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ABSTRACT 

The growing prevalence of mental stress and its far-reaching physiological and psychological 

consequences underscore the urgent need for reliable and non-invasive solutions for mental 

stress assessment. Mental stress has been described as the “Health Epidemic of the 21st 

Century” by the World Health Organization due to its staggering impact on global health, 

contributing to cardiovascular diseases, hypertension, diabetes, cognitive decline, and 

elevated mortality. Despite this growing global burden, current assessment methods rely 

primarily on subjective self-report measures such as interviews and questionnaires, including 

tools like the Perceived Stress Scale or the Stress Response Inventory, which, though widely 

used, are insufficient due to their susceptibility to recall bias, social desirability, variability 

across cultural contexts, and the inability to objectively capture the changes in stress 

physiological parameters in real time.  

To overcome these research gap, this thesis integrates novel methodologies across 

engineering, neuroscience, and psychophysiology to propose a comprehensive framework 

for stress monitoring, structured through three major contributions: the design and 

development of a real-time wearable nasal breathing monitoring device, development of deep 

learning models for multilevel stress classification using EEG, and the combined integration 

of nasal breathing signals and neural activity to investigate multimodal biomarkers of mental 

stress. Together, these approaches provide an innovative and technically rigorous strategy to 

establish nasal breathing parameters and EEG signatures as non-invasive, real-time 

biomarkers for detecting and managing stress. At the core of this thesis lies the 

conceptualization and implementation of a novel wearable nasal temperature sensing (NTS) 

device specifically designed to measure the nasal breathing signal.  

While traditional tools like respiration belts provide valuable insights, they remain 

impractical for daily use due to cost, invasiveness, and motion artifacts. Their restriction to 

laboratory settings limits suitability for real-world contexts that capture everyday stress. In 

contrast, the developed wearable NTS device is low-cost, lightweight, non-invasive, and 

capable of continuously monitoring nasal breathing with robustness against motion 

interference. Crucially, this device monitors the nasal breathing signal and introduces novel 

features critical to understanding autonomic regulation. The nasal dominance index (NDI) 

measures the nasal breathing contribution of one nostril compared to the other. In contrast, 

the nasal laterality ratio (NLR) measures the asymmetry to account for individual differences. 

The inter-nostril correlation coefficient (iNCC) reflects synchronicity between nostrils, and 
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nostril-specific breathing rate variability (nBRV) captures fine fluctuations in nasal breathing 

intervals linked to autonomic regulation. Therefore, the developed wearable NTS device 

establishes an entirely new breathing signal acquisition modality for the unobtrusive study 

of nasal breathing as a biomarker of mental stress and health. Having established a reliable 

physiological signal acquisition platform, the thesis next investigates the cortical dynamics 

of mental stress through EEG, focusing on developing advanced computational methods for 

objective, real-time, and scalable multilevel mental stress classification.  

While EEG has long been recognized as a non-invasive window into brain activity, existing 

literature on stress detection has been limited by manual feature extraction and insufficient 

exploration of continuous stress gradations. To address this gap, this thesis introduces 

StreXNet, a deep learning model uniquely designed for EEG-based stress analysis. StreXNet 

integrates three state-of-the-art components: a squeeze-and-excitation enhanced 

convolutional neural network (CNN-SE) for spatial-temporal feature extraction and 

emphasis on informative features, a long short-term memory (LSTM) network with self-

attention to model temporal dependencies and contextualized sequence information, and 

finally an XGBoost classifier for robust categorical decision-making for classification. 

Collectively, this architecture enables multi-level classification of stress beyond binary 

detection. The results established significant improvements in classification accuracy 

compared to previous models, thereby validating EEG as a scalable diagnostic biomarker of 

mental stress. In addition to mental stress classification, this chapter explores stress 

management through a short-duration mini-meditation-based breathing exercise (MMBE) 

intervention, applied following induced stress across multiple levels. Furthermore, this study 

also analyzes the significant changes in brain functional connectivity from MMBE using 

EEG across different brain waves. This Analysis revealed variation in graph theoretical 

parameters, including average degree, average strength, clustering coefficient, and 

characteristic path length, indicating that MMBE modulates cortical network parameters.  

Building upon these complementary approaches, the major component of this thesis 

integrates both nasal breathing signals obtained via the NTS device and EEG recordings for 

simultaneous analysis of stress-induced changes in nasal breathing and neural activity 

signals. This multimodal framework addresses a gap in mental stress research: while stress 

has been studied extensively through cardiovascular indices or respiration signals using a 

respiration belt, the nasal breathing signal remains unexplored, despite evidence of links with 

mood, cognition, and neurological conditions such as Parkinson’s disease and schizophrenia.  

This thesis examines how experimentally induced multi-level stress alters NDI, NLR, 
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iNCC, and nBRV in conjunction with changes in frontal log alpha power (FLAP), an 

established biomarker of mental stress. Results reveal that increased mental stress 

significantly disrupts nasal breathing patterns consistent with a dysregulated autonomic state. 

This thesis also investigates the correlation between NDI and FLAP. By examining this 

relation, this work may offer a valuable foundation for how peripheral respiratory patterns 

may correlate with neural processes, offering a new perspective for exploring stress-related 

physiological and neurological interactions. Establishing this connection constitutes an 

original contribution to psychophysiological research, proposing that nasal breathing indices 

can complement EEG markers as a non-invasive biomarker of stress assessment.  

The broader significance of this work lies in its establishment of a multimodal, integrative 

paradigm for mental stress assessment. Collectively, the contributions of this thesis can be 

summarized as follows: the design and development of a novel nasal wearable for nasal 

breathing monitoring, the development of StreXNet as a state-of-the-art EEG-based deep 

learning model for multi-level classification of mental stress, and the evidence that short-

duration breathing interventions for stress management, and the demonstration of multimodal 

linkages between stress-induced changes in nasal breathing signal and cortical activity, 

presenting a powerful conceptual integration of autonomic and cortical biomarkers.  

Beyond scientific contributions, the translational implications of this thesis are substantial: 

by providing a novel wearable nasal breathing device and an integrative framework with 

EEG for mental stress assessment. It lays the foundation for real-world systems capable of 

mental stress monitoring in occupational, educational, clinical, and domestic settings. The 

combined use of NTS wearable devices and EEG-based neural activity measurements could 

form the basis for healthcare solutions, including stress tracking, biofeedback-driven 

interventions, and future clinical decision-support systems integrating respiratory and neural 

biomarkers. Moreover, this research introduces the novel possibility of using nasal breathing 

fingerprints as accessible and individualized indicators of mood, cognition, and neurological 

health, positioning nasal breathing not merely as a biomarker of mental stress but as a central 

and underutilized biomarker that could inform the detection of stress-linked disorders 

ranging from depression and anxiety to neurodegenerative disease.  

In conclusion, this thesis presents a technically sound and conceptually integrative body of 

work advancing mental stress research through engineering innovations in wearable sensors, 

computational advances in EEG-based deep learning, and multimodal exploration of 

autonomic-cortical coupling under mental stress. Together, these contributions pave the 

scientific and technological foundation for next-generation, non-invasive, real-time, and 
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personalized systems for mental stress detection and regulation, addressing one of the most 

pressing health challenges of the twenty-first century. 
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साराांश 

मानसिक तनाव की बढ़ती व्यापकता तथा उिके दरूगामी शारीररक और मनोवजै्ञासनक पररणाम सवश्व स्तर पर एक गभंीर स्वास््य 

चनुौती बन चकेु हैं। सवश्व स्वास््य िंगठन न ेमानसिक तनाव को 21वीं िदी की ‘स्वास््य महामारी’ कहा ह,ै क्योंसक यह हृदय-

वासहका रोगों, उच्च रक्तचाप, मधमुहे, िंज्ञानात्मक क्षीणता तथा मतृ्य-ुदर में वसृि िे जडुा हुआ ह।ै इिके बावजदू, वततमान मलूयांकन 

सवसधयााँ मखु्यतः व्यसक्तपरक self-report उपायों, जैिे िाक्षात्कार और प्रश्नावसियों, पर सनभतर करती हैं। Perceived 

Stress Scale और Stress Response Inventory जैिे उपकरण व्यापक रूप िे प्रयकु्त होते हैं, परंत ुrecall 

bias, social desirability, िांस्कृसतक िंदभों के अनुिार सभन्नता, और वास्तसवक िमय में तनाव-िंबंधी शारीररक 

पररवततनों को वस्तुसनष्ठ रूप िे पकड पाने में अिमथतता के कारण उनकी िीमाएाँ स्पष्ट हैं। 

इन शोध-अंतरािों को दरू करन ेके सिए, यह शोधप्रबंध असभयांसिकी, तसंिका-सवज्ञान और मनो-शारीररकी को एकीकृत 

करत ेहुए मानसिक तनाव सनगरानी के सिए एक िमग्र रूपरेखा प्रस्तुत करता ह।ै यह कायत तीन प्रमखु योगदानों के माध्यम िे 

िंरसचत ह:ै (1) वास्तसवक िमय में कायत करने वाि ेपहनन ेयोग्य nasal breathing monitoring device का 

सिजाइन और सवकाि, (2) EEG आधाररत बह-ुस्तरीय तनाव वगीकरण के सिए deep learning models का 

सवकाि, और (3) मानसिक तनाव के multimodal biomarkers की जााँच हते ु nasal breathing 

signals और neural activity का िंयकु्त एकीकरण। िामसूहक रूप िे, ये दृसष्टकोण nasal breathing 

parameters और EEG signatures को तनाव की पहचान और प्रबंधन के सिए non-invasive, real-

time biomarkers के रूप में स्थासपत करने की सदशा में एक नवीन तथा तकनीकी रूप िे िदुृढ़ रणनीसत प्रदान करत ेहैं। 

इि शोधप्रबंध का कें द्रीय आधार एक नवीन wearable nasal temperature sensing (NTS) device 

की पररकलपना और कायातन्वयन ह,ै सजिे सवशेष रूप िे nasal breathing signal को मापने के सिए सवकसित सकया 

गया ह।ै 

यद्यसप respiration belts उपयोगी जानकारी प्रदान करते हैं, वे दसैनक उपयोग के सिए महगं,े अपके्षाकृत 

invasive और motion artifacts िे प्रभासवत होन े के कारण कम व्यावहाररक हैं। इनकी प्रयोगशािा-सनभतरता 

वास्तसवक जीवन की उन पररसस्थसतयों में उपयोग को िीसमत करती ह,ै जहााँ दसैनक तनाव को िमझना महत्वपणूत ह।ै इिके सवपरीत, 

सवकसित wearable NTS device कम िागत वािा, हलका, non-invasive और सनरंतर nasal 

breathing monitoring करने में िक्षम ह,ै िाथ ही motion interference के प्रसत असधक robust ह।ै 

यह device केवि nasal breathing signal को दजत नहीं करता, बसलक autonomic regulation को 

िमझने के सिए महत्वपणूत कई नवीन features भी प्रस्तुत करता ह।ै Nasal Dominance Index (NDI) एक 

nostril की breathing contribution को दिूरे nostril की तुिना में मापता ह।ै Nasal Laterality 

Ratio (NLR) व्यसक्तगत सभन्नताओ ंको ध्यान में रखते हएु asymmetry को मापता ह।ै Inter-nostril 

Correlation Coefficient (iNCC) दोनों nostrils के बीच synchronicity को दशातता ह,ै और 

nostril-specific Breathing Rate Variability (nBRV) nasal breathing intervals में 

िकू्ष्म उतार-चढ़ाव को पकडता ह,ै जो autonomic regulation िे जडुा होता ह।ै इि प्रकार, सवकसित wearable 
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NTS device unobtrusive अध्ययन के सिए breathing signal acquisition की एक नई 

modality स्थासपत करता ह ैऔर मानसिक तनाव तथा स्वास््य के biomarker के रूप में nasal breathing 

के अध्ययन के सिए नई सदशा प्रदान करता ह।ै 

एक सवश्विनीय physiological signal acquisition platform स्थासपत करने के बाद, यह शोधप्रबंध 

EEG के माध्यम िे मानसिक तनाव की cortical dynamics की जााँच करता ह,ै सवशेष रूप िे objective, real-

time और scalable multilevel mental stress classification के सिए उन्नत 

computational methods के सवकाि पर ध्यान कें सद्रत करत ेहुए। EEG को िंबे िमय िे brain activity 

की non-invasive window माना जाता रहा ह,ै परंतु stress detection पर उपिब्ध िासहत्य प्रायः 

manual feature extraction और stress gradations की िीसमत जााँच तक ही िीसमत रहा ह।ै इि 

अंतराि को िंबोसधत करने के सिए, यह शोधप्रबंध StreXNet नामक एक deep learning model प्रस्तुत करता 

ह,ै सजिे सवशेष रूप िे EEG आधाररत stress analysis के सिए सिजाइन सकया गया ह।ै StreXNet तीन state-

of-the-art घटकों को एकीकृत करता ह:ै informative features पर बि दनेे और spatial-temporal 

feature extraction के सिए squeeze-and-excitation enhanced convolutional 

neural network (CNN-SE), temporal dependencies और contextualized 

sequence information को मॉिि करन े के सिए self-attention यकु्त long short-term 

memory (LSTM) network, तथा अंततः robust categorical decision-making के सिए 

XGBoost classifier। यह िंरचना binary detection िे आगे बढ़ते हुए stress के multi-level 

classification को िंभव बनाती ह।ै पररणामों न ेपवूतवती मॉििों की तुिना में classification accuracy में 

महत्वपणूत िधुार प्रदसशतत सकया, सजििे EEG को मानसिक तनाव के scalable diagnostic biomarker के रूप 

में मान्यता समिती ह।ै 

मानसिक तनाव वगीकरण के असतररक्त, यह शोधप्रबंध तनाव-प्रबंधन के िंदभत में short-duration mini-

meditation-based breathing exercise (MMBE) intervention की भी जााँच करता ह,ै सजिे 

सवसभन्न स्तरों पर induced stress के बाद िाग ूसकया गया। आगे, यह अध्ययन EEG के माध्यम िे सवसभन्न brain 

waves में MMBE के कारण brain functional connectivity में होने वािे महत्वपणूत पररवततनों का भी 

सवशे्लषण करता ह।ै इि सवशे्लषण में average degree, average strength, clustering coefficient 

और characteristic path length जैिे graph theoretical parameters में पररवततन पाए गए, जो 

िंकेत दते ेहैं सक MMBE cortical network parameters को modulate करता ह।ै 

इन परस्पर परूक दृसष्टकोणों पर आधाररत होकर, इि शोधप्रबंध का प्रमखु भाग NTS device िे प्राप्त nasal 

breathing signals और EEG recordings को एकीकृत करता ह,ै तासक stress-induced पररवततनों 

का simultaneous analysis सकया जा िके। यह multimodal framework mental stress 

research में एक महत्त्वपणूत अंतराि को िंबोसधत करता ह:ै यद्यसप stress का अध्ययन cardiovascular 
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indices या respiration belt आधाररत respiration signals के माध्यम िे व्यापक रूप िे सकया गया ह,ै 

nasal breathing signal अभी भी िगभग अन्वेसषत नहीं ह,ै जबसक इिके mood, cognition और 

Parkinson’s disease तथा schizophrenia जैिी neurological conditions िे िंबंध के प्रमाण 

उपिब्ध हैं। यह शोधप्रबंध जााँच करता ह ैसक experimentally induced multi-level stress सकि प्रकार 

NDI, NLR, iNCC और nBRV को प्रभासवत करता ह,ै और यह पररवततन frontal log alpha power 

(FLAP) जैिे स्थासपत mental stress biomarker के िाथ सकि प्रकार िंबंसधत हैं। पररणाम दशातते हैं सक बढ़ता 

मानसिक तनाव nasal breathing patterns को महत्वपणूत रूप िे बासधत करता ह,ै जो dysregulated 

autonomic state के अनुरूप ह।ै 

यह शोधप्रबंध NDI और FLAP के बीच िंबंध की भी जााँच करता ह।ै इि िंबंध का परीक्षण यह िमझन ेके सिए एक 

महत्त्वपणूत आधार प्रदान कर िकता ह ै सक peripheral respiratory patterns सकि प्रकार neural 

processes िे िहिंबि हो िकते हैं। यह दृसष्टकोण stress-िंबंधी physiological और neurological 

interactions के अध्ययन के सिए एक नया पररप्रके्ष्य प्रदान करता ह।ै इि प्रकार का िंबंध स्थासपत करना 

psychophysiological research में एक मौसिक योगदान ह,ै जो यह प्रस्तासवत करता ह ै सक nasal 

breathing indices, EEG markers के परूक के रूप में, stress assessment के सिए non-

invasive biomarkers की भसूमका सनभा िकते हैं। 

इि कायत का व्यापक महत्व मानसिक तनाव मलूयांकन के सिए एक multimodal और integrative 

paradigm की स्थापना में सनसहत ह।ै इि शोधप्रबंध के प्रमखु योगदानों को िंक्षेप में इि प्रकार प्रस्तुत सकया जा िकता ह:ै 

nasal breathing monitoring के सिए एक नवीन wearable device का सिजाइन और सवकाि; 

multilevel mental stress classification के सिए StreXNet नामक state-of-the-art 

EEG-based deep learning model का सवकाि; short-duration breathing 

interventions के माध्यम िे stress management की उपयोसगता का प्रदशतन; तथा stress-induced 

nasal breathing signal changes और cortical activity के बीच multimodal linkages 

का प्रमाण, जो autonomic और cortical biomarkers के एक शसक्तशािी वचैाररक एकीकरण को प्रस्तुत करता 

ह।ै 

वैज्ञासनक योगदानों िे परे, इि शोधप्रबंध के translational implications भी अत्यंत महत्वपणूत हैं। एक 

नवीन wearable nasal breathing device तथा EEG के िाथ एकीकृत framework प्रदान करके यह 

occupational, educational, clinical और घरेि ूsettings में real-world mental stress 

monitoring systems की नींव रखता ह।ै NTS wearable devices और EEG-based neural 

activity measurements का िंयकु्त उपयोग stress tracking, biofeedback-driven 

interventions और भसवष्य के clinical decision-support systems के सिए आधार बन िकता ह,ै 

सजनमें respiratory तथा neural biomarkers का िमावेशन िंभव ह।ै इिके असतररक्त, यह शोध 
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accessible और individualized nasal breathing fingerprints को mood, cognition 

और neurological health के िंकेतकों के रूप में उपयोग करने की नवीन िंभावना प्रस्तुत करता ह।ै इि प्रकार nasal 

breathing को केवि mental stress biomarker ही नहीं, बसलक एक कें द्रीय और अब तक कम उपयोग 

सकए गए biomarker के रूप में स्थासपत सकया गया ह,ै जो depression, anxiety िे िेकर 

neurodegenerative disease तक तनाव-िंबंधी सवकारों की पहचान में िहायक हो िकता ह।ै 

अंततः, यह शोधप्रबंध wearable sensors में engineering innovations, EEG-based 

deep learning में computational advances, तथा mental stress के अंतगतत autonomic-

cortical coupling की multimodal exploration के माध्यम िे mental stress research 

को आगे बढ़ाने वािा एक तकनीकी रूप िे िदुृढ़ और वचैाररक रूप िे एकीकृत कायत प्रस्ततु करता ह।ै िामसूहक रूप िे, ये 

योगदान अगिी पीढ़ी की non-invasive, real-time और personalized mental stress 

detection तथा regulation systems के सिए वैज्ञासनक और तकनीकी आधार तैयार करते हैं, और 21वीं िदी 

की िबिे महत्त्वपणूत स्वास््य चनुौसतयों में िे एक को िंबोसधत करते हैं। 
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mental stress level 1, mental stress level 2, and mental stress level 3, 

respectively. (c) Mental stressors’ components. The “Sub” indicates the 

participant's MPS.  
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An overview schematic of the experimental paradigm of a representative 

session during a particular level of mental stress. Ins and EC represent the 

instruction and eye-closed conditions. “B” and E” indicate the psychology-

based synchronization trigger during the start and end of the block, and T is 

the time in seconds. 
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The schematic representation of the breath‑cycle window-based epoch for the 

electroencephalogram (EEG) signal analysis. Epn is the nth epoch of the EEG 

signal. NTS is the nasal temperature sensing (NTS) device. 
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Fig. 

4.7. 

Mental arithmetic task (MAT) performance score for three mental stress levels. 

Here, MSL1, MSL2, and MSL3 represent mental stress level 1, mental stress 

level 2, and mental stress level 3, respectively. The asterisk (∗) indicates the 

significant difference with 𝑝 ≤ 0.05. 
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Fig. 

4.8. 

The Poincare plot of successive BB intervals (time intervals between two 

consecutive breath beats) in seconds (s) for a particular individual during three 

stress phases (pre-stress, stress, and post-stress) and three mental stress levels 

(MSL1, MSL2, and MSL3). Here, MSL1, MSL2, and MSL3 represent mental 
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stress level 1, mental stress level 2, and mental stress level 3, respectively. The 

acute stress condition decreased the area of the Poincaré ellipse relative to both 

pre-stress and post-stress conditions, suggesting lower breathing variability 

and increased sympathetic dominance. In contrast, the pre-stress and post-

stress phases increase the ellipse area again, indicating restored breath 

variability. 

Fig. 

4.9. 

Receiver Operating Characteristic (ROC) curves of frontal-log-alpha power 

(FLAP). The NS, MSL1, MSL2, and MSL3 represent the no-stress (pre-stress 

condition), mental stress level 1, mental stress level 2, and mental stress level 

3, respectively. 
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Fig. 

5.1. 

Overview framework for proposed thesis illustrating the development of a 

nasal temperature sensing (NTS) device (Chapter 2), assessment of mental 

Stress using EEG (Chapter 3), and the integration of the NTS device with EEG-

based features for stress assessment (Chapter 4).  
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