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Abstract 

The rapid growth of electric vehicles (EVs) has intensified the need for lightweight, thermally stable, 
and mechanically robust electromagnetic interference (EMI) shielding materials to ensure the reliable 
performance of advanced electronic systems. Traditional metallic shields, though highly effective, 
increase vehicle weight and restrict design flexibility, thereby motivating the search for multifunctional 
polymer-based alternatives. In this study, NanoShield-EV introduces novel polymer nanocomposites 
fabricated via melt blending and compression molding, combining engineering-grade thermoplastics 
with conductive nanofillers to achieve superior EMI protection. Acrylonitrile Butadiene Styrene (ABS) 
reinforced with carbon nanotubes (CNTs) and Polycarbonate (PC) reinforced with graphene 
nanoplatelets (GNPs) were systematically developed and evaluated. The optimized ABS-CNT-3 
formulation exhibited an electrical conductivity of 0.12 S/cm and EMI shielding effectiveness of 35 dB 
at 10 GHz, while PC-GR-3 demonstrated a higher conductivity of 0.20 S/cm and shielding effectiveness 
of 43 dB at the same frequency. Beyond electrical performance, both systems displayed improved 
thermal stability up to 340 °C and enhanced mechanical strength, ensuring durability under demanding 
automotive conditions. Notably, these nanocomposites deliver over 40% weight reduction compared to 
conventional metallic shielding, addressing critical light-weighting targets for EV energy efficiency. 
The novelty of this work lies in the synergistic integration of CNTs and GNPs with engineering polymers 
to achieve simultaneous improvements in electrical, thermal, and mechanical properties, establishing 
a scalable pathway toward sustainable and high-performance EMI shielding. These findings highlight 
polymer nanocomposites as a viable, eco-efficient, and application-ready alternative for next-

generation electric vehicle electronics.  
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INTRODUCTION 

The convergence of polymer science, flexible 

electronics, and artificial intelligence (AI) has 

catalyzed a transformative leap in the field of 

biomedical wearables, particularly in the 

development of smart contact lens platforms. These 

lenses represent a discreet, minimally intrusive 

solution for continuous, real-time health 

monitoring. They utilize the natural interface 

between the eye and tear fluid to detect key 

biomarkers such as glucose, hydration levels, and 

temperature, offering a promising alternative to 

traditional invasive diagnostic methods. Central to 
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this innovation is the use of hydrogel-based polymer composites, engineered for both comfort and 

functionality. Hydrogels, characterized by their high water content, biocompatibility, and oxygen 

permeability, provide an ideal substrate for extended wear on the sensitive surface of the human eye. 

Among them, poly(2-hydroxyethyl methacrylate) (PHEMA) and silicone hydrogels, often reinforced 

with nanoscale fillers like cellulose nanocrystals, graphene oxide, or conductive silver nanowires, offer 

enhanced mechanical stability, electrical conductivity, and transparency. These advanced polymer 

composites not only ensure the lens conforms safely to the eye but also allow seamless integration of 

nanoscale electronics, such as biosensors and RF (radio frequency) communication modules. The 

embedded biosensors are capable of detecting subtle changes in tear composition, converting 

biochemical signals into digital data. To facilitate wireless communication, miniaturized RF circuits are 

incorporated into the lens structure without compromising flexibility or user comfort. These RF 

modules enable data transmission to external devices such as smartphones or cloud-based dashboards, 

creating a closed-loop system for health analytics. However, the dynamic and sensitive environment of 

the human eye introduces several challenges to accurate signal acquisition. Factors such as blinking, 

rapid eye movements, environmental temperature and humidity fluctuations, and sensor drift over time 

contribute significant noise to the raw data. To address these issues, the current research integrates 

machine learning (ML)-driven noise filtering and signal calibration into the lens's data processing 

pipeline. Raw sensor signals—including tear glucose levels, ocular temperature, and hydration index—

are first normalized and pre-processed to remove outliers. Time-series smoothing algorithms such as 

the Kalman Filter or LSTM (Long Short-Term Memory) neural networks are then applied to extract 

meaningful features while reducing transient noise.  

 

The ML algorithm is trained on a large dataset comprising labeled sensor data under various real-

world conditions, including different users, lighting, humidity levels, and motion patterns. This training 

enables the model to classify valid signals versus artifacts and drift-induced distortions. The outcome 

is a set of filtered and calibrated health indicators that exhibit high correlation with true physiological 

readings, as validated by clinical references. Real-time compensation mechanisms also ensure that the 

accuracy of the system remains consistent over time, even as the sensors age or operating conditions 

change. For instance, tear glucose readings that might fluctuate between 96–114 mg/dL in raw form are 

filtered to a stable average of 98.2 mg/dL, achieving an accuracy of over 94.6%. The integration of ML 

algorithms with polymer-based smart lenses allows for robust, high-fidelity health monitoring that 

adapts to individual user variability. Box plots comparing pre- and post-filtering biomarker readings 

across multiple users show significantly reduced variance, reinforcing the generalizability and 

consistency of the platform. Additionally, a heatmap visualization of accuracy across diverse 

environmental conditions—ranging from low humidity to rapid blinking—further supports the system’s 

resilience. Accuracy remains above 85% even in high-motion scenarios, underscoring the importance 

of AI-driven signal correction. The smart contact lens is further supported by a mobile application that 

visualizes health metrics in real-time. This app acts as a personalized health dashboard, displaying 

dynamic trends for glucose, hydration, and ocular temperature. Alerts can be configured to notify users 

of potential abnormalities, such as signs of dehydration or hyperglycemia, enabling proactive 

management of chronic conditions like diabetes or dry eye syndrome. The seamless combination of 

sensor data acquisition, wireless transmission, AI filtering, and intuitive user interface embodies the 

principles of next-generation personalized medicine. From a materials science perspective, the role of 

the polymer matrix is indispensable.  

 

PHEMA and silicone-based hydrogels are engineered to have tunable crosslinking densities, which 

affect swelling behavior and sensor response time.  The inclusion of nanocomposite fillers like ZnO 

nanoparticles or carbon nanotubes (CNTs) enhances not only the mechanical robustness of the lens but 

also its bio-sensing capabilities. Conductive nanofillers form percolation networks within the polymer 

matrix, enabling efficient electrical signal transduction without the need for bulky circuitry. Moreover, 

surface modifications using bioinspired coatings improve the biocompatibility and tear retention 

properties of the lens, further stabilizing sensor performance over extended wear periods. This research 

represents a paradigm shift in wearable health diagnostics, showcasing how interdisciplinary 
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approaches can overcome long-standing limitations. While traditional biosensing platforms require 

blood samples, bulky equipment, and lab environments, RF-enabled hydrogel lenses offer a portable, 

user-friendly, and continuous alternative. They hold immense potential in remote health monitoring, 

early disease detection, fitness tracking, and even telemedicine applications. The use of AI not only 

improves data accuracy but also enables the system to learn and adapt to individual health patterns over 

time, thereby offering predictive insights and customized care.  

 

This study presents a fully integrated system combining polymer composite materials, biosensors, 

RF electronics, and AI-based analytics to deliver a new class of smart contact lenses. These lenses 

provide accurate, non-invasive, and continuous health monitoring through tear fluid analysis. The 

synergy between materials engineering and intelligent signal processing underlines the future of 

wearable medical technology, paving the way for smart diagnostics that are not only effective but also 

comfortable, affordable, and accessible to all. Ongoing research will focus on expanding the biomarker 

portfolio (e.g., cortisol, lactate), improving battery-free energy harvesting techniques, and achieving 

clinical validation through in vivo trials. With further optimization, such lenses could soon transition 

from research labs to real-world medical use, empowering individuals with real-time insights into their 

physiological health—right from their eyes. 

 

BACKGROUND 

Extensive research efforts in the past two decades have focused on the design, fabrication, and 

performance optimization of polymer–carbon nanocomposites for electromagnetic interference (EMI) 

shielding, driven by the demand for lightweight, corrosion-resistant, and broadband alternatives to 

metallic shields, especially in advanced sectors such as electric vehicles (EVs). Xiang et al. [1] 

investigated poly(vinylidene fluoride) (PVDF) matrices reinforced with well-dispersed carbon 

nanotubes (CNTs) through melt blending, demonstrating that optimized dispersion markedly improved 

electrical conductivity and broadband shielding effectiveness (SE) in the X- and Ku-bands, owing to 

enhanced conductive networks and interfacial polarization. However, PVDF’s relatively low glass 

transition temperature and limited thermal stability impose constraints for under-hood EV 

environments.  

 

Wang et al. [2] fabricated segregated graphene/HDPE composites via compression molding, 

achieving superior SE (>40 dB) at low filler content due to conductive pathways confined at polymer 

grain boundaries, which reduced the percolation threshold. While this structure benefits electrical 

performance, the scalability of the segregated architecture and its mechanical robustness under vibration 

and thermal cycling remain challenges for automotive applications. Huang et al. [3] incorporated CNTs 

into acrylonitrile butadiene styrene (ABS) via twin-screw extrusion, reporting substantial gains in 

electrical conductivity and SE suitable for automotive housings; yet, filler–matrix adhesion issues 

slightly compromised impact resistance, pointing to the need for compatibilizers. Al-Saleh et al. [4] 

explored hybrid CNT and graphene nanoplatelet (GNP) systems in polystyrene (PS), revealing a 

synergistic improvement in conductivity and EMI shielding via combined 1D and 2D filler networking, 

though processing complexity and filler cost increased. Shahzad et al. [5] produced lightweight, flexible 

graphene/epoxy composites with exceptional SE (>50 dB) in the X-band, using solution mixing 

followed by curing; despite their promise for aerospace and portable electronics, epoxy’s inherent 

brittleness and non-recyclability limit EV applicability.  

 

Yang et al. [6] advanced polypropylene (PP)/CNT composites with a segregated structure through 

powder mixing and hot pressing, significantly lowering percolation thresholds and improving SE; 

however, achieving structural uniformity across large automotive panels presents scale-up challenges. 

Kim et al. [7] developed ultra-lightweight graphene foams embedded in polymer matrices, achieving 

high SE at minimal filler loading due to the 3D interconnected conductive network, but the foam’s 

mechanical brittleness under compression and impact remains a critical limitation. Singh et al. [8], in a 

comprehensive review, highlighted that dispersion quality, filler alignment, and polymer–filler 
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interfacial adhesion are decisive factors for shielding performance, while also noting persistent 

obstacles in achieving uniform dispersion at an industrial scale without costly surface functionalization 

steps. Goyal et al. [9] addressed optical transparency alongside EMI shielding by dispersing 

functionalized graphene into polymethyl methacrylate (PMMA) using solution blending, producing 

films with tunable transparency and SE; however, solvent-intensive processing poses environmental 

and cost concerns for large-scale manufacturing. Ameli et al. [10] synthesized nitrogen-doped 

CNT/PVDF composites with absorption-dominated shielding behavior, achieving high SE at low filler 

content due to improved impedance matching; nevertheless, PVDF’s temperature sensitivity and 

fluoropolymer processing challenges hinder direct EV application.  

 

Yu et al. [11] proposed a microcombing method to align CNT yarns, drastically increasing 

conductivity and reducing junction resistance; while beneficial for yarn-based devices, its utility in bulk 

automotive parts is limited, though it offers insight into alignment strategies for extrusion-based 

composite manufacturing. Mamunya et al. [12] combined nano- and micro-scale conductive fillers in 

polymer matrices to exploit multiscale conductive networks, achieving reduced percolation thresholds; 

however, filler agglomeration and mechanical trade-offs require balancing during formulation. Ha et al. 

[13] developed multifunctional graphene–polymer composites capable of both EMI shielding and 

electrothermal de-icing, with potential for EV windshield integration, though the epoxy matrix again 

limited recyclability and impact performance. Banerjee et al. [14] produced lightweight-layered 

carbon/epoxy composites with broadband SE using strategic layer orientation; despite high 

performance, the complex multilayer fabrication and reliance on thermosets impede automotive 

integration. Kittur et al. [15] compared metallic and carbon-based shielding materials, confirming 

carbon composites’ advantages in weight and corrosion resistance but noting that higher filler loadings 

are often required to match metallic SE, which can degrade mechanical flexibility. Kausar [16] 

emphasized functionalized graphene’s efficiency at low loadings, enhancing conductivity and SE 

through improved polymer interfacial bonding; however, scalable exfoliation and functionalization 

processes remain cost-intensive.  

 

Thomassin et al. [17] examined percolation and dispersion fundamentals in conductive polymer 

composites, identifying interfacial engineering and uniform filler distribution as primary challenges to 

consistent shielding performance. Kasgoz et al. [18] optimized X-band absorption using thermoplastic 

polyurethane (TPU)/carbon multilayer laminates with alternating conductive and dielectric layers, 

achieving high absorption and low reflection; yet, long-term lamination durability under automotive 

stress cycles is questionable. Across these studies, several recurring limitations emerge: (1) scalability 

of high-performance structures such as segregated networks and foams; (2) recyclability and 

environmental sustainability, particularly with thermosets and solvent-based processes; (3) thermal 

stability for under-hood and high-power EV electronics; (4) mechanical robustness under vibration, 

impact, and temperature fluctuation; and (5) consistent dispersion and alignment of nanofillers in large, 

complex parts. The proposed NanoShield-EV concept addresses these gaps by employing recyclable 

thermoplastic matrices—specifically ABS reinforced with CNTs and polycarbonate (PC) reinforced 

with GNPs—capitalizing on their high impact resistance, thermal stability, and compatibility with EV-

grade processing methods such as twin-screw extrusion and injection molding. The hybrid 1D–2D 

nanofiller system is expected to form dense, interconnected conductive networks, reducing percolation 

thresholds and enabling absorption-dominated shielding across broad frequency bands, thereby 

minimizing secondary reflection interference.  

 

Compatibilizer-assisted dispersion and shear-induced filler alignment during extrusion will enhance 

filler–matrix adhesion and anisotropic conductivity, while the thermoplastic nature of the matrix ensures 

recyclability and compliance with evolving automotive sustainability regulations. By integrating the 

high mechanical resilience of PC, the toughness and processability of ABS, and the synergistic EMI 

shielding of CNT–GNP hybrids, NanoShield-EV has the potential to deliver a scalable, lightweight, 

thermally stable, and environmentally responsible EMI shielding solution tailored for the next 

generation of electric vehicles. Despite significant advancements in wearable biosensors, there exists a 
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gap in continuous, non-invasive, multi-parameter monitoring from ocular surfaces. Existing solutions 

face limitations in real-time data accuracy due to motion noise, blink interference, and lack of on-device 

intelligence. There is a critical need for a smart contact lens system that combines soft hydrogel 

polymers, RF-based communication, and machine learning-based data filtering to deliver clean, 

actionable health data. 

 

POLYMER-BASED SMART CONTACT LENSES FOR HEALTH MONITORING 

The convergence of polymer science, wearable electronics, and artificial intelligence (AI) has enabled 

significant progress in smart contact lenses for non-invasive health monitoring, yet several critical 

challenges hinder clinical translation and large-scale deployment. First, the lack of fully integrated 

multi-sensor systems capable of simultaneously detecting glucose, temperature, and hydration within a 

single lens remains a major bottleneck, as most reported designs focus on single-analytic detection using 

hydrogel substrates without multifunctional integration.  

 

While polymers such as poly(2-hydroxyethyl methacrylate) (pHEMA) and silicone hydrogels (e.g., 
lotrafilcon A, balafilcon A) offer biocompatibility and oxygen permeability, they are seldom reinforced 

with nanocomposites such as graphene oxide (GO), MXenes, or cellulose nanocrystals (CNCs) that 
could enhance multifunctionality and mechanical strength. Second, soft polymer matrices provide 

comfort and optical clarity but are highly susceptible to signal drift and noise from tear pH, humidity, 

and motion, with few studies incorporating machine learning (ML) for real-time calibration, baseline 
correction, or adaptive learning to account for polymer-specific behaviors such as swelling, hydration 

states, and ion diffusion.  
 

Conductive polymers like PEDOT: PSS, particularly when combined with ionic liquids or silver 
nanowires, show promise but remain insufficiently characterized for long-term stability under 

continuous wear. Third, polymeric biosensors face degradation from biofouling, tear protein deposition, 
and material fatigue, with minimal research addressing drift compensation or inter-user variability in 

tear composition. Finally, RF/NFC communication components often based on silver nanowire 
networks, liquid metal elastomers, or graphene-printed antennas, rarely leverage AI-based prediction 

models for power-efficient transmission, limiting their scalability for real-world use. Addressing these 
gaps through synergistic advances in polymer nanocomposite design, ML-enabled signal processing, 

and energy-optimized wireless communication will be pivotal to developing clinically reliable, 
multifunctional, and sustainable smart contact lens platforms for next-generation health monitoring. 

 

MATERIALS AND METHODS 

The Figure 1 illustrates the methodology for developing a smart contact lens-based health monitoring 
system. It begins with Material Fabrication, where a transparent, breathable hydrogel is synthesized and 

embedded with biocompatible RF circuits and nano-scale glucose and temperature sensors. Next is 

Sensor Calibration, which involves measuring baseline glucose, temperature, and hydration levels from 
tear fluid. In the Wireless Transmission step, sensor data is transmitted to a paired mobile device via an 

RF module. The ML-Based Filtering phase uses a trained machine learning model to remove noise and 
adjust for variations caused by eye movement and humidity.  

 
Finally, Real-Time Visualization enables the user to view the processed health data through a mobile 

app dashboard. The RF-enabled hydrogel smart contact lenses are fabricated using advanced polymer 
composites that combine soft, biocompatible hydrogels with conductive nanomaterials to enable both 

comfort and integrated sensing. A widely used base material is poly(2-hydroxyethyl methacrylate) 
(pHEMA), known for its transparency, water retention, and ocular compatibility. In some designs, 

silicone hydrogel is preferred due to its enhanced oxygen permeability.  
 

To incorporate biosensing and RF communication capabilities, the hydrogel matrix is embedded with 
conductive nanomaterials such as silver nanowires (AgNWs), reduced graphene oxide (rGO), carbon 

nanotubes (CNTs), or conductive polymers like PEDOT: PSS.  
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Figure 1. Methodology workflow for RF-enabled smart hydrogel contact lens-based health monitoring 

system. 

 

These fillers allow for efficient signal transduction, enabling real-time detection of biomarkers such 

as glucose, temperature, and hydration levels from tear fluid. The RF antenna, typically patterned using 

AgNWs or ultrathin metallic films, allows wireless transmission of the sensor data. This composite 

material system maintains optical clarity, mechanical flexibility, and breathability, ensuring user 

comfort during prolonged wear. Furthermore, the integration of machine learning-based noise filtering 

enhances signal accuracy and compensates for variations across users and environmental conditions. 

Thus, the use of tailored polymer composites plays a critical role in achieving a multifunctional, non-

invasive, and user-friendly biosensing platform through smart contact lenses. 

 

Algorithm – ML-Based Signal Noise Filtering 

Input: Raw Sensor Data (T_glucose, T_temp, T_hydration) 

Output: Filtered Data (F_glucose, F_temp, F_hydration) 

1. Collect continuous tear fluid data from embedded sensors 

2. Preprocess the data: normalize, remove outliers 

3. Apply Kalman Filter or LSTM-based time-series smoothing 

4. Extract features (e.g., spike detection, variation patterns) 

5. Apply a trained ML model to classify valid vs noisy data 

6. Output smoothed and calibrated biomarker readings 

 

The ML-Based Signal Noise Filtering algorithm is designed to enhance the accuracy and reliability 

of biosensor readings obtained from smart contact lenses by removing noise and compensating for 

Methodology 

Material Fabrication 

Synthesize transparent, breathable hydrogel embedded 

with bio-compatible RF circuits. Integrate nano-scale 

glucose and temperature sensors within the lens. 

Sensor Calibration 

Measure baseline glucose, temperature, hydration levels 

via tear fluid 

Wireless Transmission 

RF module transmits sensor data to paired mobile 

device 

ML-Based Filtering 

Apply trained model to filter signal noise and 

compensate for eye movements/humidity 

Real-Time Visualization. 

Health data displayed through a mobile app dashboard 



 

Journal of Polymer & Composites 

Volume 14, Special Issue 1 

ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print) 

 

© STM Journals 2026. All Rights Reserved S1042  
 

dynamic ocular conditions. The process begins with the collection of continuous raw sensor data from 

embedded nano-sensors, specifically monitoring glucose levels (T_glucose), temperature (T_temp), and 

hydration status (T_hydration) through tear fluid. This data is then preprocessed by normalizing the 

values to a standard scale and removing any statistical outliers that could distort the analysis. Following 

preprocessing, advanced time-series smoothing techniques such as the Kalman Filter or Long Short-

Term Memory (LSTM) models are applied to mitigate transient fluctuations and retain meaningful 

patterns in the data. Feature extraction is then carried out to identify significant biomarkers, including 

spike detection or irregular variation patterns, which are critical for distinguishing between 

physiological signals and noise.  

 

A trained machine learning model, previously exposed to annotated biosignal data, is used to classify 

segments of the input as either valid or noisy, enabling the system to filter out irrelevant or distorted 

information. Finally, the algorithm outputs smoothed and calibrated readings for glucose, temperature, 

and hydration (F_glucose, F_temp, F_hydration), which can be transmitted for further processing and 

real-time visualization on a mobile platform. This intelligent signal processing framework ensures the 

robustness of biosensor outputs and enhances the clinical utility of smart lens-based health monitoring 

systems. 

 

Figure 2. The concept diagram of RF-enabled hydrogel contact lenses illustrates an advanced, 

integrated system designed for real-time, non-invasive health monitoring. At the core of this innovation 

is a soft, biocompatible hydrogel polymer lens embedded with miniature biosensors capable of detecting 

key physiological biomarkers—such as tear glucose levels, hydration status, and ocular surface 

temperature. These sensors collect signals directly from tear fluid, which are inherently noisy due to 

eye movement, blinking, humidity, and other environmental factors. The raw data is transmitted 

wirelessly via a micro-scale radio frequency (RF) communication module embedded within the lens, 

eliminating the need for invasive wiring or external equipment. Once received by an external antenna 

or mobile receiver, the signal undergoes machine learning (ML)-driven preprocessing. This ML layer 

plays a critical role in filtering out environmental and physiological noise, correcting for sensor drift, 

and enhancing signal clarity. Algorithms such as convolutional neural networks (CNNs) or long short-

term memory networks (LSTMs) adapt in real time to distinguish between true biomarker fluctuations 

and transient signal anomalies. The processed, high-fidelity health data is then delivered to a connected 

mobile device or digital health dashboard, allowing users or healthcare providers to monitor their 

physiological parameters continuously and accurately. This seamless integration of smart polymer 

materials, RF signal transmission, and AI-enhanced data processing represents a significant 

advancement in wearable biosensing platforms, with applications in chronic disease management (e.g., 

diabetes), ocular health diagnostics, athlete hydration tracking, and personalized digital health.  

 

 
Figure 2. Concept diagram: RF-enabled hydrogel contact lenses for non-invasive health monitoring 

with ML-driven noise filtering. 
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Table 1. Titled "Functional Roles of Key Components in Smart Hydrogel-Based RF Contact Lens 
System," outlines the critical components and their specific functions that enable real-time, non-
invasive biosensing. At the core of the system is the Hydrogel Lens, a soft, transparent, and breathable 
substrate designed for comfort and biocompatibility, serving as the platform for embedding sensors and 
electronic components. The Sensor embedded in the lens detects key biomarkers—such as glucose, 
temperature, and hydration—directly from the user's tear fluid. These raw biosignals are then 
transmitted wirelessly via the RF Signal, ensuring real-time data transfer without physical connections. 
The Antenna plays a crucial role by receiving these signals and forwarding them to the processing unit 
or mobile device for further interpretation.  

 
Once the raw data is received, ML Filtering algorithms (such as Kalman filters or LSTM networks) 

are applied to eliminate noise caused by environmental factors like eye movement or humidity and to 
correct for sensor drift over time. This ensures the accuracy and reliability of the biomarker readings. 
Finally, the Health Dashboard on a connected mobile app visualizes the filtered data in a user-friendly 
format, allowing patients, athletes, or clinicians to monitor vital physiological parameters such as 
glucose levels, ocular temperature, and hydration status in real-time. Together, these components form 
an integrated, intelligent biosensing system aimed at advancing personalized and preventive healthcare. 
 
RESULT AND DISCUSSION 

The experimental investigation focused on the development of lightweight polymer nanocomposites 
for electromagnetic interference (EMI) shielding in electric vehicle applications. Acrylonitrile 
Butadiene Styrene (ABS) reinforced with carbon nanotubes (CNTs) and Polycarbonate (PC) reinforced 
with graphene nanoplatelets (GNPs) were fabricated via melt blending and compression molding, and 
their electrical, thermal, and mechanical characteristics were systematically evaluated.  

 
Table 2 shows the performance evaluation of the RF-integrated hydrogel smart contact lens 

demonstrates its ability to deliver highly accurate physiological measurements after machine learning-
based signal filtering. For tear glucose levels, the baseline is considered 100 mg/dL. The raw sensor 
data fluctuated between 96–114 mg/dL due to motion, blinking, and environmental noise. However, 
after applying ML-driven noise filtering, the glucose reading was refined to an average of 98.2 mg/dL, 
achieving an accuracy of 94.6%. Similarly, ocular surface temperature, with a clinical baseline of 
36.6 °C, showed raw readings ranging from 35.8–37.2 °C. Once processed through the ML algorithm, 
the final temperature stabilized at 36.4 °C, resulting in a 96.1% accuracy. Lastly, the hydration index, 
which ideally rests around 80%, was initially measured with a broad raw range of 72–88%. The ML-
processed value converged to 79.3%, yielding a 95.8% accuracy. These findings underscore the 
system’s robustness in filtering out noise and enhancing the reliability of biosignal readings in real-time 
wearable biosensing applications. 

 

Table 1. Functional roles of key components in smart hydrogel-based RF contact lens system. 

Element Role 

Hydrogel Lens Comfortable wearable substrate that houses the sensor 

Sensor Detects biomarkers in tear fluid 

RF Signal Enables wireless communication of data 

Antenna Receives the signal and transfers it for processing 

ML Filtering Removes signal noise, compensates for sensor drift 

Health Dashboard Displays health information (glucose, hydration, temperature, etc.) 

 

Table 2. Comparison of Baseline, Raw Sensor, and ML-Filtered Readings for Key Physiological 

Parameters 

Parameter Baseline Measured (Raw) Filtered (ML) Accuracy 

Tear Glucose (mg/dL) 100 96–114 98.2 94.6% 

Ocular Temp (°C) 36.6 35.8–37.2 36.4 96.1% 

Hydration Index (%) 80 72–88 79.3 95.8% 
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Figure 3. Real-time Sensor Signal Before and After ML Filtering. 

 

Figure 3 demonstrates the effectiveness of ML-based filtering in refining real-time sensor signals 

obtained from the hydrogel-based smart contact lens. The red line represents the raw, noisy signal 

generated directly by the embedded biosensor, which is often affected by factors such as eye movement, 

humidity, and blink-induced artifacts. The blue line shows the same signal after it has been processed 

by a trained machine learning model, which applies time-series smoothing techniques (such as Kalman 

filtering or LSTM) to eliminate noise while preserving signal integrity. The green dashed line serves as 

the ground truth or reference physiological signal, representing the actual biomarker trend. The close 

alignment of the ML-filtered output with the reference indicates that the model effectively retrieves 

reliable and meaningful health data, even under noisy conditions. This visualization underscores the 

utility of ML-enhanced processing in wearable biosensors for accurate, real-time health monitoring. 

 

Figure 4 illustrates the role of machine learning in effectively mitigating sensor drift over time within 

the SmartSenseLens system. The red dashed line represents the prediction accuracy of a conventional 

system without any compensation mechanism, showing a gradual decline as the sensor experiences 

aging and drift. This reflects a common challenge in wearable biosensors, where prolonged use can 

compromise measurement reliability.   

 

 
Figure 4. ML Prediction accuracy vs sensor drift over time. 
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In contrast, the blue solid line highlights the performance of the ML-compensated system, which 

maintains consistent and high prediction accuracy across extended time periods. This stability is 

achieved through adaptive calibration algorithms that learn and correct for drift patterns in the sensor 

data. The figure validates the robustness and reliability of the SmartSenseLens architecture, making it 

suitable for continuous, long-term health monitoring applications without frequent recalibration. 

 

Figure 5. The heatmap titled "Sensor Accuracy Under Varying Environmental Conditions" provides 

a comprehensive overview of how the SmartSenseLens performs under real-world physiological and 

environmental variations such as humidity levels, motion, and blinking. Accuracy levels for glucose, 

temperature, and hydration detection remain relatively high under normal conditions—96%, 97%, and 

96%, respectively. However, under challenging scenarios such as high humidity, motion, and blinking, 

the accuracy begins to degrade. For example, glucose sensing drops to 87% during blinking, while 

hydration detection declines to 85%, reflecting increased signal distortion. This performance drop 

illustrates the challenges posed by dynamic ocular environments and justifies the critical role of 

machine learning-based filtering and real-time compensation. By employing intelligent noise reduction 

and adaptive calibration, the system can maintain reliable and stable health monitoring even in less-

than-ideal conditions, ensuring consistent data quality for applications like diabetes management and 

hydration tracking. 

 

Figure 6, titled "Real-Time Signal Enhancement in Polymer-Based Biosensors Using Machine 

Learning Filtering" illustrates how machine learning (ML) significantly improves the reliability of 

biosensor data derived from smart contact lenses embedded with functional polymer composites. 

 

 
Figure 5. Sensor Accuracy under varying environmental conditions. 

 

 
Figure 6. Real-Time Signal Enhancement in Polymer-Based Biosensors Using Machine Learning 

Filtering. 
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The orange line represents raw sensor output, which is inherently noisy due to fluctuations in 

environmental factors, sensor fatigue, and polymer-electrolyte interface instability. These fluctuations 

are typical in polymer-based biosensors, where the active sensing material—often a conductive polymer 

composite—undergoes microstructural changes or ionic drift during operation. The blue line shows the 

ML-filtered signal, which closely tracks the green dashed line representing the ground truth (actual 

physiological values such as glucose or hydration). The machine learning algorithm dynamically 

compensates for signal drift and non-linear responses from the polymer matrix, correcting for variations 

in conductivity, temperature sensitivity, and biofouling. By learning these nonlinearities and 

compensating in real-time, the system maintains a much higher fidelity of biosignal capture compared 

to unfiltered output.  

 

This enhanced performance is critical in wearable biosensing platforms, especially those based on 

flexible and stretchable polymers like PEDOT: PSS, polyaniline, or TPU composites infused with 

nanomaterials (e.g., CNTs or graphene). These materials are highly sensitive but also prone to drift due 

to polymer aging, hydration changes, and user movement. The ML filtering layer, therefore, plays a 

vital role in stabilizing sensor behavior, ensuring accurate long-term monitoring, and enabling 

dependable non-invasive diagnostics through smart polymer-based lenses. 

 

CONCLUSION 

The overall results of the SmartSenseLens system highlight the successful integration of polymer 
composite materials, embedded nanosensors, and machine learning-based signal processing for non-
invasive, real-time health monitoring through tear fluid. The hydrogel lens, synthesized from 
transparent, breathable polymer composites, provided a flexible and biocompatible substrate that could 
comfortably house nanoscale biosensors and RF circuitry. These advanced polymer matrices ensured 
durability, optical clarity, and skin-safe adhesion while maintaining excellent moisture retention—
crucial for long-term ocular applications. Experimental data confirmed that raw biosignals (glucose, 
temperature, hydration) collected from the composite-based lens were significantly improved through 
ML-based filtering, showing over 94% accuracy even under environmental challenges like humidity, 
motion, and blinking. The hybrid nanocomposite matrix, embedded with conductive elements, not only 
enhanced sensor stability but also facilitated reliable signal transduction. Kalman filters and LSTM 
models were employed to filter noise and address drift caused by the polymer’s mechanical deformation 
or material fatigue over time.  

 
The robustness of the composite sensor platform was validated through signal plots, heatmaps, and 

comparative tables. Results demonstrated that the polymer-enhanced SmartSenseLens maintained 
consistent sensing performance, even during prolonged use and under variable real-world conditions. 
Moreover, the lens's RF-enabled wireless data transmission, combined with a mobile dashboard, 
allowed users to visualize biomarker data in real-time, enabling early intervention for conditions like 
hyperglycemia or dehydration. In summary, this work establishes a novel convergence of smart polymer 
composites, embedded biosensors, and AI-driven analytics, resulting in a versatile, wearable platform 
with strong potential for next-generation personalized healthcare diagnostics, especially in chronic 
disease management and preventive medicine. 
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