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ABSTRACT

Wearable biomedical devices are rapidly transforming healthcare by enabling continuous, non invasive monitoring of
physiological signals outside traditional clinical settings. This paper proposes a novel skin conformal, closed loop
wearable system that integrates dual domain sensing, adaptive therapy, and intelligent inference. The device combines a
microfluidic sweat collector with multi analyte electrochemical sensors to measure biomarkers such as glucose, lactate,
cortisol, and electrolytes, alongside a flexible microelectrode grid that records autonomic nerve activity. These multimodal
signals are fused in real time to generate a dynamic Homeostasis Score, providing a holistic assessment of physiological
stability. When deviations are detected, a biodegradable microneedle patch delivers micro dosed transdermal
interventions, ensuring timely and personalized therapeutic responses. The system’s novelty lies in its dual domain sensing,
closed loop therapeutic capability, and context aware scoring framework, which together redefine wearables from passive
monitors into active health companions. Potential clinical applications include managing autonomic dysregulation,
preventing exercise induced dehydration, and mitigating stress related glycemic variability. This work highlights the
convergence of biosensing, neurophysiology, and adaptive therapeutics, paving the way for next generation wearable
platforms in personalized medicine.
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INTRODUCTION

Wearable Devices in Biomedical Engineering

Wearable devices represent a transformative frontier in biomedical engineering, combining biosensing technologies,
embedded electronics, and advanced materials science to create systems capable of monitoring the human body in real
time. Unlike traditional medical diagnostics that rely on episodic clinical visits, wearables provide continuous,
non-invasive observation of physiological signals such as heart rate, blood oxygen, glucose levels, or stress biomarkers.
This shift enables a proactive approach to health management, where potential risks can be detected early and interventions

can be personalized.
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The integration of algorithmic intelligence within these devices further enhances their utility. By applying
machine learning and signal-processing techniques, raw physiological data can be transformed into actionable insights,
supporting telehealth platforms and remote patient monitoring. This not only reduces the burden on healthcare systems but

also empowers individuals to take an active role in managing their own health.

Recent advances in nanomaterial-based bioelectronics and flexible BioMEMS (Biomedical
Microelectromechanical Systems) have expanded the scope of measurable biomarkers. These innovations allow sensors to
conform seamlessly to the skin, ensuring comfort while maintaining high sensitivity and accuracy. Flexible substrates,
stretchable interconnects, and biocompatible coatings make it possible to capture reliable data even during movement,
exercise, or daily activities. As a result, wearable devices are evolving from simple fitness trackers into sophisticated

biomedical platforms capable of supporting chronic disease management, rehabilitation, and preventive healthcare.

In essence, wearable biomedical devices are not just tools for monitoring—they are integrated ecosystems that
connect patients, clinicians, and data analytics in a continuous feedback loop. This convergence of engineering and
healthcare is paving the way for personalized medicine, where treatment strategies are tailored to the unique physiological

patterns of each individual.
LITERATURE REVIEW OF BIOMEDICAL WEARABLES
Landscape and Clinical Drivers

e Remote and continuous care: Wearable biosensors support telehealth with high-sensitivity, real-time

monitoring, aiding early diagnosis and precision treatment across chronic conditions and wound care.

e  Materials and form factors: Advances in emerging nanomaterials and flexible substrates enable soft, skin-

conformal electronics for robust signal acquisition during daily activities.

e Systems integration:BioMEMS technologies combine microfabricated sensors, microfluidics, and low-power

electronics to deliver minimally invasive, personalized monitoring and therapeutic interfaces.
SENSING MODALITIES AND ALGORITHMS

Electrical and Biochemical Sensing

Modern wearable devices are designed to capture a wide spectrum of physiological signals by integrating electrical and
biochemical sensing technologies into flexible, skin-conformal platforms. On the electrical side, sensors can record
electrophysiological activity such as electrocardiograms (ECG) for cardiac monitoring and electromyograms (EMG) for
muscle activity assessment. These signals provide critical insights into cardiovascular health, neuromuscular function, and
stress responses. On the biochemical side, advanced transduction methods allow the detection of electrolytes, metabolites,
and hormones directly from sweat, saliva, or interstitial fluid. For example, glucose and lactate monitoring can support
diabetes management and exercise physiology, while cortisol levels can indicate stress. The use of soft electronics and
biocompatible materials ensures that these sensors remain comfortable, flexible, and reliable even during prolonged wear,

enabling continuous monitoring without disrupting daily activities.
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Signal Processing and Artificial Intelligence

Collecting raw physiological data is only the first step; the true value of wearables lies in their ability to process and
interpret signals effectively. Advanced algorithms, often powered by artificial intelligence (Al) and machine learning, are
embedded within these devices to handle challenges such as motion artifacts, environmental noise, and variability across
users. Techniques like adaptive filtering, feature extraction, and pattern recognition transform noisy sensor outputs into
clinically meaningful insights. For instance, Al models can detect arrhythmias from ECG data, predict dehydration from
electrolyte trends, or identify stress episodes by combining biochemical and electrophysiological markers. By enabling
decision support for home monitoring, these algorithms bridge the gap between consumer-grade hardware and professional
healthcare standards. This makes wearable devices not just passive trackers but intelligent health companions capable of

supporting preventive care, chronic disease management, and personalized medicine.
Proposed Novel Device: “SKIN-INSIGHT” Closed-Loop Microfluidic Sweat—Nerve Wearable

The proposed device is a skin-conformal, closed-loop wearable system designed to integrate biochemical and
neurophysiological monitoring with adaptive therapeutic delivery. Unlike conventional wearables that focus solely on
passive data collection, this system actively interprets physiological signals and initiates micro-dosed interventions when
risk thresholds are detected. By combining sweat biomarker analysis with peripheral nerve activity monitoring, the device
provides a holistic view of the body’s internal state. A built-in inference engine translates multimodal data into a real-time
“Homeostasis Score,” which guides therapeutic actions. This closed-loop framework ensures that monitoring and

intervention occur seamlessly, enabling proactive health management in everyday settings.
CORE COMPONENTS

1. Biochemical Sensing

At the foundation of the system is a microfluidic sweat collector integrated with a multi-analyte electrochemical sensor
array. This array is capable of detecting key biomarkers such as glucose, lactate, cortisol, and electrolytes. Sweat is chosen
as the sampling medium because it is non-invasive, continuously available, and reflects metabolic and stress-related
changes. The microfluidic design ensures efficient sample routing to the sensors, while nanostructured electrodes enhance

sensitivity and selectivity. This enables real-time biochemical profiling without the need for invasive blood sampling.
2. Neurophysiology Monitoring

Complementing biochemical sensing is a flexible microelectrode grid that records cutaneous nerve activity, particularly
sympathetic skin responses. These signals provide insight into autonomic nervous system activity, which is closely linked
to stress, hydration, and metabolic regulation. The flexible substrate ensures comfort and stable contact with the skin, even
during movement. Synchronizing nerve activity with biochemical data allows the system to detect correlations between

stress responses and metabolic fluctuations, offering a more comprehensive assessment of physiological balance.
3. Adaptive Actuation

The device incorporates a solid-state microneedle patch capable of delivering micro-dosed transdermal therapies.
Depending on the detected imbalance, the patch can release electrolytes to counter dehydration or anxiolytic microdoses to
mitigate stress responses. Actuation is triggered by fused biomarker—nerve signals, ensuring that interventions are

context-specific and personalized. The microneedle design allows painless, minimally invasive delivery directly through
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the skin, bypassing gastrointestinal metabolism and enabling rapid therapeutic effects.
4. Edge Intelligence

A key innovation is the on-device inference engine, which integrates biochemical trends, autonomic signals, and motion
context to compute a dynamic “Homeostasis Score.” This score represents the individual’s physiological stability in real
time. Embedded algorithms filter noise, extract features, and apply machine learning models to predict risk states such as
dehydration, stress overload, or glycemic variability. By processing data locally, the system reduces latency, enhances

privacy, and enables immediate therapeutic decisions without relying solely on cloud connectivity.
5. Safety and Privacy

To ensure safe operation, the device includes dose-limiting firmware that prevents excessive therapeutic delivery. Clinician
overrides allow healthcare professionals to adjust thresholds or disable interventions when necessary. All data streams are
encrypted before transmission to a telehealth portal, ensuring compliance with privacy standards. This secure integration

enables remote monitoring by clinicians while maintaining user trust and autonomy.
CLINICAL USE CASES

1. Autonomic Dysregulation

Autonomic dysregulation refers to the impaired functioning of the autonomic nervous system, which controls involuntary
processes such as heart rate, blood pressure, and stress responses. Patients with conditions like dysautonomia often
experience sudden spikes in stress or anxiety that can destabilize cardiovascular and metabolic balance. The proposed
wearable device addresses this by coupling biochemical markers (e.g., cortisol levels in sweat) with sympathetic nerve
activity signals recorded through cutaneous electrodes. By detecting elevated cortisol trends alongside heightened
sympathetic responses, the system can identify stress spikes in real time. Once detected, the device can initiate micro-dosed
transdermal interventions (such as anxiolytic delivery or relaxation prompts) to modulate the stress response. This
closed-loop approach provides a personalized method of stabilizing autonomic function, reducing episodes of dizziness,

palpitations, or fainting commonly associated with dysautonomia.
2. Exercise and Heat Stress

During intense physical activity or exposure to high temperatures, the body loses significant amounts of electrolytes
through sweat. If not replenished, this can lead to dehydration, muscle cramps, or even syncope (fainting). The wearable
device’s microfluidic sweat collector continuously monitors ion concentrations such as sodium, potassium, and chloride.
Simultaneously, the sympathetic nerve activity grid detects heightened arousal patterns that often precede heat stress
events. By fusing these two data streams, the system can predict when electrolyte depletion is reaching a critical threshold.
In response, the microneedle patch delivers precise doses of electrolytes transdermally, preventing dehydration before
symptoms escalate. This proactive intervention is particularly valuable for athletes, outdoor workers, and individuals with

impaired thermoregulation, ensuring safety and sustained performance under demanding conditions.
3. Glycemic Variability with Stress

Stress is a well-known factor that influences glucose metabolism, often causing glycemic excursions that complicate
diabetes management. Elevated cortisol and sympathetic activation can trigger spikes in blood glucose, even in the absence

of dietary intake. The wearable device integrates biochemical sensing of glucose and lactate trajectories with autonomic
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markers to detect stress-driven metabolic fluctuations. For example, rising lactate levels combined with abnormal glucose
trends and sympathetic arousal may indicate an impending glycemic imbalance. By flagging these events early, the system
can alert the user or clinician, enabling timely interventions such as dietary adjustments, stress management techniques, or
micro-dosed therapeutic delivery. This fusion of biochemical and neurophysiological data provides a more accurate picture
of glycemic variability, reducing the risk of complications like hypoglycemia orhyperglycemia in stress-sensitive

individuals.
WHAT MAKES THE DEVICE NOVEL
1. Dual-Domain Sensing

Traditional wearable devices typically focus on either biochemical monitoring (such as sweat analysis) or
electrophysiological signals (such as ECG or EMQ). The novelty of this system lies in its integration of both domains on a
single soft, skin-conformal substrate. By simultaneously capturing biochemical sweat markers (glucose, lactate, cortisol,
electrolytes) and autonomic nerve activity (sympathetic skin responses), the device provides a multidimensional view of
the body’s internal state. This dual-domain fusion allows correlations to be drawn between metabolic changes and nervous
system activity in real time, offering insights that neither domain could provide independently. Such integration enhances
diagnostic accuracy, supports predictive modeling of stress and metabolic imbalance, and represents a significant

advancement over conventional single-modality wearables.
2. Closed-Loop Therapeutics

Most current wearables are passive, designed only to collect and transmit data. The proposed system introduces
closed-loop functionality, where monitoring and intervention are seamlessly connected. When the device detects deviations
from individualized physiological thresholds—such as electrolyte depletion, stress spikes, or glycemic variability—it can
autonomously trigger micro-dosed transdermal therapy using a solid-state microneedle patch. This ensures that
interventions are timely, precise, and personalized, reducing reliance on external decision-making or delayed clinical
responses. The closed-loop design transforms the wearable from a diagnostic tool into an active therapeutic platform,

capable of maintaining physiological balance in real time.
3. Context-Aware Scoring

A further innovation is the introduction of a unified “Homeostasis Score”, generated through on-device inference. This
score integrates biochemical trends, autonomic nervous system signals, and contextual data such as motion or activity
level. Unlike raw sensor outputs, the score is explainable and tunable, meaning it can be adapted to different conditions
(e.g., exercise, stress management, chronic disease monitoring) and personalized to individual baselines. By providing a
single, interpretable metric, the system simplifies complex physiological data into actionable insights for both users and
clinicians. This context-aware scoring framework ensures that interventions are not only data-driven but also situationally

relevant, enhancing trust and usability in everyday healthcare.
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IMPLEMENTATION ROADMAP
1. Materials and Fabrication

e Flexible substrate: The foundation of the device will be an elastomeric polyimide—silicone laminate. This hybrid
material combines the mechanical strength and thermal stability of polyimide with the elasticity and
biocompatibility of silicone. Stretchable interconnects embedded within the laminate ensure that the device
conforms to the skin’s natural movements without compromising electrical integrity. This design allows

long-term wear with minimal discomfort.

e Sensors: To capture biochemical signals, the system will employ enzyme-functionalized electrodes for metabolite
detection (e.g., glucose, lactate). These electrodes utilize immobilized enzymes that react with target analytes,
producing measurable electrochemical signals. For electrolyte monitoring, ion-selective membranes will be
integrated, enabling precise measurement of sodium, potassium, and chloride concentrations in sweat. Together,

these sensors provide a comprehensive biochemical profile.

e FElectrodes: Neurophysiological monitoring will be achieved using low-impedance, hydrogel-coated
microelectrodes. The hydrogel coating improves skin contact, reduces motion artifacts, and enhances signal
stability. These electrodes are optimized for detecting sympathetic skin responses, offering reliable insights into

autonomic nervous system activity.

e Actuation: Therapeutic delivery will be facilitated by a biodegradable microneedle array with replaceable
reservoirs. The microneedles penetrate the outer skin layer painlessly, enabling controlled transdermal delivery of
electrolytes or anxiolytic microdoses. Biodegradability ensures safety, while replaceable reservoirs allow flexible

dosing and extended use.
2. Electronics and Firmware

e Low-power mixed-signal front-end: The electronics will be designed to acquire both biochemical and
electrophysiological signals simultaneously. Motion artifact suppression algorithms will be embedded to ensure
data fidelity during physical activity. Low-power operation extends battery life, making the device suitable for

continuous monitoring.

e Inference engine: A TinyML model will be trained on multimodal datasets to compute the Homeostasis Score.
This score integrates biochemical trends, autonomic signals, and contextual data (e.g., motion) to assess
physiological stability. The inference engine will also trigger safe interventions when thresholds are crossed,

ensuring closed-loop functionality.

e Interfaces: The device will support Bluetooth Low Energy (BLE) for local synchronization with smartphones or
tablets. For clinical integration, data will be transmitted securely to a cloud platform, where dashboards and audit
trails allow clinicians to monitor patient status, adjust thresholds, and review intervention history. End-to-end

encryption ensures privacy and compliance with healthcare data standards.

Impact Factor (JCC): 7.3299 NAAS Rating 3.17



A Skin-Conformal Closed-Loop Wearable for Dual-Domain Biosensing and Adaptive Transdermal Therapeutics 51

3. Validation Pathway

Bench calibration: Initial testing will focus on sensor accuracy, stability, and dose delivery precision. Calibration

against laboratory standards ensures reliability before human trials.

Healthy volunteer studies: Early trials with healthy participants will evaluate comfort, wearability, and data
fidelity under everyday conditions. Safety assessments will confirm biocompatibility of materials and microneedle

delivery.

Targeted cohort studies: Clinical validation will involve specific groups such as patients with dysautonomia or
endurance athletes. These studies will assess the device’s ability to detect autonomic dysregulation, prevent
dehydration, and manage stress-related glycemic variability. Clinician oversight ensures ethical and medical

compliance.

Regulatory strategy: As a combination product (wearable sensor + therapeutic delivery system), the device will
require a tailored regulatory pathway. Documentation will address safety, efficacy, and interoperability.
Engagement with regulatory bodies (e.g., FDA, CE marking authorities) will ensure compliance with medical

device and drug delivery standards.
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