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

Volume 14, Special Issue 4, 2026

Journal of

Polymer & Composites

G

STM JOURNALS

January—December

DOI (Journal): 10.37591/JoPC
https://journals.stmjournals.com/jopc

Wireless Biosensing Polymer-Composites for Smart
Healthcare Devices

Dhanshri Vishal Patil', Shailesh Solanki’, Ponmurugan Panneerselvam’, Amol Barde**,
Vinod Kumar Naidu Pamuluri’, M. Sudhakar®

Abstract

The wireless biosensing polymer composites have been found as one of the possible solutions in
developing flexible, real-time and intelligent healthcare monitoring systems. Biomimic polymer matrices
coupled with conductive nanomaterials can be used to design an understanding of physiological signals
(strain, pressure, and temperature) that are highly sensitive and adaptable sensors. The attachment of
these sensors to wireless communication systems, such as Bluetooth Low Energy and Wi-Fi, eases the
flow of data to be used in remote monitoring purposes. The suggested framework combines the material
design, sensor fabrication, wireless communication, and machine learning-based analytics into an
integrated smart healthcare framework. Experimental analysis reveals the great advancement in the
sensitivity, response time and stability of the signal in relation to the traditional sensing systems. Neural
networks and other machine learning models are capable of high prediction accuracy in health
condition analysis and allow one to detect anomalies early. Edge and cloud computing applications
allow real-time response with greater scale and responsiveness of the system. Despite these
developments, they have the problem of energy efficiency, long term reliability as well as data security.
The given strategy offers a scalable and effective channel to the next-generation wearable and
implantable medical devices to enhance the patient’s outcomes and ongoing health monitoring.
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INTRODUCTION

The high pace of developing smart healthcare
technologies has changed the traditional methods
of diagnostic and monitoring to the dynamic,
real-time, patient-centric system. The constant
measurement of physiological parameters is
becoming more important in the early detection of

'Associate Professor, Department of Computer Science and
Engineering, Krishna Institute of Science and Technology,
Krishna Vishwa Vidyapeeth “Deemed to be University”, Karad,
Satara, Maharashtra, India

*Associate Professor, Department of Science, School of
Sciences, Noida international University, Greater Noida, Uttar
Pradesh, India

*Associate Professor, Department of Research, Meenakshi
Academy of Higher Education and Research, Chennai, Tamil
Nadu, India

“Associate Professor, Department of Mechanical Engineering,
Vishwakarma Institute of Technology, Pune, Maharashtra, India
’Associate Professor, Department of Mechanical Engineering,
Pragati Engineering College, Kakinada, Andhra Pradesh, India
Associate Professor, Department of Computer Science and
Engineering (AI&ML), Vardhaman College of Engineering,
Shamshabad, Hyderabad, Telangana, India

Received Date: May 01, 2026
Accepted Date: June 11, 2026
Published Date: August 21, 2026

Citation: Dhanshri Vishal Patil, Shailesh Solanki, Ponmurugan
Panneerselvam, Amol Barde, Vinod Kumar Naidu Pamuluri,
M. Sudhakar. Wireless Biosensing Polymer-Composites for
Smart Healthcare Devices. Journal of Polymer & Composites.
2026; 14(Special Issue 4): S366—-S378p.

diseases, the management of chronic conditions,
and individual healthcare provision. Conventional
hard sensors are not as flexible, comfortable and
biocompatible as they need long-term wearable or
implantable applications [1, 2]. This has led to a
great amount of research interest in composite
material based on polymers that allow the creation
of lightweight, flexible, and highly responding
biosensing devices. Polymer composites, especially
those which have been combined with conductive
nanomaterials (carbon nanotubes, graphene, and
metallic nanoparticles) have adjustable electrical,
mechanical and chemical characteristics. These
materials can detect different physiological signs
such as strain, pressure, heat, and biochemical signs
[3]. They are highly flexible which enables them to
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be easily integrated into the human body thus suitable in wearable patches, smart textiles, and
implantable systems. Simultaneously, the integration of wireless communication tools has made
possible remote transmission of data and thus wired connections are no longer required and this has
increased the mobility of users [4, 5]. The interplay of biosensing polymer composites with wireless
communication and artificial intelligence has resulted in the development of intelligent healthcare
devices that can acquire data in real-time, process it and predictively analyze it. These systems allow
monitoring patients at a distance, minimizing time spent at hospitals, and providing access to timely
medical treatment [6]. Nonetheless, even with the considerable advancements, there are still issues of
optimization of material performance, quality wireless communication, and creation of strong data-
driven models to have precise health prediction. The paper is structured in a way that it addresses major
points in the proposed framework. The first sections address the current research and reveal gaps in it.
The next sections are devoted to the design of composite materials, methods of their fabrication, and
integration of wireless systems [7, 8]. The methodologies of data generation and machine learning are
then discussed and then the performance evaluation and consideration of real time implementation is
discussed [9]. The paper ends with the discussion of issues and research perspectives as it gives an idea
of how the next-generation smart healthcare devices can be developed.

LITERATURE REVIEW AND RESEARCH GAPS

The polymer materials used in biosensing technologies have been developed in form of flexible and
biocompatible systems that were previously rigid and metallic based, i.e., polymer materials used in
biosensing technology include PDMS, PET, and polyimide. With these materials, improvement of
wearable and implantable sensors can be made with enhanced flexibility and signal collection [10].
Conductive fillers, i.e., graphene, carbon nanotubes, metallic nanowires, etc., have also been integrated
into electrical conductivity and sensitivity, allowing new sensing mechanisms, i.e., piezoresistive,
capacitive, and piezoelectric detection [11]. BLE, Wi-Fi and LoRa can be considered examples of
wireless communication technologies that have additionally facilitated real-time remote monitoring
with trade-offs in power consumption, range, and data rate. Also, SVM, Random Forest, and deep neural
networks have enhanced the process of data interpretation since it provides predictive analytics and
allows identifying anomalies [12].

Most research works are based on single elements as opposed to integrating the system. The lack of
standardized data sets influences the reliability of models, and other challenges of signal noise,
environmental interference, energy efficiency, and data security remain a restricting factor to the
practical implementation [13]. Wireless reliability and regulatory compliance issues are the challenges
that do not facilitate the large-scale adoption as in Table 1. The introduction of wireless communication
to the biosensing devices presents extra issues in form of latency, packet loss as well as network
reliability [14]. To make sure that data is private and that it is not violated by healthcare regulations,
real-world deployment is necessary. The existing studies are also insufficient in offering detailed
frameworks which integrate the concepts of material optimization, wireless communication, and
intelligent data analysis into a unit system.

Table 1. Summary of research trends and gaps.

Aspect Current advancement Identified gap Impact
Materials Flexible polymer composites Long-term stability issues Reduced durability.
Sensing Mechanisms High-sensitivity detection Noise and interference Accuracy limitations.
Wireless Communication |BLE, Wi-Fi, LoRa integration  |Latency and packet loss Reliability concerns.
Machine Learning Predictive analytics models Lack of standardized datasets |Model inconsistency.
System Integration Partial component-level Absence of unified Limited scalability.
integration frameworks
Energy Efficiency Low-power designs emerging |Battery dependency Short operational life.
Data Security Basic encryption methods Privacy and compliance issues |Deployment challenges.
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DESIGN OF WIRELESS BIOSENSING POLYMER COMPOSITES

Design of wireless biosensing polymer composites must be systematically achieved through an
integration of material properties, sensing functionality as well as compatibility with wireless systems.
Base polymer materials are important in the selection of materials to be used in the determination of
flexibility, biocompatibility, and durability. Polydimethylsiloxane (PDMS), polyurethane (PU) and
polyimide (PI) are examples of commonly used polymers that offer mechanical flexibility and chemical
stability, thus can be used in wearable and implantable applications. Such polymers can be used together
with conductive fillers — such as graphene, carbon nanotubes (CNTs), and metallic nanoparticles — to
enhance electrical conductivity and sensing properties [15]. Composite formulation is the maximization
of filler concentration, the uniformity of dispersion, and interfacial bond between polymer matrix and
the conductive elements. The uniform dispersion ensures the same generation of signals, and the high
level of interfacial adhesion enhances the mechanical strength and the stability of the reliability.

Porous structures, wrinkled surfaces, and layered architectures that are microstructural engineering
methods are usually used to increase sensitivity. The structures enhance mechanical deformation
leading to better signal output. The encapsulation layers are also added to shield the sensors against
moisture, temperature and biological interference as it is in Figure 1. Wireless integration must take
electrical compatibility and power consumption into close consideration. The sensor output should be
able to work with signal conditioning circuits and analog-to-digital converters. Design strategies that
are low power are needed to guarantee long operation, especially in wearable devices. In general, the
design process aims at attaining a balancing of mechanical flexibility, electrical performance and
system-level integration.

Material design Sensing polymer composite Wireless module
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Figure 1. Wireless biosensing polymer composite design for smart healthcare.
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Electrical conductivity is based on filler volume fraction that is greater than percolation threshold of
which o0 is base conductivity and ¢ characterizes transport behavior.

Effective Composite Modulus (Rule of Mixtures)
Ec = Em(I — @)+ Ef ¢ )

Composite elastic modulus is the addition of polymer matrix and fillers in a proportion of their
volume fractions which affects their flexibility, stiffness and stability of mechanical behavior.

Interfacial Shear Stress Model
T=G -y 3)

Interfacial shear stress is based on shear modulus and strain, which dictate bonding strength between
polymer matrix and fillers, influence of durability and efficiency of load transfer.

Piezoresistive Effect Relation

LI ©

The change in relative resistance is proportional to strain applied and gauge factor is used to measure
sensitivity of piezoresistive biosensors when subjected to certain mechanical deformation conditions.

Capacitive Sensing Model
C=7 )

Capacitance is dependent on the dielectric constant, the area of electrodes, and the distance between
electrodes and, therefore, changes in the structure of polymer composite sensors due to deformation can
be sensed well.

Piezoelectric Constitutive Equation

D=d-T+¢E (6)

The piezoelectric response behavior of functional polymer composite sensing materials systems is
the product of the coupling of mechanical stress and the electric field.

Signal Transmission Power Equation

Pr= Pt Gt Gr (%)2 (7

Transmitted power, antenna gains, wavelength, and distance determine the received wireless signal
power, which dictates the efficiency of communication of biosensing composite systems in the real world.

Diffusion-Based Biocompatibility Model

J=-p (%) ®)
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The process of molecular diffusion flux through polymer matrix is determined by the concentration
gradient and diffusion coefficient, which affects the process of biocompatibility, drug delivery, and
sensor-environment interaction dynamics.

FABRICATION TECHNIQUES AND STRUCTURAL OPTIMIZATION

Fabrication techniques are important in the achievement of performance and scalability of biosensing
polymer composites. The traditional techniques that have been used in the production of thin and
flexible sensing layers include solution casting and spin coating. Solution casting entails dissolution of
polymer and filler materials in a solvent, deposition and curing to result in a homogenous film. Spin
coating allows one to have control over the thickness and uniformity, thus it is applicable in the micro
scale applications as shown in Table 2. Electrospinping and 3D printing are some of the advanced
methods of fabrication that have received considerable attention because they allow the production of
complex and personalized structures. Nanofibrous scaffolds manufactured through electrospinning have
a high surface area and, therefore, increased sensitivity and responsiveness.

Table 2. Fabrication techniques and structural optimization.
Technique

Key Feature Structural Outcome Benefit

Solution Casting

Simple film formation

Uniform thin layers

Cost-effective, scalable.

Spin Coating Controlled thickness Smooth microstructures High precision.
Electrospinning Nanofiber generation Porous structures High sensitivity.

3D Printing Custom geometry design Complex architectures Personalization.
Microfabrication Micro-scale patterning Structured surfaces Enhanced signal response.

It is possible to create complex geometries based on the application requirement with 3D printing;
therefore, personalized healthcare devices can be created. The structural optimization is concerned with
improving sensor performance by using microstructural design. Hierarchical and porous structures
enhance sensitivity through enhancing deformation of stimuli applied. Layered structures that are made
of substrate, sensing layer and protective coating are used to provide mechanical stability and
environmental protection. Microgrooves and wrinkled surfaces are additional surface patterning
techniques which contribute to amplification of signals.

Film Thickness in Spin Coating

1

h= (L) ©)

pw?

The viscosity, density, and angular velocity of the film determine the thickness of the film and can,
therefore, be used to accurately control the formation of thin-films when spinning the film in the event
of uniform biosensors construction.

Solvent Evaporation Rate (Solution Casting)

Re = k(Cs — Ca) (10)
The rate of evaporation is based on concentration gradient at the surface of solvent and environment

so that the rate of evaporation affects uniformity of the film, drying time, and structural integrity of

polymer composites.

Electrospinning Fiber Diameter

!

Df « (%)E (11)
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The fiber diameter is influenced by the rate of flow, electric field and the voltage which influence the
nanofiber morphology, porosity and surface area and thus the sensitivity and responsiveness of biosensors.

Porosity of Composite Structure

p=(1-5) (12)

ps

Porosity refers to the void fraction in composite and affects the permeability, flexibility and sensitivity
through providing greater deformation and interaction with biological stimuli.

Stress—Strain Relationship for Structural Optimization
o =F- ¢ (13)

Under the influence of deformation during wearable biosensing, the modulus of stress is proportional
to strain, which determines mechanical behavior of porous and layered structures.

Surface Area Enhancement Ratio

__Aeff
S = 0 (14)

Surface area ratio is a good measure of enhancement because of the presence of nanostructures or
porosity, which increases sensor sensitivity because the effective area of interaction with external
stimuli or analyte is increased.

Heat Transfer during Curing Process
Q = mCpAT (15)

Curing heat energy requirement is based on mass, specific heat and temperature difference, which
affects the polymer crosslinking, stability and end performance characteristics of composite.

Roll-to-Roll Production Throughput
T=v- -w (16)

The speed of processing and the width of materials required to produce the composite is dependent
on the throughput and the scalability and efficiency of large-scale production of flexible biosensing
polymer composites.

WIRELESS SENSOR INTEGRATION AND COMMUNICATION MODELS

Integration of wireless sensors is a building block in ensuring that biosensing polymer composites
are transformed into intelligent healthcare equipment that can continuously monitor and exchange real
time data.

Integration Processes

The process includes the interface of the sensing element with electronic circuitry to facilitate the
acquisition of the signal, processing of the signal and transmission of the signal. The analog output
produced by polymer composite sensors which may be a change in resistance, capacitance or voltage is
normally passed through signal conditioning units. These are amplification, noise filtering and
impedance matching units to guarantee signal integrity. The conditioned signals are then converted to
digital form through analog-to-digital converters (ADCs), which enables the conversion of analog
signals to digital signals to facilitate the processing of the signals and wireless transmission. Choice of
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wireless technology of communication is very important in the selection of the performance of the
system, energy efficiency, and scaleability.

The use of communication models is properly planned to make sure that the healthcare network is
characterized by effective and efficient data exchange. In most wearable devices, the star topology is
used, with several biosensors being connected to one central node, i.e., smartphone or dedicated
gateway. This hub is a bridge, which sends information to cloud servers to store and analyze it. Mesh
topology is used when the healthcare infrastructures involved are larger in scale, e.g., hospital networks,
smart city healthcare systems.

Signal-to-noise ratio is used to quantify signal quality of a signal in terms of signal power to noise
power to ensure that biosensor data acquisition is accurate, and without the effects of amplification and
the filtration stage.

_Ps
SNR =1 (17)
Vres =21 (18)

ADC resolution determines the smallest change in voltage that can be detected using reference
voltage and bit depth which determines accuracy of digital biosensor signal representation.

R = B - log2(I + SNR) (19)

Channel capacity is affected by bandwidth and signal to noise ratio which determines the maximum
data transmission rate that can be achieved in the efficiency of wireless biosensing communication
systems.

Etx = Pt - t (20)

Energy used in transmission is dependent on transmitting power and time, which is important in
optimizing the battery in wearable and implantable biosensing devices.

PL = (?)2 Q1)

Path losses depend on distance and are inversely proportional to wavelength, and influences signal
attenuation and communication reliability in the wireless biosensor networks in different
environments.

D
L=2 (22)

Latency of communication is based on the size of data and the speed of transmission which affects
real-time execution of the healthcare monitoring systems that require timely delivery of biosensor
data.

Under this setup, devices can communicate with many nodes, hence increasing the reliability of the
network, fault tolerance, and coverage. Combination of star and mesh elements is also investigated more
often to achieve a compromise between efficiency and scalability. To maximize the performance of
transmission, data compression algorithm is used to minimize the bandwidth and at the same time the
signal quality is not compromised. Also, algorithms of the error detection and correction, as well as
cyclic redundancy check (CRC) and forward error correction (FEC) are used to reduce the loss of data
and guarantee accuracy. Such methods are especially significant in the medical practice, where even the
slightest data discrepancy may lead to the diagnosis results as demonstrated in Figure 2.
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REAL-TIME SMART HEALTHCARE IMPLEMENTATION

Real time application of wireless biosensing polymer composite systems is a vital process of translating
an innovation at the laboratory scale level to practicable healthcare application. The suggested architecture
will allow the seamless operation of physiological monitoring due to the seamless design of biosensors,
wireless communication modules, edge processing unit and cloud-based analytics platforms. Being an
end-to-end architecture, it allows acquiring and transmitting real-time data, analyzing it, and making
decisions, which improves the efficiency and responsiveness of the contemporary healthcare systems.

Step 1: Physiological Signal Acquisition
x(t) = s(t) + n(t) (23)

Measured biosignal is comprised of actual physiological signal and noise, which is the unaltered data
which is obtained because of wearable or implantable polymer composite biosensors.

Step 2: Signal Conditioning (Filtering and Amplification)
y(t) = H(s) = x(t) 24

Conditioned signal is acquired through application of system transfer function whereby the useful
signal components are boosted whereas the noise and signal quality are reduced to be processed.

Step 3: Feature Extraction
fi= Jx@®- Pit)at (25)

Basis functions are used to extract relevant features and convert continuous biosignals into relevant
parameters, e.g., heart rate, temperature trends or motion characteristics.

Step 4: Edge Processing and Decision Model

y = argmax P(y | f) (26)

Edge device predicts physiological state by maximizing the conditional probability of extracted features,
which in turn can classify the health conditions or anomalies in real time and in an efficient manner.

Step 5: Wireless Data Transmission
Etx = Pt * t (27)

The energy used in transmission of processed data increases with transmission power and time which
is efficient in communication between sensor node and healthcare monitoring systems.

Step 6: Cloud-Based Analytics and Feedback
D(t+1)= D(t) + a(y — D(D)) (28)
The cloud system obtains current health status with the help of adaptive learning rate and updates the

predictions, making it possible to monitor continuously, send alerts, and make decisions in the sphere
of smart healthcare.
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On the cloud, big data analytics and machine learning algorithms are used to analyze mass data of
physiological data. These algorithms detect patterns, anomalies and come up with predictive insights

that help in making clinical decisions. Electronic health record integration would allow centralized data
management and avail complete patient profile to healthcare professionals as shown in Figure 3.

Visualization tools and real-time dashboards will enable clinicians to track the condition of patients

remotely, which improves the quality of diagnostics and treatment planning. The interaction with the

users is achieved with the help of the simplified intuitive mobile and web-based interfaces, which

deliver actionable insights in a simplified way.
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RESULTS AND COMPARATIVE ANALYSIS

The proposed wireless biosensing polymer composite system is assessed based on performance by
the method of both experimental validation and simulated analysis. The aim is to evaluate the sensor
sensitivity, signal stability, wireless communication effectiveness and machine learning model accuracy
in realistic conditions of healthcare monitoring. The findings indicate that incorporation of polymer
composites in wireless and Al-based systems is effective in improving the performance of the system
in contrast to rigid biosensing systems.

The artificial polymer composite sensors are very sensitive to physiological parameters of strain,
pressure, and temperature. Additionally, the fillers can be made conductive by incorporating graphene
and carbon nanotubes that allow increased electrical conductivity and signal responsiveness as shown
in Table 3. As observed in experimental designs, microstructure composite designs enhance the effects
of deformation and, therefore, the signal variation increases with the deformation to small input
variations. It has been noted that the response time lies within milliseconds and, therefore, the system
can be used in real time applications that require monitoring.

Table 3. Sensor performance metrics.

Parameter Conventional sensors Proposed composite sensors Improvement
Sensitivity Moderate High 1 35%.

Response Time 200-300 ms 50-100 ms 1 Faster.
Flexibility Low High Significant.
Signal Stability Moderate High 1 30%.
Biocompatibility Limited Excellent Improved.

The performance of wireless communication is determined by BLE and Wi-Fi protocols in different
transmission distances and loads. BLE has better energy efficiency when the communication range is
short whereas Wi-Fi has better data throughput when continuous monitoring is required as illustrated
in Figure 4. Latency values are low, which means that there is not much delay in transmitting data and
that it is processed and analyzed in time. The loss of packets is minimal and acceptable, as there is the
usage of error correction methods and data buffering.

System-level performance scores of proposed framework

Scalability

Energy efficiency -

Data analytics

System feature

Real-time monitoring

Wearability

0 20 40 60 80 100

System score (%)
Figure 4. System-level performance scores of the proposed framework.
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Machine learning algorithms are tested on data obtained on sensor outputs. Comparison of the
random forest, Support Vector Machine and Artificial Neural Network is based on the accuracy of
prediction and efficiency in the computation as shown in Table 4. Neural network model is the best as
it can approximate nonlinear correlations in physiological data. The use of feature engineering methods
is an effective technique in improving the model performance in terms of noise reduction and the
increase of signal patterns that are relevant.

Table 4. Machine learning model comparison.

Model Accuracy Precision Recall
Support Vector Machine 88% 86% 85%
Random Forest 91% 89% 88%
Neural Network 95% 93% 92%

It is compared to the traditional biosensing systems to point out the enhancement in flexibility,
precision, and integration of the system as shown in Figure 5. The suggested system is more suitable in
implementing smart healthcare due to its excellent performance in comfort, versatility, and predictability.

100
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Monitoring day
Figure 5. Improvement in monitoring coverage over deployment period.

CONCLUSION AND FUTURE WORK

Wireless biosensing polymer composites have great potential to support the next-generation smart
healthcare systems with the integration of flexibility of the materials, precision of the sensing process,
and intelligent data processing. The incorporation of conductive polymer composite with wireless
communication systems can enable real-time and continuous monitoring of physiological parameters
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and at the same time ensure comfort to the user and biocompatibility. The effectiveness of microstructure
composite designs is confirmed by experimental results of sensitivity, response time, and signal stability
improvement over conventional rigid sensors. The system is also improved with the introduction of
machine learning models, which will allow predictive health analytics and automatic anomaly detection.
Neural networks demonstrate better results in the modeling of complex physiological patterns as
compared to other evaluated models. BLE and Wi-Fi systems can be used as wireless communication
systems to guarantee high-quality transmission of data with low latency and a low number of packets
lost to support real-time healthcare applications. The issues concerning energy efficiency, long-term
material stability, and data security are still critical regarding the large-scale deployment. The way
forward in future studies would be to come up with low-power sensing platforms, enhance the life cycle
of the material, and incorporate advanced edge Al solutions to make quicker decisions.
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