
THEORETICAL AND EXPERIMENTAL INVESTIGATIONS ON 
UNCERTAINTY ANALYSIS IN GEAR DESIGN AND ADAPTIVE 
LUBRICATION FOR SPUR GEAR FAULT PREDICTION USING 

MACHINE LEARNING TECHNIQUES 
 
 
 
 
 
 

KISHAN NATH SIDH 
 
 
 
 

 
 
 
 

 

DEPARTMENT OF MECHANICAL ENGINEERING 

INDIAN INSTITUTE OF TECHNOLO GY DELHI 

MARCH 2026 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Indian Institute of Technology Delhi (IITD), New Delhi, 2026 

Biswajit
Highlight

Biswajit
Highlight



 

Theoretical and Experimental Investigations on Uncertainty Analysis in 

Gear Design and Adaptive Lubrication for Spur Gear Fault Prediction 

Using Machine Learning Techniques 

 

by 

Kishan Nath Sidh 

Department of Mechanical Engineering 

 

Submitted  

in fulfilment of the requirements of the degree of 

Doctor of Philosophy 

to the 

 

 

 

 

 

INDIAN INSTITUTE OF TECHNOLOGY DELHI   

March 2026 

 



 

Dedicated to 

 

My parents (Sh. Moti Nath and Smt. Yashoda Devi) and my wife (Smt. Heera 

Devi). 

and 

(All the teachers) 

Especially to my supervisor Prof. Harish Hirani 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 ii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 iii 

Acknowledgements 

It is with profound gratitude and deep appreciation that I acknowledge the 

invaluable guidance, encouragement, and support I have received throughout the 

course of my doctoral research journey. This work would not have been possible 

without the contributions of many individuals and institutions who provided their 

time, expertise, and constant motivation. 

First and foremost, I express my deepest respect and sincere gratitude to my 

supervisor, Prof. Harish Hirani, for his constant guidance, intellectual insight, and 

unwavering support throughout my research. His vision, critical suggestions, and 

scientific approach have been instrumental in shaping my understanding of the 

subject and refining the direction of my work.  

I also extend my heartfelt thanks to my caretaker supervisor, Prof. Deepak 

Kumar (CART, IIT Delhi), for his continuous support, and valuable suggestions at 

various stages of my PhD journey.  

I wish to express my sincere appreciation to the members of my Student 

Research Committee (SRC) for their valuable time, insightful feedback, and 

encouraging words during the review meetings. I am especially thankful to the 

Chairperson, Prof. Sujeet Kumar Sinha, for his guidance and positive motivation 

throughout the research. My sincere thanks also go to Prof. R. K. Pandey, the internal 

expert,  and Prof. Srikanta Bedathur (Department of Computer Science), the 

external expert, for his meticulous evaluation, constructive criticism, and 

encouragement that helped refine my experimental approach.  

I would also like to acknowledge Prof. Gufran from the SENSE Department 

of IIT Delhi and Dr. Tarunendr Singh for his support and access to the 3D 

profilometer facility, which was vital for surface characterization and wear analysis. 



 iv 

My sincere thanks are extended to Prof.  Paras Kumar from Delhi Technological 

University (DTU) for granting access to the tribometer setup and for his technical 

guidance during the testing phases. I am deeply indebted to my senior colleagues, Dr. 

Dharmendra Jangra, Dr. Abhinav Chatterjee, and Dr. Sandip Nayak, whose 

mentorship, technical discussions, and moral support have been invaluable 

throughout this research. I also wish to acknowledge my lab mate and friends, Mr. 

Aditya Sharma, Lt. Cdr. Sudeep Pilpia,  Mr. Ritesh Kumar Chorasiya, Mr. 

Rakesh Maithy, Mr. Vikash Bhushan, Mr. Ritesh Kumar Maurya, and Mr. 

Bhuwan Sardar, for their constant help, collaboration, and companionship during 

experiments and data analysis. My heartfelt appreciation also goes to VRL lab in-

charge, Mr. Abhisek Rana, for his assistance in managing the laboratory facilities, 

ensuring smooth experimental operations, and providing timely technical support. 

Finally, I owe my deepest gratitude to my family Sh. Moti Nath Sidh (father), 

Smt. Jasoda Devi (mother), Sh. Dal Nath Sidh (uncle), Smt. Heera Devi  (wife), 

Ekta (daughter), and Kiansh (son) for their unconditional love, patience, and 

constant encouragement. Their faith in me has been my greatest strength throughout 

this journey. Without their sacrifices, understanding, and emotional support, this 

thesis would not have been possible. They have been my greatest source of 

inspiration, and I dedicate this achievement to them with profound love and respect. 

To all those who contributed, directly or indirectly, to the success of this work 

I express my heartfelt thanks. 

 

Kishan Nath Sidh

 

Place: IIT Delhi, New Delhi 

Mobile User



 v 

Abstract 

Gears are important components of mechanical power transmission systems 

across various industrial sectors. Despite advancements in design and material 

processing, gear systems continue to experience failures primarily due to surface 

wear, contact fatigue, and lubricant degradation factors that collectively account for 

most gear-related breakdowns. These failures arise not only from deterministic 

causes but also from complex stochastic interactions among design parameters, 

surface roughness variations, manufacturing inaccuracies, and fluctuating lubrication 

conditions. Among these, lubricant degradation plays a critical role, occurring 

through mechanisms such as oxidation, water ingress, particle contamination, and 

acidification, which progressively alter lubricant load-carrying capacity and 

ultimately accelerating friction and surface wear. To address these challenges, the 

present study conducts a comprehensive uncertainty analysis of spur gear contact 

fatigue, integrating theoretical modeling with tribological experimentation. A unified 

framework is introduced, combining nano-additive-enhanced fresh and degraded 

lubricants with machine learning–based uncertainty quantification to evaluate and 

predict gear wear progression under diverse lubrication conditions, thereby 

advancing the reliability and predictive understanding of gear performance in real-

world applications. 

To simulate accelerated lubricant degradation in controlled laboratory settings, 

aqueous hydrochloric acid (HCl, 36%) was employed as a corrosive agent to induce 

oxidative and acidification-based degradation in gear lubricants. This approach 

enabled the systematic observation of lubricant property deterioration and its 

subsequent effect on wear and surface fatigue behavior. The degraded lubricants 

exhibited a substantial reduction in film-forming ability and anti-wear performance, 
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replicating conditions often encountered in long-duration or high-load industrial 

applications. To counteract this degradation, the study explored the incorporation of 

environment friendly nanoparticle additives such as carbon-based nanomaterials, 

which act as secondary lubricating agents. These nanoparticles were designed to form 

protective tribofilms, and reduce frictional heating at the asperity level. The doping 

of nanoparticles into the degraded lubricant demonstrated remarkable improvements 

in tribological behavior, including reduced wear scar diameter, lower coefficient of 

friction, and enhanced resistance to surface pitting. The tribological performance was 

evaluated using multiple tribometers, including the Block-on-Disk and Four-Ball 

configurations. In the Block-on-Disk setup, wear volume was determined through 

precise weight loss measurements, whereas in the Four-Ball tribometer, it was 

estimated using a geometry-based method.  

However, the current geometry-based wear volume estimation techniques 

generally assume a flat wear scar, which fails to capture the true three-dimensional 

nature of wear morphology. To address this limitation, this study introduces the 

development of 3D wear volume characterization using advanced surface 

profilometry, thereby improving measurement accuracy and enabling a more 

comprehensive uncertainty quantification in wear assessment.  

In parallel, the study employed real-time wear debris monitoring techniques to 

provide quantitative insights into wear severity and mechanism transitions. Debris 

samples were collected at various stages of gear operation and analysed using optical 

microscopy, and digital image processing methods. The morphological classification 

of debris ranging from rubbing and cutting wear particles to fatigue and corrosive 

debris served as a diagnostic indicator of lubrication health and gear surface 

deterioration. Ferrous debris count sensors were also utilized to measure debris 
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concentration dynamically, thereby linking the lubrication degradation state with 

actual wear progression. 

To handle the inherent uncertainties in the collected experimental data, the 

research integrated machine learning (ML) and probabilistic modeling approaches. 

Techniques such as Deep Learning (DL) and Non-Stationary Gaussian Process 

Regression (NSGPR) were applied for feature extraction, wear prediction, and 

uncertainty propagation analysis. DL models provided a nonlinear mapping between 

lubricant properties, operating parameters, and wear outcomes, while NSGPR 

facilitated probabilistic predictions with confidence intervals, enabling a more robust 

estimation of gear life under uncertain conditions.  

The outcomes of this research provide an integrated perspective on tribological 

uncertainty, encompassing gear design, lubricant degradation, and real-time wear 

diagnostics. The results demonstrate that adaptive lubrication strategies incorporating 

nanoparticles can significantly mitigate the adverse effects of degradation, sustaining 

lubrication film integrity and reducing fatigue wear even in chemically compromised 

environments. Additionally, the developed uncertainty quantification model bridges 

the gap between experimental observations and theoretical predictions, offering a 

powerful tool for fault prognosis and predictive maintenance in gear-based 

transmission systems. 
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सार 

!गयर या&ि(क *ि+त स&चर/ 0/ाि1यो& क3 !विभ6न 89ो!गक :;(ो& म;& =>य&त मह>वपAB / 
=वयव हC&। !डज़ाइन तथा सामIी 0स&Kकर/ म;& उ6न!त क3 बावजAद, !गयर 0/ाि1याP मQRयतः 
सतही िघसाव, स&पB क थकान (fatigue) तथा U;हक (1Q!Vक3&ट) =पघटन क3 कार/ !वफ1 होती 
रहती हC&, जो =!धका&* !गयर-स&ब&!धत Zरा!बयो& क3 ि1ए उ\रदायी हC&। य; !वफ1ताएP क3व1 
!नयता>मक कार/ो& स; ही नही&, बि]क !डज़ाइन मापद&डो&, सतही ZQरदरापन म;& प!रवतB न, 
!नमाB / स&ब&धी (Q!टयो& तथा प!रवतB नीय U;हन िKथ!तयो& क3 बीच ज!ट1 () Kटोक3िKटक 
=&तः!^या_ ̀क3 कार/ भी उ>प6न होती हC&। इन कारको& म;& U;हक =पघटन की भAिमका =>य&त 
मह>वपAB / हC, जो ऑ+सीकर/, ज1-0व;*, क/ीय 0दAष/ तथा =c1ीकर/ जCसी 0!^या_` 
क3 माdयम स; होता हC। य; 0!^याएP U;हक की भार-वहन :मता को ^म*ः 0भा!वत करती हC&, 
िजसस; घषB / तथा सतही िघसाव म;& तीe वfिg होती हC। 

उपरो+त चQनौ!तयो& क3 समाधान ह;तQ 0KतQत =dययन म;& Kपर !गयर स&पB क थकान का iयापक 
=!निjतता !वk1;ष/ !कया गया हC, िजसम;& सCgा&!तक मॉडि1&ग को mाइबो1ॉिजक1 0योगो& क3 
साथ एकीकnत !कया गया हC। एक सम;!कत रAपर;Zा 0KतQत की गई हC, िजसम;& नCनो-ए!ड!टव यQ+त 
नवीन एव& =पघ!टत U;हको& को म*ीन 1B !न&ग _धा!रत =!निjतता मा(ा>मककर/ क3 साथ 
स&योिजत कर !विभ6न U;हन प!रिKथ!तयो& म;& !गयर िघसाव की 0ग!त का मA]या&कन एव& 
पAवाB नQमान !कया गया हC। यह दfिpको/ वाKत!वक 89ो!गक =नQ0योगो& म;& !गयर 0द*B न की 
!वqसनीयता तथा पAवाB नQम;यता को सQदfढ़ करता हC। 

इस =पघटन क3 0!तरोध ह;तQ पयाB वर/-=नQकs1 काबB न-_धा!रत नCनो-सामIी जCस; नCनोक/ 
ए!ड!टiस क3 समाव;*न का =dययन !कया गया। य; नCनोक/ !tतीयक U;हक एज;&ट क3 रAप म;& 
काB य करत; हuए सQर:ा>मक mाइबो-!फ]म का !नमाB / करत; हC& तथा सAvम =समत1ता_ ̀
(ऐKप;!रटी) क3 Kतर पर घषB /ीय ताप को कम करत; हC&। =पघ!टत U;हक म;& नCनोक/ो& क3 
सिcमx/ स; mाइबो1ॉिजक1 0द*B न म;& उ]1;Zनीय सQधार द;Zा गया, िजसम;& िघसाव :र/ 
iयास म;& कमी, घषB / गQ/ा&क म;& कमी तथा सतही गyानQमा :र/ क3 0!त 0!तरोध म;& वfिg 
सिcमि1त हC। 

समाना&तर रAप स;, वाKत!वक समय िघसाव म1बा !नगरानी तकनीको& का उपयोग कर िघसाव 
की तीeता एव& त&( प!रवतB न क3 मा(ा>मक स&क3त 0ाzत !कए गए। !गयर स&चा1न क3 !विभ6न 
चर/ो& म;& म1बा नमAन; एकि(त कर उनका 0का*ीय सAvमदB *ी एव& !डिजट1 {!व 0स&Kकर/ 
!व!धयो& tारा !वk1;ष/ !कया गया। र!ब&ग, क!ट&ग, थकान तथा स&:ारक म1बा क/ो& की 
_कn!तगत वगीB कर/ U;हन KवाK|य एव& !गयर सतह :र/ का !नदाना>मक स&क3तक !सg 
हu_। साथ ही, 1ौहयQ+त म1बा ग/ना स;&सरो& का उपयोग कर म1बा सा&}ता का ग!त*ी1 मापन 
!कया गया, िजसस; U;हक =पघटन =वKथा एव& वाKत!वक िघसाव 0ग!त क3 मdय 0>य: स&ब&ध 
Kथा!पत !कया गया। 
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स&I!हत 0ायो!गक _&कड़ो& म;& !न!हत =!निjतता_` क3 0ब&धन ह;तQ म*ीन 1B !न&ग एव& 
0ा!यकता-_धा!रत मॉडि1&ग दfिpको/ो& का समाव;*न !कया गया। फीचर !न�कषB /, िघसाव 
पAवाB नQमान तथा =!निjतता 0सार !वk1;ष/ क3 ि1ए डीप 1B !न&ग (DL) तथा गCर-िKथर 
गॉ!सयन 0ोस;स 0!तगमन (NSGPR) जCसी तकनीको& का उपयोग !कया गया। डीप 1B !न&ग 
मॉड1 न; U;हक गQ/ो&, प!रचा1न मापद&डो& एव& िघसाव प!र/ामो& क3 मdय गCर-र;Zीय मानिच(/ 
0दान !कया, जब!क NSGPR न; !वqास =&तरा1 स!हत 0ा!यकतामA1क पAवाB नQमान उप1Äध 
कराए, िजसस; =!निjत प!रिKथ!तयो& म;& !गयर _यQ का =!धक सQदfढ़ _क1न स&भव हu_। 

इस *ोध क3 प!र/ाम mाइबो1ॉिजक1 =!निjतता क3 एकीकnत दfिpको/ को 0KतQत करत; हC&, 
िजसम;& !गयर !डज़ाइन, U;हक =पघटन तथा वाKत!वक समय िघसाव !नदान को सिcमि1त 
!कया गया हC। =dययन स; यह !सg हu_ !क नCनोक/-_धा!रत =नQकs1न*ी1 U;हन र/नी!तयाP 
रासाय!नक रAप स; 0भा!वत प!रिKथ!तयो& म;& भी U;हन !फ]म की =Z&डता को बनाए रZत; हuए 
थकान िघसाव को उ]1;Zनीय रAप स; कम कर सकती हC&। इसक3 =!त!र+त, !वक!सत =!निjतता 
मा(ा>मककर/ मॉड1 0ायो!गक =व1ोकनो& एव& सCgा&!तक पAवाB नQमानो& क3 मdय =&तर को पाटत; 
हuए !गयर-_धा!रत *ि+त स&चर/ 0/ाि1यो& म;& दोष पAवाB नQमान एव& पAवाB नQम;य =नQर:/ 
क3 ि1ए एक 0भावी उपकर/ 0दान करता हC। 
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