 

excitation frequencies the resonance is located. 

 

The 9 mm thickness was chosen as it provides a higher 

global rigidity leading to less deformation, without excessive 

weight or cost. Increased stiffness is beneficial in attaining 

improved vibration isolation & structural stability under 

harmonic loads [49, 50]. Further increasing beyond a 9 mm 

thickness may lead to disproportionate escalation in the 

weight and manufacturing cost without any significant 

improvement in structural or vibrational performance [51]. 
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It also facilitates interpolation-based predictive validation 

at intermediate thicknesses (5.5–8.5 mm) for the regression 

and ANN models within this design space. 

 

2.3.2. Material Selection 

Three typical materials employed in gearbox housings 

were taken into consideration: 

 Structural Steel A36 

 AISI 1050 High Carbon Steel 

 Al-Ti-SiC Metal Matrix Composites 

Selection of the materials was mainly based on stiffness-

to-weight ratio, yield strength and possible application within 

industry. The steel grades ensure high stiffness and strength of 

the structure, whereas the metal matrix composite materials 

ensure a lower density and a potential weight saving [52]. 

 

The mechanical properties used in the finite element 

simulations are summarized in Table 3 as follows:
 

Table 3. Mechanical properties of selected materials [38, 46-49] 

 

Material 

Elastic 

Modulus (E) 
[GPa] 

 

Poisson’s 

Ratio (ν) 

Density (ρ) 

[kg/m³] 

Yield Strength 

[MPa] 

Structural Steel A36 

[CONVENTIONAL 
MATERIAL] 

 

200 

 

0.26 

 

7200 

 

250 

AISI 1050 High 
Carbon Steel 

[HIGH STRENGTH 
MATERIAL] 

 

207 

 

0.29 

 

7850 

 

375 

Al–Ti–SiC Metal 

Matrix Composites 

[ADVANCED LIGHT 

WEIGHT 
MATERIAL] 

 

 

200 

 

 

0.35 

 

 

5000 

 

 

325 

 
Fig. 2 Research methodology framework for geometry-driven vibro-

structural optimization and predictive validation 

 

2.3.3. Design Space Definition 

Three geometries with three thicknesses and three 

materials create 27 designs that constitute the Taguchi L27 

DOE experimental matrix for optimization or statistical 

experiments. It is important to highlight that the phrase 

geometry optimization in this study means limited 

optimization of the curvature of the profile and the thickness 

of sections of the casing since the change of materials is 

treated as a coupled parameter of the geometry from a stiffness 

point of view. 

 

This designed space allows for examining the mode 

shapes, harmonic distortion, stress concentration behavior, 

and accuracy of the prediction, respectively. 

 

3. Research Methodology 
3.1. Methodological Framework 

In current study, a geometry-driven computational–

statistical modeling approach is implemented to investigate 

the vibro-structural performance and search for an optimal 

design of a three-stage helical gearbox casing subjected to 

harmonic loading. This approach combines finite element-

based dynamic analysis with statistical design of experiment 

and modeling techniques to find an optimal design solution 

from a limited design region. 

 

The presented work as shown in Figure 2 comprises 

three stages of analysis: (i) modal and harmonic analysis to 

understand the structural dynamics; (ii) Taguchi L27 design to 

comprehend effect of different parameters statistically; and 

(iii) Regression analysis & ANN model for prediction and 

verification. 
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The design matrix of 27 cases evaluated in this study are 

based on all combinations of geometric profile (RTRB, CTRB 

and CTCB), thickness (5, 7 and 9 mm) and material (S.S.A36, 

AISI 1050 H.C.S. and Al–Si–TiC M.M.C.). 

 

3.2. Finite Element Modelling 

The 3D CAD models of the gearbox housing were 

imported into the finite element model without any changes in 

the position of the shafts and bearings or the load transfer 

contacts, so that any differences in the structural response can 

be attributed only to changes in the profile, thickness or 

material of the housing. 

 

3.2.1. Discretization Strategy 

The gearbox casing, together with the associated gears, 

shafts, and bearings, was discretized using second-order 

tetrahedral solid elements, to properly capture curvature-

induced stress gradients and localized deformation behavior. 

A uniform global element size of 5 mm was used for all design 

cases after carrying out convergence studies to ensure 

numerical consistency. The finite element discretization of 

RTRB, CTRB, and CTCB configurations are illustrated in 

Figure 3. 

Fig. 3 Finite element discretization of gearbox casing configurations: 

(a) RTRB, (b) CTRB, and (c) CTCB models illustrating consistent 

tetrahedral meshing with localized refinement 

 

Local mesh refinement was applied at the critical stress 

regions such as fillets, bolt holes, intersection of ribs, bearing 

housings and shaft–gear interface regions where stress 

concentration is expected. This helped in capturing the shape 

irregularities without costing more computational time. 

 

The foundation block was modeled using structured 

hexahedral elements to reduce numerical distortion and 

provide a more accurate representation of the stiffer behavior 

under fixed support conditions. Before conducting the 

simulations for the different configurations, a mesh 

convergence study was performed for the base configuration 

(RTRB, 5 mm thickness, Structural Steel A36) to determine 

the element type and size for numerical stability and 

convergence of the results.  

 

The mesh was considered converged when the peak 

stresses and peak deformations varied by less than 2% 

between subsequent mesh refinements. After obtaining a 

converged mesh for the base configuration simulation, the 

element type, the global element size (5 mm), and the local 

refinement pattern were kept constant for the simulations of 

all variations of the design parameters. This was done to 

ensure the same numerical conditions and avoid any mesh-

induced comparisons between the designs. 

 

3.2.2. Boundary Conditions and Load Transfer Modeling 

The casing of the gearbox was assumed to be foot-

mounted and fixed to the foundation. All degrees of freedom 

at the mounting points were fixed, simulating a rigid 

attachment to the base. The applied moments and the 

boundary and loading conditions simulating the rotation of the 

gear with the corresponding transmitted vibrations are shown 

in Figure 4. 

 

The dynamic excitation was applied in the form of 

rotational moments and forces acting along the shaft 

centerlines at the mesh nodes. The loads were applied on the 

bearings to simulate the transmission of the load torque and 

mesh vibration from the gear meshes to the housing. The 

amplitude and frequency band of the excitation were the same 

for all the configurations for comparison purposes. 

 

The load transfer between the gears, shafts, bearings and 

casing is modeled using interactions J1–J13 which allow 

capturing the real connectivity between these elements in the 

three-stage gearbox. This defines how the forces are 

transmitted and the internal coupling of the stiffnesses of the 

structure (Figure 5). 

This ensures that torque flow, vibration flow and stiffness 

induced dynamics are accurately captured in the gearbox 

assembly. 

 

 
Fig. 4 Applied rotational moments and combined boundary/loading 

conditions [38] 

 

 

 

 
 

(a) 

 

 

 

 

(b) 

 

 

 

 
 

(c) 
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Fig. 5 Defined interactions joints for load transfer in three stage helical 

gearbox assembly 
 

3.3. Dynamic Analysis Procedures 

The dynamic behavior of the gearbox housing is 

evaluated by modal and harmonic analyses. Modal analysis is 

performed to determine the natural frequencies and 

corresponding mode shapes to capture the stiffness-dominant 

dynamic characteristics of the structure.  

 

The extracted natural frequencies define operational 

excitation band considered in the harmonic response analysis, 

which is conducted to identify the resonance-sensitive 

deformation and equivalent stress under gear-mesh excitation. 

 

3.3.1. Modal Analysis 

Natural frequencies and mode shapes under free vibration 

conditions were extracted for all 27 design cases. Six global 

modes were extracted in the range of about 0–4200 Hz of 

vibration to cover all bands of excitations that may be 

structurally significant. 

 

The modal deformation shown corresponds to the 

normalized mode shapes obtained from eigenvalue solution 

and does not represent an actual physical displacement under 

external loading. 

 

The upper frequency limit was chosen based on the 

excitation frequencies generated by the drivetrain. The 

gearbox is driven by a 1400 rpm (23 Hz) 500 HP induction 

motor.  

 

Considering the number of gear teeth in each subsequent 

stage, the gear mesh frequencies and their harmonics cover a 

bandwidth up to approximately 4200 Hz. Hence, the range of 

the extracted modes covers the motor rotational frequency, the 

gear mesh frequencies, and the dominant harmonics of these 

frequencies affecting the casing vibration. 

 

Typical modal results for the baseline configuration are 

shown in Figures 6–7. 

 
Fig. 6 First bending-dominated mode shape (945.29 Hz) of the baseline 

RTRB casing (S.S.A36, 5 mm) 

 
Fig. 7 Higher-order bending–torsional mode shape (2094.20 Hz) of 

baseline RTRB casing (S.S.A36, 5 mm) 

 

By performing modal analysis on each configuration, the 

natural frequencies and mode shapes of the gearbox housing 

under free vibration were extracted, reflecting the stiffness-

controlled dynamic characteristics of the structure. However, 

modal analysis alone does not quantify the structural response 

under operational excitation. Since the gearbox is 

predominantly subjected to periodic gear-mesh forces, 

harmonic response analysis was conducted to evaluate the 

resonance-sensitive deformation and equivalent stress within 

the operational frequency band. This enables direct 

assessment of dynamic amplification when excitation 

frequencies approach the extracted natural modes [53, 54]. 

 

3.3.2. Harmonic Analysis 

To investigate the response of the gearbox casing to the 

periodic excitations induced by gear mesh frequencies 

(GMFs) as the dominant vibration source in the three-stage 

helical gear system, a harmonic response analysis was defined 

in the FE model. The excitation frequencies are calculated as 

the number of gear teeth multiplied by the motor rotational 

frequency (1400 rpm ~ 23 Hz). Therefore, the GMFs of the 

first, second, and third stages were approximately 1380 Hz, 

1150 Hz, and 920 Hz, respectively. Since the 2 × and 3 × 

multiples of these frequencies were also exciting, the effective 

excitation frequencies extended to about 4200 Hz. 
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When the excitation frequencies match with the natural 

frequencies obtained from the modal analysis, resonance will 

occur, potentially resulting in higher stress amplitudes and 

deformations [55-57]. Compared to modal analysis, which 

yields the inherent frequencies of the structure, the harmonic 

analysis enables evaluation of resonance characteristics, 

dynamic amplification, & stability behavior at specific 

frequencies [58]. 

 

This analysis was carried out for all 27 designs (three 

geometries × three thicknesses × three materials) to evaluate 

the effect of geometry, material and thickness variation on 

their dynamic response. Typical harmonic responses for the 

base design are shown in Figures 8 and 9 respectively. 

 

 
Fig. 8 Harmonic response showing total deformation of the baseline 

RTRB casing (S.S.A36, 5 mm) 

 

 
Fig. 9 Harmonic response showing equivalent von Mises stress 

distribution in the baseline RTRB casing (S.S.A36, 5 mm) 

 

From these analyses, it was observed that casing profile 

geometry, casing thickness and casing material have a 

significant impact on the dynamic stability and resonance 

sensitive behavior of the gearbox housing. 

 

3.4. Statistical Optimization and Predictive Modeling 

Framework 

In order to achieve a systematic optimization of the 

designed gearbox casing, a hybrid Taguchi-Regression-

Artificial Neural Network (ANN) approach was implemented 

in order to minimize the equivalent stress and deformation, 

while sustaining the structure in a stable condition under 

excitations. 

An L27 orthogonal array was utilized to investigate the 

effects of three design parameters, including casing shape, rib 

and cover thickness and material grade, each having three 

levels of variation. Maximum harmonic deformation and 

maximum equivalent von Mises stress values obtained from 

finite element simulations were taken as responses. A smaller-

the-better characteristic was assumed, and Signal-To-Noise 

(S/N) ratios were analyzed along with ANOVA analysis to 

find the significance of each parameter and the optimum 

parameter setting from the investigated design space. 

 
Regression modeling and ANN were performed using the 

27 simulations to enable interpolation and predictive 

evaluation in the discrete design matrix. A multivariate 

regression model was constructed to fit functional 

relationships between input parameters and response 

variables. A feedforward ANN was used to model any 

nonlinear relationships between design variables. The results 

on these validation cases, corresponding to intermediate 

thicknesses of 5.5, 6.0, 6.5, 7.5, 8.0 and 8.5 mm allowed us to 

evaluate the model’s performance and their predictive 

stability. A comparison of the deviation of the regression and 

ANN results from the finite element results revealed which of 

these models provided the most reliable predictions in this 

stiffness-dominated dynamic regime. 

 

4. Results and Discussion 
4.1. Design Space Evaluation and Shortlisting Strategy 

Twenty-seven casing models were generated by 

combining three different casing geometries (RTRB, CTRB, 

and CTCB), three casing thickness levels (5, 7 and 9 mm) and 

three casing materials (Structural Steel A36, AISI 1050 HCS 

and Al–Ti–SiC MMC). All casing models have been meshed, 

constrained and excited in the same way to enable direct 

comparison with each other. 

 
A more focused interpretation was achieved by narrowing 

the design space using dynamic performance measures. For 

each geometry, we evaluated the nine thickness–material 

combinations in terms of their modal frequency spacing from 

the gear mesh excitation bands, and harmonic equivalent peak 

stress. Since the harmonic response amplification is a direct 

measure of susceptibility to resonance, we used the peak 

harmonic stress as the primary metric for ranking designs. 

These performance measures were converted to a normalized 

scale to facilitate an unbiased comparison of responses having 

different magnitudes.  

 
Considering those improvements that were uniform in 

modal separation and harmonic suppression, the twenty-seven 

original cases were reduced to nine geometry-wise best 

designs. These designs were then compared to the industrial 

benchmark (RTRB, 5 mm, A36) to find the most dynamically 

stable casing configuration. The combined results are 

presented in Table 4. 
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4.2. Influence of Thickness on Dynamic Behavior 

The increase of thickness from 5 mm to 9 mm resulted in 

shifts of the natural frequencies to higher values for all 

geometries, which was consistent with the scaling of stiffness 

with thickness (D ∝ t³). However, the nature of stiffening 

varied significantly between profiles. 

 

For the RTRB, the fundamental frequency was 945.29 Hz 

at 5 mm and 1240.1 Hz at 9 mm, which showed a 31.2% 

improvement in the fundamental frequency when the 

thickness was increased from 5 mm to 9 mm. However, 

between 5 mm and 7 mm, the gain was not significant, and 

there was a sharp increase in frequency at 9 mm, which 

indicated that the flat-panel bending was suppressed only after 

reaching a certain threshold. 

 

In the case of the CTRB, progressive and stable modal 

stiffening was observed from 968.94 Hz to 1140.5 Hz to 

1275.8 Hz for the Mode-1 frequencies. This consistent 

frequency shift validated the curvature-assisted membrane 

load redistribution and improved modal spacing. 

 

The harmonic response provided the most pronounced 

and clear separation. In the RTRB, harmonic stress increased 

from 3.5147 MPa to 9.9441 MPa at 7 mm before decreasing 

to 4.9708 MPa at 9 mm, indicating partial resonance detuning. 

The CTRB showed excellent harmonic suppression with 

maximum stress reaching only 0.69203 MPa at 9 mm (80.3% 

reduction compared to the base case). The CTCB 

configuration exhibited pronounced resonance amplification 

with harmonic stress reaching as high as 137.45 MPa at 

7 mm about 39 times the base case, confirming modal 

crowding within the excitation bands. 

 

Hence, these results indicate that the increase in thickness 

alone is not sufficient to improve the dynamic stability, unless 

accompanied by a controlled redistribution of the geometric 

stiffness as in the case of a CTRB. 

 

4.3. Influence of Material on Dynamic Behavior 

The effect of material properties was minor within the 

measured frequency range as the response was dominated by 

stiffness. 

 

The variation in modal frequencies between S.S.A36 and 

AISI 1050 H.C.S. in the CTRB was around 2-4%, indicating 

that the modal frequencies were predominantly governed by 

the stiffness provided by the geometry. In the RTRB, the 

influence of the material was moderate at the thinner 

thicknesses and diminished as thickness increased and the 

stiffness from the geometry became predominant. For the 

CTCB, the small variations in frequencies due to the material 

did not improve the irregular spacing of the modal frequencies. 

 

Harmonic response analysis confirmed this observation. 

The lowest harmonic stress of all models was observed in the 

CTRB 9 mm S.S.A36 model (0.69203 MPa), but material 

substitution in the RTRB did not alleviate the amplification 

observed at the intermediate thickness. In the CTCB, 

pronounced spikes of harmonic stress were still present 

irrespective of material, indicating that resonance attributable 

to curvature cannot be mitigated simply by altering the 

modulus of elasticity. 

 

Thus, material effectiveness was conditional upon 

geometry-enabled modal detuning and became significant 

only when stiffness redistribution was structurally stable. This 

indicated that the influence of the material, within the dynamic 

bandwidth studied here, was inherently a function of thickness 

and is mediated by geometric stiffness pathways rather than 

simple changes in modulus. 

 

The consolidated comparison of all shortlisted models 

indicated that the dynamic stability was largely dependent on 

geometry-enabled stiffness redistribution rather than 

thickness or material alone. The CTRB cases showed a 

consistent pattern of improved modal separation with 

harmonic response compared to industrial reference cases. 

Although thickness increase enhanced stiffness characteristics 

in all geometries, only the CTRB geometry converted this into 

a consistent reduction in vibration amplitudes without creating 

resonance sensitivities. Material replacement alone could not 

be relied upon to ensure stability unless accompanied by 

suitable geometry and thickness. 

 

In comparison with the baseline RTRB 5 mm A36 model, 

the CTRB 9 mm A36 model produced the most balanced 

reduction of vibration-induced stresses and resonance 

amplification, while maintaining stable modal behavior. The 

RTRB required threshold stiffening to attain partial 

stabilization, and the CTCB suffered from curvature-driven 

amplification even with increased thicknesses. These findings 

suggest that optimal dynamic behavior is governed by 

coordinated selection of geometry and thickness rather than 

the independent tweaking of these parameters. 

 

Therefore, CTRB 9 mm S.S.A36 was chosen as the most 

dynamically stable CTRB shape from the design space 

investigated. The statistical validation of this selection was 

presented in next section using Taguchi–based optimization 

and predictive modeling. 

 

4.4. Statistical Optimization and Predictive Validation 

Based on the comparative finite element analysis and 

combined dynamic analysis, statistical optimization and 

predictive analysis were carried out to generalize and validate 

the observed trends. A Taguchi L27 orthogonal array was 

utilized to estimate the effect of three control factors, i.e., 

casing shape (RTRB, CTRB, CTCB), rib and cover thickness 

(5, 7, 9 mm), and material (S.S.A36, AISI 1050 H.C.S., Al–

Ti–SiC M.M.C.), on the two responses, i.e., minimum total 
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deformation (TD_Min) and minimum equivalent von Mises 

stress (ES_Min). Since both responses were minimum, the 

smaller-the-better S/N ratios were calculated. 

 

The consolidated S/N ratio results and regression 

statistics are presented in Table 5, reflecting the relative 

contribution ranking of geometry, thickness, and material for 

TD_Min and ES_Min. Geometry and thickness had 

predominant contributions, and the contribution of material 

was low.  

 

For ES_Min, the regression model did not include the 

material term after screening with ANOVA and checking for 

multicollinearity. During the statistical tests, the interaction 

terms with material had dependent variance with geometry 

and thickness, so these were automatically held out by Minitab 

to protect against unstable regression coefficients and variance 

inflation.  

 

The smaller model was still statistically significant (R2 > 

95%, p < 0.05), confirming that the equivalent stress 

response within the optimized design space was controlled 

by load flow through geometry and stiffening of the thickness. 

This statistical result confirms the observations from FEA, 

that the stress sensitivity was controlled by contouring of the 

casing and thickness, rather than material modulus alone. 

 

The main effects and interaction trends are shown in 

Figures 10–11, showing the main effects plot, interactions 

plots, and residual plots for S/N ratios. The main effects plot 

shown in Figure 12 indicated that the CTRB provides the 

highest (least negative) S/N ratios for both deformation and 

stress responses, indicating that it has the highest overall 

vibration resistance. Thickness showed consistent 

improvement trend with the highest S/N ratios obtained at 9 

mm thickness, as expected due to cubic scaling of the stiffness, 

with both 5 and 7 mm thicknesses showing considerably 

higher dynamic compliance. Material was the second varying 

parameter and S.S.A36 showed slightly better S/N ratios, 

because of its balanced stiffness–damping characteristics. 

 

Interaction plot (Figure 11) also confirmed that vibration 

resistance was largely influenced by geometry-thickness 

interaction. The combination of CTRB-9 mm resulted in the 

maximum S/N ratio verifying the synergistic stiffening effect 

phenomenon between curvature induced stiffening due to 

membrane action and wall thickness. On the other hand, the 

CTCB-7 mm showed a severe drop in the S/N ratio which 

corresponds with the curvature-transition sensitivity observed 

in the harmonic finite element simulation. These statistically 

significant and interpretable interactions confirm that 

optimum dynamical performance was a result of coordinated 

selection of parameters rather than isolated ones.

Table 5. Taguchi S/N response analysis and regression statistics for TD_Min and ES_Min 
 

Model Summary for S/N ratios Model Summary for ES_Min Model Summary for TD_Min 

S R-Sq R-Sq(adj) 
R-Sq 

(pred) 
S R-Sq 

R-Sq 

(adj) 

R-Sq 

(pred) 
S R-Sq 

R-Sq 

(adj) 
R-Sq (pred) 

3.8310 97.71% 92.55% 93.31% 17.7938 93.06% 89.98% 92.31% 
0.004397

6 
94.41% 83.67% 88.54% 

Response Table for Signal to Noise 

Ratios 

Regression Equation for 

ES_Min 
Regression Equation for TD_Min 

Smaller is better   

Level Shape Thickness Material 

ES–Min = – 4309 + 1373 T + 3624 

RS – 97.5 T2 – 739 RS2 – 1153 T x 

RS 

 

Where: T = Thickness & RS = 

Recorded Shape (RS was coded as 1 

= RTRB, 2 = CTRB, 3 = CTCB.) 

 

TD–Min = – 0.083 + 0.0514 T – 0.038 RS 

– 0.100 RM 

– 0.00428 T2 + 0.0107 RS2 + 0.0070 

RM2 – 0.0224 T x RS + 0.0132 T x RM 

+ 0.1658 RS x RM 

Where: T = Thickness, RS = Recorded 

Shape (RS was coded as 1 = RTRB, 2 = 

CTRB, 3 = CTCB) and RM = 

Recoded Material (1 = S.S.A36, 2 = AISI 

1050 H.C.S, 3 

= Al-Ti-SiC M.M.C) 
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Residual plots (Figure 12) confirm model adequacy and 

statistical consistency of the fitted model. The normal 

probability plot of the residual showed that residuals were 

approximately following a straight line, confirming that the 

normality assumption is satisfied.  

 

The plot of residuals against fitted values showed no 

discernible pattern indicating that there is no curvature or 

change in variance (heteroscedasticity). The plot of residual 

against order showed that the residuals fluctuate randomly 

around zero, indicating no drift or autocorrelation. These plots 

confirm that the Taguchi S/N data fulfilled the assumptions of 

ANOVA and can be used for ranking and optimizing process 

parameters with statistical confidence. 

As a basis for quantitative prediction, regression models 

were developed from the 27 Taguchi design points obtained 

from harmonic response analysis. The regression equations 

correlated the casing geometry, thickness and material with 

the response variables TD_Min and ES_Min.  

The two regression models showed high agreement with 

the finite element analysis results (R2 > 95%, p < 0.05), which 

allows them to be used for parametric prediction for the 5–9 mm 

thickness range considered here. A reduced quadratic regression 

model was reported for interpretability, while insignificant 

higher-order interaction terms were excluded based on ANOVA 

screening to avoid over-parameterization.

 

 
Fig. 10 Main effects plot of shape, materials and thickness on S/N ratios 
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Fig. 11 Interaction effects plot of shape, materials and thickness on S/N ratios 

 

Fig. 12 Residual diagnostics for S/N ratios normality & validation check 
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To further investigate the possibility of nonlinear vibro-

structural coupling, beyond the linear assumption of 

regression analysis, a feed-forward Artificial Neural Network 

(ANN) model was developed and trained from the harmonic 

response data of the 27 runs used in the regression model. The 

ANN model had one hidden layer with 15 neurons. Several 

different ANN models were examined, including 1 and 2 

hidden layers with 8, 10, 12, and 15 neurons in each layer. The 

hidden layers used a tangent sigmoid transfer function 

(tansig), and the output layer used a linear transfer function 

(purelin) to predict the deformation and stress outputs. The 

Levenberg–Marquardt backpropagation method (trainlm) was 

used for the ANN training, because it yielded better 

convergence performance than the Bayesian Regularization 

backpropagation (trainbr) and the Scaled Conjugate Gradient 

backpropagation (trainscg) algorithms. 

 

The input parameters (casing profile, thickness, and 

material) were one-hot encoded, and output responses were 

normalized to enhance numerical stability and achieve better 

convergence behavior. The data were split into training, 

validation, and testing datasets with 70%, 15%, and 15% ratio, 

respectively. Due to the limited dataset (27 harmonic FEA 

simulations), multiple ANN architectures with varying hidden 

neurons and training algorithms were evaluated to prevent 

over-parameterization.  

 

Networks with 8–15 neurons were examined, and the 

final configuration (15 neurons) was selected based on 

minimum validation MSE without overfitting, as verified 

from validation performance & stable convergence behavior. 

As the objective was interpolation within the bounded 5–9 mm 

stiffness-controlled design space rather than extrapolation, the 

ANN was employed as a nonlinear interpolation tool to 

capture geometry-thickness interaction effects. Independent 

simulations were conducted for each interpolated wall 

thickness using the same loading and boundary conditions. A 

comparison of the validation between regression, ANN, and 

FEA is given in Table 6 and Figure 13 respectively.

  

 

Fig. 13 Validation of regression and ANN predictions against FEA results for TD_Min and ES_Min (CTRB, S.S.A36, 9 mm) 
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For all six intermediate thicknesses, the regression 

predictions were numerically closer to the FEA results, 

exhibiting smaller deviation compared to ANN. The ANN 

prediction followed the same trend with slightly more 

deviation in the middle thickness. The slightly higher 

deviation for the ANN case was due to the small original 

dataset size and the stiffness dominated nature of the response 

in this region of the design space. In all cases, the trend is well 

captured with both approaches, which confirms the robustness 

of the predictions within the validated domain. 
 

Together, the statistical optimization and predictive 

validation confirmed the deterministic FEA results and the 

choice of the CTRB 9 mm S.S.A36 as the most dynamically 

stable casing configuration in the design space under 

consideration. 

5. Comparative Benchmarking 
       The present work evaluated the proposed optimization 

framework by benchmarking it against recent literature on 

gearbox housing optimization. Recent studies in the area 

mainly concentrated on static stress reduction, topology 

optimization, weight reduction, or simple vibration analysis 

without considering harmonic resonance sensitivity, and 

without implementing prediction validation and stiffness re-

distribution based on geometric design features [28, 29]. To 

measure efficiency of geometry-based vibro-structural 

optimization model, the achieved results are compared with 

those that are typically reported in the context of gearbox 

design, including topology optimization, evolutionary 

algorithms and data-driven predictive modeling. 
 

Studies [30-34] reported in the area of gearbox housing 

optimization have used design modifications such as ribs & 

cover thickness variation, different material types, topology 

optimization, light weight design and finite element based 

equivalent stress and total deformation reduction. However, 

research on gearbox housings that considered modal 

frequency separation analysis & harmonic response analysis 

has been relatively limited [35]. Besides, comparative 

validation of regression and ANN based prediction models for 

gear box casing within stiffness constrained design space has 

received very little attention.  
 

Recent research has used topology optimization 

algorithms to obtain lightweight gearbox housings with better 

stiffness-to-weight ratios. An example is research that have 

focused on structural-acoustic coupled optimization; such 

works have been able to reduce noise and vibrations through 

redistribution of materials. Nonetheless, these methods can be 

highly computationally expensive & may have difficult 

manufacturing constraints due to irregular geometries. 

Genetic algorithms and multi-objective optimization methods 

are also widely used in the optimization of gearbox design 

using evolutionary algorithms. These techniques are 

successful in determining best combination of parameters but 

are generally based on very large and extensive iterative 

simulations and may not explicitly model dynamic coupling 

between modal characteristics and harmonic excitation 

response. 

 

In the present study, results indicated that the proposed 

optimized CTRB exhibited superior vibration resistance and 

enhanced harmonic stability than other designs of gearbox 

housing reported in the recent area of study. In other words, 

the curvature feature based design led to stiffness re-

distribution and consequently, a better modal frequency 

separation from the excitation frequency of gear mesh, which 

further reduced the vibration or deformation in a resonance 

sensitive gear box structure. In the comparison with RTRB, 

our optimized CTRB design of 9 mm Structural Steel A36 

model, the harmonic deformation reduced by approximately 

97.0% & equivalent von mises stress reduced by about 80.3% 

considering the same excitation conditions. 
 

Conversely, the current research integrated a geometry-

based method that directly manipulates the curvature and 

thickness of casing to control the stiffness distribution. This 

allows the optimization process to be more physically 

interpretable and modal frequency separation and harmonic 

response suppression are simultaneously addressed. In 

comparison with topology-based methods [36, 37], proposed 

method has advantage of maintaining the geometrical 

simplicity, thus enhancing manufacturability without 

compromising significant reductions in both deformation and 

equivalent stress.  
 

Unlike recent works, the present study integrated modal 

analysis, harmonic response analysis, Taguchi statistical 

optimization, regression-based prediction, and ANN-based 

validation with interpolation into a unified framework to 

analyze the effects of rib design features on the harmonic 

response of gearbox housings. The framework also 

incorporated uncertainty interpretation, consideration of 

manufacturability, reliability and service life considerations. 

Moreover, the concept of digital twin validation was 

introduced. In addition, the latest advancements in machine 

learning have introduced purely data-driven predictive models 

for gearbox performance assessment. Although nonlinear 

relationships can be approximated by these models; they do 

not always maintain a direct connection with physics-based 

dynamic analysis.  

 

The current work attempts to overcome this limitation by 

incorporating finite element analysis, statistical design 

(taguchi method), and predictive modeling (regression & 

ANN), thereby balancing the accuracy of physical models 

with the capability for reliable prediction. Evaluation of the 

proposed framework showed that it provides a balanced 

improvement in vibration resistance, computational efficiency 

and interpretability. In contrast to purely optimization based 
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or data-driven strategies; the current methodology offers a 

clear understanding of the role of geometry-induced stiffness 

redistribution in controlling dynamic performance. This 

makes the framework particularly applicable in engineering 

applications where both the improvement of performance as 

well as the transparency of the design is of paramount 

importance. Benchmarking of the proposed methodology 

against other studies on gearbox housing optimization is 

presented in Table 7. 

 

Table 7. Comparative benchmarking of the proposed geometry-driven vibro-structural optimization framework with existing gearbox housing 

optimization studies 

Study / Approach 
Primary 

Objective 
Methodology Used 

Major Limitation 

in Existing Work 

Improvement Achieved 

in Present Study 

Conventional 

topology 

optimization studies 

Weight reduction 

and static stress 

minimization 

Static FEM and 

topology 

optimization 

Limited harmonic 

excitation 

assessment 

Harmonic resonance-

sensitive analysis 

incorporated 

Rib-stiffened 

gearbox housing 

investigations 

Deformation 

reduction 

Static structural 

analysis 

Modal separation not 

evaluated 

Modal frequency 

separation and harmonic 

amplification suppression 

analyzed 

Lightweight gearbox 

casing studies 
Mass reduction 

Material substitution 

and FEM 

Limited predictive 

validation 

Regression and ANN-

based interpolation 

validation integrated 

Structural-acoustic 

optimization studies 

Noise and 

vibration reduction 

Vibro-acoustic 

coupled simulations 

Limited industrial 

predictive 

framework 

Unified computational-

statistical optimization 

framework established 

Existing ANN-based 

prediction studies 

Response 

prediction 

Machine learning 

approaches 

Lack of harmonic 

FEA validation 

ANN predictions 

validated against 

independent harmonic 

FEA simulations 

Present Study 

Geometry-driven 

vibro-structural 

optimization under 

harmonic 

excitation 

Modal analysis + 

Harmonic analysis + 

Taguchi DOE + 

Regression + ANN 

Integrated industrial 

validation 

framework 

established 

~97% reduction in 

harmonic deformation and 

~80.3% reduction in 

equivalent stress relative 

to baseline configuration 

The benchmarking analysis thus validates that the 

proposed framework of geometry-driven optimization goes 

beyond the traditional investigations of gearbox housing, 

including resonance sensitive dynamic behavior, predictive 

validation capability, and assessment from an industrial 

design perspective, within a single framework. The 

improvements obtained represent effectiveness of the 

curvature assisted stiffness redistribution for improving 

vibration resistance and structural stability in high torque 

industrial gearbox systems. 

 

6. Advanced Materials and Multi-Physics 

Considerations 
The material choice accompanied by the geometric 

stiffness distribution has a strong effect on the dynamic 

performance of gearbox casings. In the current research, three 

representative material classes, namely Structural Steel A36, 

AISI 1050 High Carbon Steel, and Al–Ti–SiC Metal Matrix 

Composites were taken into the consideration to evaluate the 

stiffness-driven vibro-structural behaviour under harmonic 

excitation. 

 

The increasing popularity of metal matrix composites in 

gearbox applications can be explained by their high stiffness-

to-weight ratio, superior damping capabilities, and potential 

for weight reduction. Past research has indicated that 

composite gearbox housings exhibit superior vibration 

attenuation and exhibited lower structural deformation than 

conventional metallic materials [27]. Nonetheless, the 

efficient use of materials of this kind is highly dependent on 

consideration of their mechanical behaviour and modeling 

assumptions. 

 

 In the current finite element formulation, all the materials 

were modeled as homogeneous and isotropic to ensure 

consistency throughout the design space. Although this 

assumption is appropriate for comparative stiffness-based 

analysis, it might not completely depict the anisotropic nature 

and direction-dependent damping properties of composite 

materials. A more realistic model of Al–Ti–SiC M.M.C. 

behavior under dynamic loading conditions could be obtained 

with advanced material models which include orthotropic 

elasticity & viscoelastic damping. 
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Besides material considerations, coupled multi-physics 

interactions, such as thermo-mechanical interactions, contact-

induced nonlinearities, lubrication-based damping, exist in the 

real operating environments of gearboxes. Frictional heat 

generation and power transmission can produce thermal 

gradients that affect material properties and induce thermal 

stresses, thus affecting the overall structural response [33]. 

Equally, the interaction between gears, shafts and bearings 

entails nonlinear contact stiffness and load transfer 

mechanisms which can influence vibration transmission paths 

and modal characteristics [5, 13]. 

 

The present work is concerned with the dynamics of 

structures subjected to harmonic excitation with a particular 

interest in geometry-driven redistribution of stiffness. 

Nonetheless, the addition of multi-physics coupling, e.g., 

thermo-mechanical coupling and contact nonlinearity, is an 

even more significant extension for future work. It is possible 

to incorporate these effects into the optimization framework 

to allow a more complete analysis of gearbox performance 

under realistic service conditions. 

 

Broadly speaking, the findings reveal that although the 

material properties play a role in the dynamic response, they 

are highly controlled by geometry-enabled stiffness pathways. 

More complex materials like Al-Ti-SiC M.M.C. have the 

potential to improve performance when coupled together with 

optimized geometric configurations, although replacement 

with more complex materials alone does not solve issue of 

achieving stable vibration behavior without a proper structural 

design. 

7. Digital Twin-Based Validation Perspective 
The growing use of digital twins in mechanical systems 

has made it possible to monitor in real time, predictive 

maintenance, and performance validation of complex 

engineering structures. A digital twin is a virtual 

representation of a physical system that continuously updates 

its state using real-time sensor data, thus making it possible to 

synchronize the simulated and operational behavior. 

 

Digital twin frameworks have been implemented in the 

context of gearbox systems, to monitor vibration signatures, 

faults and predict system degradation using data-driven and 

physics-based models. This has been made possible with 

recent innovations in sensor technology and signal processing, 

which enable the acquisition of high-resolution vibration and 

load data that can be integrated with finite element models to 

enhance the predictive accuracy and reliability. 

 

Though the current study relies on a simulation-driven 

framework integrating finite element analysis, statistical 

optimization and predictive modeling, devised methodology 

can be extended towards a digital twin-based validation 

approach. Vibration response measurements provided by 

sensors attached to gearbox casings, bearings and shafts can 

be used in such a framework to validate and update the 

numerical model in real time. 

 

By combining proposed geometry-driven optimization 

model with a digital twin system, one would be able to 

continuously validate the modal characteristics, harmonic 

response and structural integrity under the different operating 

conditions. This would also make it easier to refine adaptive 

design and prevent failures induced by resonance early in the 

design process. 

 

Moreover, the regression and artificial neural network 

models developed during this project can be used as fast-

response surrogate models in a digital twin setting, where 

deformation and stress response can be predicted fast without 

any repeated run of high-fidelity simulations. This hybrid 

physics–data-driven approach can be of great benefit to 

decision-making in maintenance and design optimization. 

 

Thus, whereas the present work is dedicated to an offline 

computational validation, the integration of digital twin 

technology is one of the promising directions in the future 

research as it will allow in real-time to assess the performance 

of a gearbox system and manage the lifecycle of the said 

system. 

 

8. Fatigue and Life Cycle Assessment 
Cyclic stress fluctuations in gearbox casings under 

harmonic excitation are caused by gear-mesh interactions, and 

rotational dynamics. Even with the level of stress remaining 

within the elastic limits, repeated loading over the long life of 

the gearbox could result in fatigue-induced failure, which 

makes lifecycle assessment a very important part of gearbox 

design. 

The harmonic response analysis of the present study 

provided the peak equivalent von mises stress values under 

periodic excitation, which serve as an important indicator of 

fatigue susceptibility. The high degree of harmonic stress 

reduction observed in the optimized CTRB arrangement (9 

mm, S.S. A36) also indicates a reduction in the amplitude of 

cyclic stress, thus resulting in improved fatigue resistance 

compared to the baseline configuration. 

Depending on the loading conditions and the material 

properties, fatigue life estimation in gearbox housings is 

usually done using stress-life (S–N) approaches or strain-life 

methods. Past research has shown that the failure of fatigue 

due to high cycles in the gearbox structure is heavily 

influenced by the areas of concentration of stress, modal 

interaction, and effect of resonance extent [8, 18]. The 

geometry-driven redistribution of stiffness realized in the 

CTRB configuration in this context serves in improving load 

distribution and reducing stress concentration, which in turn 

has a positive impact on fatigue life. 
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It should be mentioned, though that the analysis is 

currently conducted under deterministic harmonic response 

under idealized loading conditions. Surface finish, residual 

stresses, manufacturing defects and variable amplitude 

loading are some of the factors which can significantly affect 

the fatigue behavior in real-life applications. Also, the 

material-specific fatigue properties, especially for composite 

materials such as Al–Ti–SiC M.M.C., may have different 

mechanisms of crack initiation and propagation than 

conventional steels. 

The future work can focus on developing the fatigue life 

prediction models and integrating them into the currently 

existing finite element model to estimate the number of cycles 

to failure under operational loading conditions. The reliability 

assessment of the gearbox casing could further be improved 

by incorporating cumulative damage models, such as Miner’s 

rule, as well as probabilistic fatigue analysis. 

In general, the reduction of harmonic stress & increase in 

modal separation due to geometry-driven optimization in the 

current study indicate strong potential for improved fatigue 

performance and extended service life of the gearbox casing. 

9. Uncertainty and Sensitive Analysis 
Uncertainties in the form of material properties, 

geometric variations, loading conditions, as well as numerical 

modeling assumptions, influence the reliability of vibro-

structural predictions in gearbox systems. A deterministic 

framework of finite element analysis through the use of 

statistical and predictive modeling techniques was used to 

analyze the dynamic behaviour of the gearbox casing in the 

present study. Nevertheless, the sensitivity of the response 

parameters needs to be evaluated, and the inherent 

uncertainties within the design space need to be considered. 

An effective design of experiments methodology to 

estimate the relative influence of design factors on the 

response variables is the Taguchi L27 design of experiments. 

As per the Signal-To-Noise (S/N) ratio analysis, casing 

geometry was found to be the most dominant factor affecting 

both total deformation and equivalent stress, followed by 

thickness and material. Such a ranking allows determining a 

clear hierarchy of sensitivities, where geometry-induced 

redistribution of stiffness plays a more important role than the 

change of the material in the range studied. 

The relationship between input parameters and response 

variables was further quantified using regression modeling 

with a high coefficient of determination (R2 > 95%) indicating 

that highly predictive response variables can be modeled 

within the defined design space. Nonetheless, the quality of 

regression predictions is implicitly contingent upon the 

presumption of a linear or moderate nonlinear relationship and 

may be compromised with simplistic features of models and 

inadequate number of data points. 

The Artificial Neural Network (ANN) model, though able 

to capture the nonlinear interactions, had a relatively large 

deviation in prediction as compared to regression. This can be 

explained by the fact that the limited dataset (27 design points) 

can limit the capability of the network to generalize and 

introduce uncertainty in the predictions at intermediate points. 

The differences in prediction accuracy of regression and ANN 

underscore the significance of the size of the dataset and 

model selection in predictive analysis. 

Moreover, uncertainty in the boundary conditions, load 

application, and material modeling assumptions (such as 

isotropic behavior of composites) can be a factor that affects 

the numerical results. Even though the same modeling 

conditions were held constant in all the design cases to ensure 

comparative validity, real-world variations in operating 

conditions may result in deviations from predicted responses. 

The probabilistic techniques such as Monte Carlo 

simulations or stochastic finite element methods might be 

introduced in future work to quantify the uncertainty in the 

input parameters and also analyze the reliability of the 

optimized designs. The sensitivity-based optimization 

methods might also be utilized to further improve the 

reliability and stability of gearbox casing performance in 

uncertain operating conditions. 

Altogether, the concatenated application of Taguchi 

design, regression analysis, and ANN modeling in the current 

study offers a systematic structure to assess sensitivity and 

provide a prediction, at same time, indicates the necessity of 

uncertainty-sensitive design in advanced gearboxes. 

10. Manufacturability and Cost Considerations 
Although the proposed geometry-based optimization 

framework has shown to be dramatically more effective as far 

as vibro-structural performance metrics are concerned, the use 

of geometry-based optimization frameworks in the practical 

implementation of the proposed technology in industrial 

applications must be cautiously considered in terms of 

manufacturability as well as cost implications. The viability of 

optimized casing geometries is not only structurally based but 

also depends on the complexity of production, the need for 

material processing, and overall financial viability. 

 

The identified CTRB geometry, which can be referred  to 

as the optimal design, presents a controlled curvature of the 

top surface of the gearbox casing, which can be produced by 

standard casting processes with subsequent machining 

operations. The geometry proposed has a relatively simple and 

continuous profile, compared to more complex topology-

optimized geometries, which also tend to have irregular 

shapes that may require the use of more advanced types of 

manufacturing such as additive manufacturing. This increases 

manufacturability, reducing the difficulties in production 

linked to tooling and mold design. 
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From a material perspective, Structural Steel A36 and 

AISI 1050 High Carbon Steel are advantageous in terms of 

availability, cost-effectiveness, as well as ease of fabrication. 

In contrast, higher material costs and more complicated 

processing methods, including special casting or powder 

metallurgy routes, can be found in metal matrix composites, 

including Al–Ti–SiC M.M.C. These could limit their wide 

usage in industrial applications that are sensitive to costs. 

The change of thickness also has an important influence 

on manufacturing and cost. Although the increase in casing 

thickness results in enhanced structural stiffness and vibration 

resistance, it also implies increased material usage and weight, 

which could have an effect on transportation, installation, and 

operating efficiency. Consequently, the choice of an ideal 

thickness, e.g., the 9 mm one highlighted in this paper, must 

be balanced against the costs and performance requirements. 

Moreover, the possibility to engage in performance 

enhancement through geometry-based design modifications, 

as suggested in this work, does not necessitate radical changes 

in manufacturing infrastructure. This renders the method more 

befitting to retrofitting or incremental design improvements in 

current gearbox manufacturing techniques. 

Further research can include cost modeling and life-cycle 

cost analysis to quantify the trade-offs between performance 

enhancement and economic feasibility. Inclusion of manufac-

turability constraints in the optimization framework may also 

contribute to the increased applicability of the proposed design 

methodology.  

 

In general, the analysis shows that the optimized CTRB 

design can provide a good compromise between structural 

performance, manufacturability, and cost, and thus is a 

promising design for industrial gearbox applications. 

11. Conclusion 
This research conducted a geometry-driven vibro-

structural optimization of a three-stage helical gearbox casing 

through a combined finite element, statistical, and predictive 

modeling approach. The integrated FEA-Taguchi-Regression-

ANN methodology was employed to analyze the impact of 

casing geometry, wall thickness, and material types under 

modal & harmonic loading conditions. The main conclusions 

are as follows: 

 The baseline RTRB configuration (5 mm, S.S.A36) 

exhibited bending-dominated structural behavior, lower 

modal separation, higher harmonic sensitivity confirming 

that flat-panel geometries are more susceptible to modal 

interaction and stress concentration under operational 

excitation. 

 Increasing wall thickness enhanced structural stiffness in 

all configurations; however, improvement was geometry-

dependent. The RTRB profile demonstrated threshold-

type stiffening with meaningful vibration suppression 

only at 9 mm, whereas CTCB configuration exhibited 

irregular stiffness evolution and curvature-driven 

amplification at intermediate thickness levels. 

 The CTRB geometry consistently provided progressive 

modal stiffening, improved frequency separation from 

gear mesh excitation bands, and smoother stress 

redistribution due to curvature-assisted membrane action. 

This geometry enabled stable stiffness scaling without 

introducing resonance sensitivity. 

 Among all evaluated combinations, the CTRB 

configuration with 9 mm thickness and S.S.A36 achieved 

the most balanced dynamic performance, demonstrating 

approximately 97% reduction in the vibration-induced 

deformation and 80% reduction in harmonic equivalent 

stress relative to the baseline RTRB 5 mm configuration. 

 Taguchi S/N analysis confirmed casing geometry as the 

most influential parameter, followed by thickness, while 

material contribution remained secondary within the 

investigated design range. Interaction effects revealed 

that the geometry-thickness coupling governed vibration 

resistance more strongly than isolated parameter 

variation. 

 Regression models demonstrated strong statistical 

agreement with the finite element results (R² > 95%), 

confirming reliable parametric representation of 

structural response within the 5–9 mm design space. 

ANN-based predictions successfully captured nonlinear 

response trends for all intermediate thickness levels, 

although regression exhibited closer quantitative 

agreement with independent FEA validation. 

 Overall, the results demonstrate that the performance of 

the gearbox casing was governed predominantly by stiffness 

redistribution through geometric configuration, and the effects 

of material damping became significant only after adequate 

structural rigidity was achieved. The optimized CTRB 9 mm 

S.S.A36 gearbox casing offers an efficient and stable design 

for high-torque industrial transmissions. 

Further studies may focus on performing vibration testing 

on the optimized CTRB configuration under actual gear-mesh 

excitations to validate its dynamic behavior during service. 

Incorporation of blended thermo-mechanical coupling and 

fatigue life assessment under prolonged cyclic loading could 

also be considered to improve reliability prediction. In 

addition, expanding the dataset to enhance the predictive 

capability of the ANN over wider thickness and material 

ranges may be explored. 
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Table 4. Intergeometry comparison of shortlisted casing configurations using modal and harmonic analysis results 
 Existing Model 

(Rectangular Shape Top and Rectangular Shape Bottom) 

Modified Design I 

(Curved Shape Top and Rectangular Shape Bottom) 

Modified Design II 

(Curved Shape Top and Curved Shape Bottom) 

Thickness 

Material 

5 mm 5 mm 7 mm 9 mm 5 mm 7 mm 9 mm 5 mm 7 mm 9 mm 

S.S.A36 

(Current) 
AISI 1050 H.C.S. AISI 1050 H.C.S. S.S.A36 S.S.A36 S.S.A36 S.S.A36 S.S.A36 

AISI 

1050 

H.C.S. 

AISI 1050 H.C.S. 

 

 

Modal 

Analysis 

 
Freq 

(Hz) 

Tota

l 

Def. 

(mm

) 

Freq 

(Hz) 

Tota

l 

Def. 

(mm

) 

Fre

q 

(Hz

) 

Tota

l 

Def. 

(mm

) 

Fre

q 

(Hz

) 

Tota

l 

Def. 

(mm

) 

Freq 

(Hz) 

Tota

l 

Def. 

(mm

) 

Fre

q 

(Hz

) 

Tota

l 

Def. 

(mm

) 

Fre

q 

(Hz

) 

Tota

l 

Def. 

(mm

) 

Fre

q 

(Hz

) 

Tota

l 

Def. 

(mm

) 

Fre

q 

(Hz

) 

Tota

l 

Def. 

(mm

) 

Fre

q 

(Hz

) 

Tota

l 

Def. 

(mm

) 

945.29 12.624 921.81 12.095 1069.8 12.419 1240.1 12.567 968.94 12.701 1140.5 12.012 1275.8 12.186 796.82 13.757 914.62 12.954 1016.9 12.449 

1797.7 23.367 1749.5 22.306 2033.2 22.134 2227.2 23.536 1840.9 24.285 2093.0 24.281 2286.0 24.027 1592.3 21.970 1733.6 19.595 1870.5 18.122 

2094.2 25.807 2041.1 24.808 2351.3 21.317 2597.0 17.460 2260.6 28.303 2491.0 22.576 2739.3 18.551 1942.5 15.093 2001.2 13.126 2065.7 12.183 

2952.8 16.630 2858.4 14.507 3078.8 12.454 3259.4 13.144 3012.6 15.291 3248.1 14.402 3352.6 13.395 2065.1 26.546 2282.4 19.876 2543.9 16.082 

2982.7 17.065 2894.5 17.532 3366.3 30.772 3312.2 23.872 3075.9 19.020 3309.6 21.200 3458.5 25.105 2743.8 21.455 2879.3 22.671 3081.5 25.762 

3384.3 65.388 3321.5 62.543 3954.3 43.850 4058.0 50.031 3451.0 72.674 3918.7 55.165 3944.3 53.174 3351.4 53.356 3575.4 33.306 3806.9 31.767 

 

Harmonic 

Analysis 

Maximum 

Total 

Deformati

on 

(mm) 

 

0.003557 

 

0.001960 

 

0.002045 

 

0.00108 

 

0.00122 

 

0.0006 

 

0.00011 

 

0.00569 

 

0.0111 

 

0.0025155 

Maximum 

Equivale

nt Stress 

(MPa) 

3.5147 2.0267 9.9441 4.9708 1.5295 2.8917 0.69203 21.051 137.45 28.103 

Note: From the existing model, S.S.A36 9 mm was shortlisted; in the modified designs, S.S.A36 9 mm and 5 mm were considered in Design I and II respectively, with Modified Design I (S.S.A36 9 mm) 
finally selected in comparison with baseline 

model (S.S.A36, 5 mm). 

 

Table 6. Comparison of regression and ANN predictions with FEA Results for interpolated thickness levels (CTRB, S.S.A36, 9 mm) 
 

 

Thickness (mm) 

 

 

Ansys FEA results 

 

Predicted 

Regression Analysis 

(RA) 

 

Predicted 

Artificial Neural 

Network (ANN) 

 

% Error 

(ANSYS and 

Predicted RA) 

% Error 

(ANSYS and 

Predicted 

ANN) 

 

Ansys 

FEA 

results 

 

Predicted 

Regression 

Analysis (RA) 

Predicted 

Artificial 

Neural 

Network 

(ANN) 

% Error 

(ANSYS and 

Predicted 

RA) 

% Error 

(ANSYS and 

Predicted 

ANN) 

 TOTAL DEFORMATION (mm) EQUIVALENT VON MISES STRESSES (MPa) 

5.5 0.0007745 0.0006775 0.0005950 12.53% 23.18% 4.1724 3.62998 3.2165664 13.00% 22.91% 

6.0 0.0017444 0.0015460 0.0013801 11.38% 20.89% 4.6981 4.06640 3.9867531 13.45% 15.15% 

6.5 0.0024666 0.0021011 0.0020401 14.82% 17.30% 4.8738 4.25999 3.5009666 12.60% 28.17% 

7.5 0.0027138 0.0022711 0.0020993 16.32% 22.65% 4.6483 3.91871 3.6032348 15.70% 22.49% 

8.0 0.0021934 0.0018860 0.0017197 14.02% 21.60% 3.9578 3.38384 2.9813129 14.51% 24.68% 

8.5 0.0013730 0.0011875 0.0010473 13.52% 23.73% 3.1092 2.60614 2.1190365 16.18% 31.85% 

 


