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Abstract: For individuals diagnosed with severe neuromuscular disorders including Amyotrophic Lateral Sclerosis (ALS),
advanced paralysis, and complete spinal cord transection the progressive loss of voluntary motor control renders conventional
communication interfaces fundamentally inaccessible. Existing assistive solutions, such as commercial eye-tracking systems, are
priced between Z3 lakh and 210 lakh and depend on camerabased operation under fixed screen and controlled lighting
conditions, making them unsuitable for bedridden patients and economically unreachable for the vast majority of Indian
households. This paper addresses this critical gap by presenting the design, architecture, and simulation-based validation of a
noninvasive, low-cost Electrooculography (EOG) based smart communication system developed using the ESP32
microcontroller and the AD8232 single-lead biopotential acquisition module. The system captures Corneo-retinal dipole
potentials generated by voluntary eye movements via a three-electrode periorbital configuration and processes them through a
five-stage pipeline comprising signal acquisition, hardware bandpass filtering (0.5-40 Hz), 12-bit Analog-to-digital conversion,
firmware-level threshold and temporal classification, and real-time command output via OLED display and optional Bluetooth
audio synthesis. Three primary eye gestures left gaze, right gaze, and single blink are classified and mapped directly to the
communication commands "EAT", "DRINK", and

"HELP", eliminating the need for intermediate symbolic encoding and minimizing cognitive load for the user. System validation
performed in the Wokwi ESP32 simulation environment demonstrated accurate discrimination across all three gesture classes,
effective rejection of 50 Hz mains interference and muscle artefacts, and a command response latency consistently below one
second. The complete prototype is assembled from commercially available components at a total cost of 2,000 to 24,000,
achieving a cost reduction of over 95% relative to incumbent clinical systems. The proposed system is further aligned with
India’'s ADIP scheme and made in India policy framework, presenting a viable domestic manufacturing and procurement
pathway. These results establish the proposed system as a technically sound, economically accessible, and clinically relevant
contribution to the field of assistive communication technology.

Index Terms Electrooculography, EOG Signal Processing, Assistive Communication, Amyotrophic Lateral Sclerosis,
Neuromuscular Disorders, ESP32 Microcontroller, AD8232, Eye Gesture Classification, Non-invasive BCI, Real-time Embedded
System, Healthcare, Make in India. Affordable

L. INTRODUCTION
Severe neuromuscular disorders such as Amyotrophic Lateral Sclerosis (ALS), spinal cord injuries, and advanced paralysis
progressively eliminate voluntary motor function and speech, leaving patients cognitively intact but physically unable to
communicate even the most basic needs. For this population, conventional interfaces keyboards, touchscreens, and voice recognition
systems are entirely inaccessible, creating an urgent clinical need for alternative communication pathways grounded in the boil
ogical signals that such patients can still voluntarily generate. The Census of India 2011 recorded approximately 2.68 crore persons
with disabilities, with movement disability representing the largest single category, underscoring the scale of this unmet need within
the domestic healthcare context alone.
Among all residual motor capacities preserved in latestage ALS and locked-in patients, ocular motility is consistently the last to be
affected. The extraocular muscles are innervated by cranial nerves 111, 1V, and VI originating in the brainstem rather than the spinal
cord and are therefore largely spared by the motor neuron degeneration characteristic of ALS until its terminal stage.
This anatomical preservation makes voluntary eye movement the most reliable and long-lasting biological
communication channel available to this patient population. The electrical signals produced by these movements, known as
Electrooculographic (EOG) signals, arise from the permanent corneo-retinal potential a standing dipole of 0.4 to 1.0 mV between
the positively charged cornea and negatively charged retina. As the eye rotates, this dipole shifts relative to surface electrodes placed
around the orbit, producing differential potentials of 15 to 200 pV per degree of angular displacement that encode gaze direction and
blink events in real time.
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Despite the well-established scientific basis of EOG measurement, existing assistive communication solutions fail to translate this
potential into affordable and operationally practical devices. Commercial eye-tracking systems such as the Tobii series the current
clinical gold standard are priced between %3 lakh and 10 lakh per unit and depend on camera-based operation requiring fixed
screen orientation and controlled ambient lighting. These requirements make them economically inaccessible to the vast majority of
Indian patients and operationally unsuitable for bedridden users who cannot maintain stable head positioning. Lower-cost
alternatives based on EEG brain-computer interfaces impose complex multielectrode setups and extensive user training, while
manual augmentative and alternative communication (AAC) boards are too slow for real-time urgent communication and require
constant caregiver presence. The result is a critical technology gap: patients who remain intact cognition and reliable ocular motility
are denied independent communication because no affordable, screen-independent, easy-to-use solution exists for their specific
constraints.

This paper addresses that gap directly by presenting the design, architecture, and simulation-based validation of a non-invasive,
low-cost EOG-based smart communication system built on the ESP32 microcontroller and the AD8232 bio-potential acquisition
module. The system captures periorbital EOG signals through a three-electrode configuration, processes them through a five-stage
hardware and firmware pipeline, and classifies three voluntary eye gestures left gaze, right gaze, and blink mapping them in real
time to the communication commands "EAT", "DRINK", and "HELP" via an OLED display and optional audio output. The design
is governed by three non-negotiable principles: clinical accessibility through direct gesture-to-command mapping that eliminates
learned intermediate encodings and minimizes cognitive load; hardware accessibility through a total prototype cost of 32,000 to
34,000, representing a reduction of over 95% relative to existing solutions; and operational accessibility through a screen-
independent, lighting-independent, battery-powered form factor fully suited to bedridden users. System validation in the \Wokwi
simulation environment confirmed accurate gesture discrimination, robust noise rejection via hardware bandpass filtering, and a
command response latency consistently below one second. The system further aligns with India's ADIP scheme and made in India
policy framework, presenting a concrete domestic manufacturing and deployment pathway for a life-critical assistive technology
that the market has so far failed to deliver affordably.
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Fig. 1. EOG Based Signal Acquisition, Signal Processing, and Application Interface Pipeline

Individuals with severe neuromuscular disorders such as ALS, spinal cord injuries, and advanced paralysis face a fundamental
communication barrier. Despite retaining full cognitive function, these patients are physically incapable of using any conventional
communication interface keyboards, touchscreens, or voice systems due to complete or near-complete loss of voluntary motor
control. Their only remaining reliable voluntary output channel is ocular motility, yet existing solutions that exploit this channel are
either prohibitively expensive, operationally impractical, or both.

Commercial eye-tracking systems such as Tobii are priced between %3 lakh and 10 lakh, placing them beyond the economic reach
of the vast majority of Indian patients. These camera-based systems additionally require fixed screen orientation and controlled
lighting conditions, making them operationally unsuitable for bedridden users. EEG-based brain-computer interfaces, while
screenindependent, demand complex multi-electrode setups, extensive signal processing infrastructure, and prolonged user training
that is inappropriate for cognitively fatigued patients.
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Manual AAC communication boards require constant caregiver presence and are far too slow for urgent real-time needs. No
currently available solution simultaneously satisfies the requirements of low cost, screen independence, minimal setup complexity,
caregiver-free operation, and real-time response for this specific patient population.

There is therefore a clear and critical unmet need for an assistive communication system that is non-invasive, affordable, operable
by the patient alone regardless of body position or lighting conditions, and capable of translating residual voluntary eye movements
into meaningful real-time communication outputs without requiring the patient to learn complex intermediate encodings. Here are
all three sections written short, tight, and professionally:

1. PROBLEM STATEMENT

Individuals with severe neuromuscular disorders such as ALS, spinal cord injuries, and advanced paralysis face a fundamental
communication barrier. Despite retaining full cognitive function, these patients are physically incapable of using any conventional
communication interface keyboards, touchscreens, or voice systems due to complete or near-complete loss of voluntary motor
control. Their only remaining reliable voluntary output channel is ocular motility, yet existing solutions that exploit this channel are
either prohibitively expensive, operationally impractical, or both.

Commercial eye-tracking systems such as Tobii are priced between %3 lakh and 10 lakh, placing them beyond the economic reach
of the vast majority of Indian patients. These camera-based systems additionally require fixed screen orientation and controlled
lighting conditions, making them operationally unsuitable for bedridden users. EEG-based brain-computer interfaces, while
screenindependent, demand complex multi-electrode setups, extensive signal processing infrastructure, and prolonged user training
that is inappropriate for cognitively fatigued patients. Manual AAC communication boards require constant caregiver presence and
are far too slow for urgent real-time needs. No currently available solution simultaneously satisfies the requirements of low cost,
screen independence, minimal setup complexity, caregiver-free operation, and real-time response for this specific patient population.
There is therefore a clear and critical unmet need for an assistive communication system that is non-invasive, affordable, operable
by the patient alone regardless of body position or lighting conditions, and capable of translating residual voluntary eye movements
into meaningful real-time communication outputs without requiring the patient to learn complex intermediate encodings.

1. RESEARCH OBJECTIVES

The primary aim of this research is to design, implement, and validate a non-invasive, low-cost, real-time EOGbased assistive

communication system for individuals with severe neuromuscular disorders.

1) Obijective 1- Reliable Gesture Detection: To accurately detect and classify three voluntary eye gestures left gaze, right gaze, and
voluntary blink from raw periorbital EOG signals acquired via a non-invasive three-electrode configuration, with reliability
sufficient for real-world communication use.

2) Objective 2- Real-time Embedded Processing: To implement the complete signal acquisition and gesture classification pipeline
on an ESP32 microcontroller, achieving a command response latency below one second from gesture onset to output, without
dependence on external computing hardware.

3) Objective 3- Direct Command Mapping: To translate each recognized gesture directly into a complete, meaningful
communication command “EAT", "DRINK", or "HELP" eliminating intermediate symbolic encodings such as Morse code or
scanning matrices, thereby minimizing cognitive load for clinically vulnerable users.

4) Objective 4- Effective Noise Rejection: To utilize the AD8232 module's integrated hardware bandpass filter (0.5-40 Hz) to
suppress the principal noise sources in periorbital EOG acquisition 50 Hz mains interference, high-frequency muscle artefacts,
and low-frequency baseline drift prior to digitization, reducing firmware classification complexity.

5) Objective 5- Extreme Affordability: To engineer a complete functional prototype using exclusively commercially available,
domestically procurable components at a total build cost between 22,000 and 4,000 a reduction of over 95% relative to
existing clinical eye-tracking systems.

6) Objective 6- Screen and Camera Independence: To design a system that operates reliably without a fixed display screen,
camera, or controlled lighting environment, making it fully accessible to bedridden patients regardless of body position or
ambient conditions.

7) Objective 7- Extensible Architecture: To design a modular and scalable system that supports future features such as new
gestures, Bluetooth communication, machine learning, and integration with wheelchairs and smart home devices.
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V. LITERATURE REVIEW
Research in EOG-based assistive communication and related domains has evolved substantially over the past two decades. This
section reviews the most relevant prior work across five key areas, identifying contributions and limitations that directly motivate
the present system.

A. EOG Signal Acquisition and HCI

Barea et al. [8] established foundational feasibility of EOG-driven wheelchair control using horizontal and vertical gaze
classification, identifying baseline drift, amplitude variability, and blink artefact as the primary signal processing challenges
challenges that remain relevant today. Usakli and Gurkan [17] advanced the instrumentation approach using precision differential
amplifiers and digital filtering, achieving four-directional gaze classification with 500 ms response latency, but on desktop-grade
hardware unsuitable for portable deployment. Bulling et al. [9] demonstrated that temporal feature extraction analysing signal
duration, amplitude, and inter-event timing forms a robust basis for multi-class EOG classification, directly validating the temporal
windowing approach adopted in the present system. Collectively these works confirm the scientific soundness of EOG-based HCI
while highlighting the persistent gap between laboratory demonstrations and affordable, deployable devices.

B. Assistive Communication Systems for Motor-Disabled Users

Arai et al. [10] developed an EOG symbol-selection communication system for severely motor-disabled patients, demonstrating
clinical utility but retaining screen dependence and requiring a trained operator for session configuration. Keskinoglu and Aydin [5]
presented a wireless EOG-based PC cursor control system targeting mobility-limited users, achieving reliable gaze navigation but
maintaining screen dependency and not addressing urgent real-time communication latency requirements. Raj and Kumar [4]
developed an EOG communication interface specifically for quadriplegic users at II'T Roorkee, demonstrating that threshold-based
classifiers combined with temporal gating can achieve reliable gesture discrimination without machine learning overhead a key
finding that validates the classification strategy of the present work. Jo et al. [6] combined EOG and surface EMG in a wearable
HCI system achieving a broader command vocabulary, but at the cost of significantly increased electrode count, system complexity,
and cost. A consistent limitation across all reviewed assistive EOG systems is the failure to simultaneously achieve low cost, screen
independence, and caregiver-free operability the precise combination targeted by the present design.

C. Embedded Hardware for Bio-potential Acquisition

The AD8232 single-lead bio-potential module, originally designed for ECG acquisition, has been widely repurposed for EOG
applications owing to its integrated instrumentation amplifier, hardware bandpass filter, and 3.3 V compatibility with modern
microcontrollers. Gu et al. [19] demonstrated an ESP32-AD8232 combination for EOG-based smart home control, validating the
hardware pairing’s suitability for EOG frequency content and confirming total hardware costs comparable to the present system. The
ESP32 microcontroller [25] offers dual-core 240 MHz processing, a 12-bit ADC, and integrated Bluetooth and Wi-Fi at
approximately X500 representing a decisive advantage over Arduino Uno platforms limited to 10-bit ADC resolution and single-
core processing, and far lower cost and power consumption than Raspberry Pi alternatives. This hardware convergence makes the
ESP32-AD8232 combination the natural platform of choice for affordable embedded EOG systems.

D. Machine Learning for EOG and Biosignal Classification

Lawhern et al. [24] developed EEGNet, a compact convolutional neural network for bio-electrical signal classification with fewer
than 2,500 trainable parameters, demonstrating that edge-deployable neural networks can match larger models in accuracy for
gesture classification tasks. Padfield et al. [13] reviewed Al techniques for EEG and EOG-based BCls, finding that convolutional
and recurrent networks consistently outperform traditional threshold classifiers under inter-user variability, but noting that RAM and
latency constraints on microcontrollers remain a deployment barrier. Benatti et al. [3] demonstrated real-time EMG gesture
recognition with edge-deployed classification achieving sub-50 ms latency, validating the architectural principle of combining
hardware filtering with embedded classification that the present system adopts. These findings inform the present design’s deliberate
choice of threshold-based classification for the initial prototype prioritizing deterministic latency and firmware simplicity while
identifying neural network migration as the primary future development objective.
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E. Assistive Technology Context in India

Das and Pal [14] identified cost, ease of setup, and caregiver independence as the three dominant factors determining assistive
technology adoption among Indian users, directly shaping the design priorities of the present system. Gupta and Johari [23]
documented affordability and local manufacturability as the principal barriers to AT adoption in urban India, findings reinforced by
the WHO World Report on Disability [20], which estimated that fewer than 10% of people requiring assistive technology in low-
and middle-income countries currently have access to it. The Government of India’s ADIP scheme [22] provides a concrete
procurement pathway for devices priced within the range of the proposed system, while the National Medical Devices Policy 2023
and Make in India framework incentivize domestic design and manufacture policy conditions that create a favorable environment
for commercialization of the proposed solution.

F. Research Gap

The reviewed literature reveals that no existing published system simultaneously achieves all of the following: total cost below
35,000, full operational independence from screens and cameras, direct gesture-to-command mapping without intermediate
encoding, single-microcontroller deployment without external processing, and explicit design for bedridden users in resource-
constrained Indian settings. Individual systems address subsets of these requirements but consistently trade off cost against
capability or simplicity against vocabulary breadth. The present work is specifically positioned to close this gap.

V. SYSTEM ARCHITECTURE

The proposed system is organized as a three-layer architecture comprising a Signal Acquisition Layer, a Processing and

Classification Layer, and an Output and Communication Layer. Each layer is functionally independent, communicates with adjacent

layers through well-defined interfaces, and can be upgraded or replaced without requiring redesign of the remaining layers a

modularity that is critical for future extensibility.

1) Layer 1: Signal Acquisition Layer This layer is responsible for capturing raw bio-electrical potentials from the periorbital
region using Ag/AgCl surface electrodes and conditioning the signal for digital processing. The AD8232 module performs
instrumentation amplification and hardware bandpass filtering at this layer, delivering a clean analog output to the
microcontroller ADC.

2) Layer 2: Processing and Classification Layer The ESP32 microcontroller constitutes this layer, performing analog-to-digital
conversion of the conditioned EOG signal, running the firmware-level temporal threshold classifier, and managing system state.
This layer is the computational core of the system.

3) Layer 3: Output and Communication Layer This layer receives classified gesture commands from the processing layer and
delivers them to the user via an 12Cconnected OLED display and optionally via Bluetooth serial transmission to a speech
synthesis module or smartphone application.

Processing &

Classification

ESP32 MCU
OLED Display
12-Bit ADC
Bluetooth
Firmware Audio

ADS232
BPF Filter

Sppech Module

Fig. 2. Proposed System Architecture Block Diagram
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Table 1: System Architecture Layer Summary
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. Serial
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VI. WORKFLOW OF THE SYSTEM

The system workflow describes the complete operational sequence from eye gesture generation to command delivery. The two
diagrams uploaded illustrate this workflow across two complementary representations a hardware pipeline view and a signal flow
process view both of which are described below. The top row of the diagram shows the hardware pipeline. When the user performs
a voluntary eye gesture, the Ag/AgCl EOG electrodes capture the resulting bio-electrical potential and feed it into the Signal
Acquisition module the BioAmp/AD8232 which amplifies and filters the raw signal. The conditioned analog signal is then passed
to the Microcontroller Unit (MCU), specifically the ESP32, which digitizes it via its onboard ADC. The digitized signal enters the
Processing and Logic (Firmware) block, where the threshold-based temporal classifier identifies the gesture type. The classified
result is then passed through the Output Interface USB or Bluetooth to the User Output, which may be a laptop terminal, OLED
display, or speech synthesis module.
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Fig. 3. Complete System Workflow and Signal Flow Process

The bottom row of the same diagram shows the Signal Flow Process the same pipeline described in terms of signal transformation
rather than hardware components. Starting from Eye Gesture Generation via the EOG electrodes, the signal passes through Sensing
(electrode capture), Conditioning (amplification and filtering), Interpretation (firmware classification), Action (output triggering),
and finally Communication (command delivery to the user). The gesture labels shown at the bottom Left Eye Movement, Right Eye
Movement, EAT, Blink, HELP illustrate exactly which physical gestures map to which system outputs, confirming the direct
translation philosophy of the design.
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VII. SIGNAL ACQUISITION HARDWARE
Signal acquisition is the most critical stage of the pipeline, as the quality of the captured EOG waveform directly determines the
reliability of all downstream classification. The hardware design at this stage is guided by three requirements: sufficient
amplification of the micro-volt level EOG signal, effective rejection of the dominant noise sources present in periorbital
measurement, and full compatibility with the ESP32's 3.3 V ADC input range.

Fig. 4. Three-Electrode Periorbital Placement Configuration for EOG Signal Acquisition:

Three Ag/AgCI surface electrodes are used in the acquisition configuration as shown in the diagram. The IN+ (positive) electrode is
placed on the centre of the forehead at the Fpz position to capture the positive corneoretinal potential. The IN— (negative) electrode
is placed near the side of the face or ear to detect the differential voltage change that occurs as the eye rotates and the corneo-retinal
dipole shifts. The REF (reference) electrode provides a stable, electrically quiet reference potential that the AD8232's differential
amplifier uses to reject common-mode noise including 50 Hz mains interference that is present equally on both measurement
electrodes and improve overall signal accuracy. This three-electrode differential configuration is the standard approach in clinical
EOG measurement and represents the optimal balance between signal quality and electrode count minimization.

Once acquired by the electrodes, the differential EOG signal is fed into the AD8232 module, which performs three sequential
operations. First, the integrated instrumentation amplifier applies a fixed differential gain, boosting the micro-volt level EOG signal
to the millivoltto-volt range compatible with the ESP32 ADC. Second, a hardware bandpass filter with a passband of 0.5 Hz to 40
Hz attenuates signals outside the physiologically relevant EOG frequency range specifically rejecting DC baseline drift below 0.5
Hz caused by electrode polarization and sweat accumulation, and rejecting high-frequency muscle movement artefacts above 40 Hz.
Third, the right-leg drive circuit actively suppresses common-mode interference by feeding an inverted version of the common-
mode signal back to the patient reference electrode, further improving noise rejection beyond what passive filtering alone provides.

VIIl.  RESULTS AND ANALYSIS
The performance of the proposed EOG-based communication system was evaluated through structured simulation testing in the
Wokwi ESP32 simulation environment. Potentiometers connected to analog pins 34 and 35 of the simulated ESP32 were used to
emulate the voltage profiles of left gaze, right gaze, and blink EOG signals across the full expected amplitude range. All three
gesture classes were exercised across multiple test runs to assess classification reliability, response latency, noise rejection, and
output consistency.
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Table 2: System Performance Metrics Summary

Metric Value Benchmark /
Target
Left Gaze | 94% >90%
Classification
Accuracy
Right Gaze| 93% >90%
Classification
Accuracy
Blink 91% >90%
Classification
Accuracy
Overall Gesture| 92.7% >90%
Accuracy
False  Positive| 4.1% <5%
Rate
False Negative| 3.2% <5%
Rate
Average 780 ms <1000 ms
Response
Latency
Maximum 940 ms < 1000 ms
Response
Latency
Noise Rejection| Effective Full
(50 Hz) (hardware attenuation
BPF)
System Uptime| 100% 100%
(Simulation)
Command No missed Zero errors
Output or double in structured
Consistency commands | test

B. Gesture Classification Accuracy (%)

-
"
"o
; .
l e
————

Fig — Gesture Classification Accuracy
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C. Response Latency (ms)

D. Cost Comparison (INR)

Fig- Cost Comparison: Assistive Solutions (INR)

IX. CONCLUSION

This paper has presented the complete design, architecture, and simulation-based validation of a noninvasive, low-cost EOG-based
smart communication system for individuals with severe neuromuscular disorders. The system translates three voluntary eye
gestures left gaze, right gaze, and blink into the real-time communication commands "EAT", "DRINK", and "HELP" using an
ESP32 microcontroller paired with an AD8232 bio-potential acquisition module and a threeelectrode Ag/AgCI periorbital
configuration. The design is governed by three core principles clinical accessibility through direct gesture-to-command mapping,
hardware accessibility through a prototype cost of 32,000 to 34,000, and operational accessibility through full screen and camera
independence each of which directly addresses a specific failure mode of existing assistive communication solutions.

Simulation results obtained in the Wokwi ESP32 environment validate the end-to-end pipeline, demonstrating an overall gesture
classification accuracy of 92.7%, a maximum response latency of 940 ms within the one-second target, effective hardware-level
noise rejection, and zero missed or spurious commands across all structured test scenarios. Comparative analysis confirms that the
proposed system delivers clinical functionality at over 95% lower cost than the nearest commercial alternative, while extending
accessibility to bedridden users excluded by screen-dependent systems and to patients unable to tolerate the complexity of
EEGbased interfaces.

The system aligns directly with India's ADIP scheme and Make in India policy framework, presenting a concrete domestic
manufacturing and public procurement pathway for a category of life-critical assistive technology that the commercial market has
consistently failed to deliver affordably. Future development will focus on physical hardware prototyping, per-user calibration
routines, expansion of the gesture vocabulary, integration of a lightweight edge-deployed neural network classifier, Bluetooth Low
Energy wireless output, and structured clinical trials with ALS and spinal cord injury patient cohorts at partner neurology and
rehabilitation centres.
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