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ABSTRACT

Individuals with hearing and speech impairments rely heavily on sign language as their primary mode of
communication, yet it remains unfamiliar to a large portion of the population. This lack of widespread
understanding creates significant barriers in everyday interactions, particularly in environments such as
classrooms, hospitals, workplaces, and public service areas. As a result, individuals are often forced to depend
on interpreters or family members, which not only limits their independence but also affects privacy and
spontaneous communication. Existing technological solutions attempt to bridge this gap but are often
constrained by limitations such as high cost, dependence on camera-based systems, sensitivity to lighting and
background conditions, and concerns related to continuous video capture. These factors make such systems
impractical for real-world, daily use. To overcome these challenges, the proposed system introduces a
lightweight, wearable glove designed to translate hand gestures into audible speech in real time. By adopting a
sensor-based approach instead of vision-based methods, the system ensures consistent performance regardless
of environmental conditions while maintaining user privacy. The design emphasizes portability, ease of
operation, low power consumption, and affordability, making it accessible to a wider range of users and
suitable for continuous everyday use.The system is built around a dual-glove configuration that integrates flex
sensors and ADXL335 accelerometers to accurately capture finger bending, hand orientation, and motion
dynamics. A total of ten flex sensors and motion sensors work together to generate detailed gesture data, which
is processed using a K-Nearest Neighbours (KNN) algorithm implemented on the ESP32 microcontroller. This
approach enables real-time gesture recognition with minimal computational requirements, making it highly
suitable for embedded systems. Once a gesture is recognized, the ESP32 transmits the corresponding text via
Bluetooth to a mobile application, where a text-to-speech engine converts it into audible output, allowing
seamless communication with non-sign language users. The current prototype supports 10—12 Indian Sign
Language gestures, focusing on demonstrating system feasibility, reliability, and real-time performance while
maintaining a low cost. The modular and scalable architecture allows for future enhancements, including
expanding the gesture vocabulary to over 100 signs, integrating advanced deep learning models such as 1D
CNN and LSTM for improved accuracy and dynamic gesture recognition, and enabling fully offline operation.
Overall, the system provides a robust, cost-effective, and user-friendly foundation for assistive communication
technology, with strong potential for further development and real-world deployment.
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L INTRODUCTION
The system aims to create a fully portable, real-time assistive communication system using a dual-
glove configuration. The system uses flex sensors to measure finger bending and IMU sensors to capture hand
orientation and motion. These sensor readings are processed and classified by a lightweight K-nearest
neighbours deep learning model optimized for deployment on an ESP32 microcontroller(1-4). By performing

all signal processing and
classificationlocally,thesystemachieveshighresponsivenessandindependencefrominternet connectivity.
Recognized gestures are then converted into synthesized speech, enabling
seamlesscommunicationbetweensignlanguageusersandnon-signers. Thisapproachpresents apractical,privacy-
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friendly,andcost-effectivealternativetotraditionalvision-basedsystems.The motivation for developing this system
stems fromthe limitations of existing commercial solutions, which are often expensive, non-portable, or
restricted to small vocabularies. Commercial gesture-recognition gloves typically cost upwards of 330,000 to
%1,00,000 and require specialized softwareor proprietaryhardware. Suchhighcostsmake theminaccessible to a
large portion of users, especially in developing countries. Therefore, designing an affordable system costing
approximately 26,000 holds significant societal importance(5-8). By
reducingcostbarriers,thesystemaimstoempowerstudents,patients,andprofessionalsinthe speech- and hearing-
impaired community, enabling them to communicate confidently and effectively in everyday situations.
IndianSignLanguage(ISL), usedbymorethan7millionindividualsacrossindia, has limited technological support
compared to American or British Sign Language. Research and development focused on ISL remain relatively
sparse, creating an urgent need for tools that caterspecificallytothelndiancontext  (9-
10).ISLconsistsofdistinctgesturesrepresentingalphabets,
words,andexpressions,manyinvolvingbothhandsforaccuraterepresentation. Thedual-glove approachinthisproject
isdesignedtoaddressthecomplexitiesoftwo-handedgestures,which are essential for authentic ISLrecognition.
Through the integration of flex sensors and IMUs on both gloves, the system captures a rich set of motion
features necessary for accurate classification across a diverse vocabulary.The machine learning approach used
in this project is based on the K-Nearest Neighbors (KNN) algorithm, which classifies gestures by comparing
real-time sensor data with previously recorded samples. The system utilizes data from flex sensors and
ADXIL336 accelerometers to capture finger movements and hand orientation. KNN is chosen for its simplicity,
low computational requirements, and suitability for rapid prototyping without extensive training(11-14). The
processed data is handled by the ESP32 microcontroller, enabling real-time gesture recognition and wireless
transmission. While the current implementation supportsalimited set ofgestures,thesystemcan befurther
enhanced byintegrating advanced models such as CNN-LSTM and optimization techniques for improved
accuracy and scalability on embedded platforms.

11 METHODOLOGY

A flex sensor or bend sensor is a low-cost and easy-to-use sensor specifically designed to measuretheamount
ofdeflectionorbending.It becamepopular inthe90sduetoitsuse inthe Nintendo Power Glove as a gaming interface.
Since then people have been using it as a goniometertodetermine joint
movement,adoorsensor,abumperswitchforwalldetectionor a pressure sensor on robotic grippers.A flex sensor is
basically a variable resistor that varies in resistance upon bending. Since the resistance is directly proportional
to the amount of bending, it isoftencalled aFlexiblePotentiometer.Flexsensorsaregenerallyavailableintwo
sizes:one is2.2"(6.688cm) longandanotheris4.6"(11.43cm) long.Aflexsensorconsistsof a phenolic resin substrate
with conductive ink deposited and is shown in fig. A segmented conductor is placed on top to forma flexible
potentiometer in which resistance changes upon deflection. Flex sensors are designed to flex in only one
direction — away from ink. Bending the sensor in another direction may damage it. Also take care not to bend
the sensor close to the base, because the 11 bottom of the sensor (where the pins are crimped on) is very fragile
and can break when bent over The conductive ink printed on the sensor acts as a resistor. When the sensor is
straight, this resistance isabout 26kasshowninfig. Whenthesensorisbent,conductive layer isstretched, resulting in
reduced cross section (imagine stretching a rubber band). This reduced cross sectionresults inan increased
resistance. At 90°angle, thisresistance isabout 100KQ. When the sensor is straightened again, the resistance
returns to its original value. By measuring the resistance, you can determine how much the sensor is bent.
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2.2" Flex Sensor 4.5" Flex Sensor

Fig.1Flexsensors

Theeasiestwaytoreadtheflexsensoristoconnectitwithafixedvalueresistor(usually47kQ)

tocreateavoltagedivider. TodothisyouconnectoneendofthesensortoPowerandtheother toapull-
downresistorasshownbelow. Thenthepointbetweenthefixedvaluepull-downresistor and the flex sensor is
connected to the ADC input of an Arduino. This way you can create a variable voltage output, which can be
read by Arduino’s ADC input. Note that the output voltage you measure is the voltage drop across the pull-
down resistor, not across the flex sensor. In the shown configuration, the output voltage decreases with
increasing bend radius.In recent years, advancements in Micro-Electro-Mechanical Systems (MEMS)
technology have enabled the development ofcompact and low-power motionsensors for a wide range of
applications such as gesture recognition, gaming, wearable devices, and navigation systems. Among these,
accelerometers play a crucial role in detecting motion and orientation. The ADXL336 is a widely used MEMS-
based 3-axis analog accelerometer that measures acceleration along the X, Y, and Z axes.Unlike combined IMU
modules that include both gyroscopes and accelerometers, the
ADXL336focusessolelyonaccelerationsensing,makingitsimple,cost-effective,andsuitable for lightweight
embedded  applications. It can  measure  static  acceleration (such as  gravity for
tiltsensing)aswellasdynamicaccelerationcausedbymotion,vibration,orshock. Thismakes it particularly useful for
detecting hand orientation and movement patterns in gesture-based systems.

The ADXL336 operates over a typical voltage range of 1.8V to 3.6V, with a low power
consumptionofapproximately360puA, making it idealforbattery-poweredwearabledevices. Itprovidesanalog
voltageoutputsproportionalto accelerationoneachaxis,whichcanberead using the ADC pins of microcontrollers
like the ESP32. The sensor has a measurement range of approximately +3g, which is sufficient for most human
motion tracking applications. Due to its compact size, low power requirement, and ease of interfacing, the
ADXL336 is well-suited for integration into wearable systems such as smart gloves. Inthis project, it is used to
capture hand tilt and motion dynamics, which, when combined with flex sensor data, helps improve the
accuracy of gesture recognition.

3V3 Voltage Regulator

Self Test Pin Analog Outputs

ADXL335 Chip
Fig.2 ADXL336
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2.1 Working principle of system
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Fig.3Workingprinciple of system

The working principle of the sign language to voice conversion glove is based on the integration of multiple
sensing mechanisms, embedded processing, deterministic gesture classification, and wireless communication to
convert Indian Sign Language gestures into meaningful spoken output. The glove functions as an intelligent
wearable device that continuously monitors finger bending and hand movement, interprets this information
using predefined logic, and transmits the interpreted gesture to a Bluetooth-enabled audio device. The entire
workflow is designed to operate in real time, ensuring that hand movements are translated into spoken English
with minimal delay. This section explains the complete operational sequence of the glove beginning from
sensor activation to gesture detection and ending with wireless transmission of the recognized
sign. Thesystembeginsfunctioningassoonasthemicrocontroller ispoweredon. Theinitialization
phaseactivatesallonboardcommunicationandsensingmodules, includingtheserialinterface for debugging, the
HCO06 Bluetooth module for datatransmission, and theADXL336 inertial measurement unit that monitors
motion. The microcontroller then configures all five flex sensor pins as analog inputs so that bending data can
be acquired continuously.Aconnection test is performed on the IMU to ensure that valid accelerometer and
gyroscope data will be available during operation. Ifthis test is unsuccessful, the glove enters an idle state and
alerts the wuser through a serial message. Once initialization is complete, the glove enters its
continuousmonitoringmode,wherethemainloopexecutesrepeatedlyatacontrolledsampling rate. During each
iteration of the loop, the glove first collects real time bending information
fromallfiveflexsensors. Thesesensorsactasvariableresistorswhoseoutputvoltagechanges
dependingontheamountofcurvatureineachfinger. Thethumb,index,middle,ring,andlittle fingers each have their
own sensor, allowing the system to capture hand configurations with high granularity. The analog readings from
the sensors are stored in a dedicated array that is updated severaltimes per second. This enables the glove to
track both static hand shapes and
transitionsbetweengestures.Fingerbendinginformationformsthecoreofmanysignlanguage gestures, making these
flex sensors primary contributors to gesture recognition.

Alongside flexsensor readings, the glove simultaneouslycollects motionand orientationdata from the ADXL 336
IMU. This sensor provides raw accelerometer values indicating linear movement along three axes and
gyroscope values indicating rotational velocity around three axes. The raw readings are converted into standard
units suchas g-forces for accelerationanddegrees-per-second for angular rotation. These processed motion
values allow the glove to detect wrist movements that accompany certain signs. For example, gestures such as
“YES” and “NO” involve distinct dynamic wrist motions that cannot be recognized through finger
bendingalone. TheIMUthereforeenhancestheglove’sabilitytodistinguishbetweengestures that would otherwise
appear visually similar or identical in static form.

Once flex and IMU data are collected, the gesture recognition engine evaluates the sensor
patternstodeterminewhethertheuserisperforminganyofthedefinedsigns.Inthisfirst-stage prototype, the engine uses
threshold-based logic, where each gesture is associated with a specific combination of bending levels and
motion characteristics. A gesture is recognized when the real-time sensor values match the predefined criteria
for that gesture. For example, the sign for “HELLO” is identified when the thumb, index, and middle fingers are
extended beyond their thresholds while the ring and little fingers remain bent. The sign for “THANK YOU”
requires that all fingers be extended and supported bya slight rotational motion ofthe wrist. Similar logic is
applied to detect “YES,” which includes a nodding-like up-and-down
handmotioncapturedthroughgyroscopedata,and“NO,”whichinvolvesalateralside-to-side
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motion.Thegesture“HELP” isrecognizedwhenthepalmisopenandanupwardacceleration spike is detected through
the accelerometer. This threshold-based approach provides
transparentandpredictableclassificationbehavior,makingitidealforanearly-stageprototype. Once a gesture is
identified, the system compares it with the previously detected gesture to avoid redundant or repeated outputs. If

the gesture has changed, the glove constructs a
formattedmessagethatincludesboththegestureIDandthecorrespondingwordmappedfrom the gesture library. This
message is sent wirelessly to the paired Bluetooth module using a

predefinedcommunicationprotocol. TheBluetoothdevicehandlesthetransmissioninasimple
andreliablemanner,ensuringthateachrecognizedsignresultsinacorrespondingaudiooutput. The external speaker,
mobile device, or audio unit that receives the transmitted message generates the finalspeech output,
effectivelyconverting  the  user’s  sign  language  gesture into  spokenEnglish.Therealtime
natureofthisprocessensuresthat communicationremainsfluid and natural for both the signer and the listener.
Throughout operation, the glove also produces diagnostic output through the serial monitor. This debug channel
prints flex sensor readings, IMU values, and the currently recognized gesture, allowing continuous monitoring
and fine-tuning ofthresholds. This feature is crucial
forcalibratingtheglovefordifferentusers,asfingerstrength,handsize,andnaturalmovement  patterns vary. The
debugging output helps refine accuracy and ensure that each gesture is detected consistently across multiple
trials. The working principle of the first-stage prototype demonstrateshowsensor-drivenlogiccanbeused
effectivelyto recognizeasmallvocabulary
ofsignlanguagegestures.Byestablishingareliablepipelinefromsensingtoclassificationand wireless communication,
the system validates the feasibility of using a low-cost, embedded solution for gesture recognition. This initial
functionality forms a strong foundation for
advancingtowardmoresophisticatedversionsoftheglove.Subsequentstageswillincorporate  machine  learning
models to replace the threshold-based classifier, expand the vocabulary to hundreds of gestures, and integrate
dual-hand sensing for full Indian Sign Language support. Nonetheless, the underlying working principle
remains consistent: capturing human intent through hand movement, interpreting it through embedded
processing, and enabling communication through real-time speech output.

III. RESULTS AND DISCUSSION
The code begins by including the required libraries for the ESP32, analog input handling for flex sensors,
ADXL336 accelerometer readings, and Bluetooth communication. Global definitions are set up for pin

configurations, sensor variables, and storage arrays for gesture
data.Inthesetupsection,serialcommunicationisinitializedfordebugging, ADCpinsforflex

sensorsareconfigured,andBluetoothisinitializedtoconnectwithamobileapplication. Inthe main
loop,thesystemcontinuouslyreadssensor datafromallflexsensorsand accelerometers

atafixedsamplingrate. Thecollecteddataisprocessedintofeaturevaluesandcomparedwith stored gesture samples
using the K-Nearest Neighbours (KNN) algorithm to determine the closest matching gesture. A simple

validation check is applied to ensure stability and avoid
incorrectpredictions.Onceagestureisrecognized,itismappedtoapredefinedwordorphrase
storedinmemory. TheESP32thensendsthistextviaBluetoothtoamobileapplication,where atext-to-

speechengineconvertsitintoaudibleoutput. Theprogramalsoincludesbasiccontrol
logictopreventrepeatedtriggeringwhenagestureisheldfortoolongandmayprovidesimple feedback such as an LED
indication when a valid gesture is detected. The code structure is organized into helper functions such as reading
sensor data, processing inputs, classifying
gestures,mappingoutputs,andtransmittingresults,keepingthemainloopsimpleandefficient for real-time operation.
The initial stage of development focuses on constructing and validating a simplified prototype of the sign
language recognition glove. This first-stage version uses a single glove equipped with five flex sensors and one
inertial measurement unit and is designed to recognize only five basic gestures. This controlled and minimal
setup enables reliable experimentation, stable data collection, and early verification of the system’s sensing and
classification logic before moving into more advanced multi-glove, machine learning, and vocabulary-
expansion phases. The primary objective of the first-stage prototype is to establish a fully functional pipeline
from sensing to gesture detection and Bluetooth communication while maintaining low complexity, predictable
behavior, and ease of debugging.At this stage, the glove is embedded with five flex sensors, each attached to
one finger: thumb, index, middle, ring, and little finger. These sensors provide analog values that change
according to the curvature of each finger, allowing the system to capture distinct finger postures associated with
basic Indian Sign Language gestures. In addition to the flex sensors, the glove incorporates a single MPU6050
module that provides acceleration and rotational motion readings along three axes each. Although the initial
prototype relies mainly on flex data for classification, the IMU still contributes essential movement information
for gestures that require a characteristic wrist motion, such as the signs for “YES,” “NO,” or “THANK YOU.”
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Using only one glove drastically simplifies wiring, calibration, and interpretation while helping to isolate and
refine the core sensing mechanism that will later support more sophisticated gestures.

The performance of the KNN-based classification approach was also validated during this phase, demonstrating
reliable real-time gesture recognition with minimal computational load on the ESP32. The Bluetooth
communication pipeline was tested extensively to ensure smooth and continuous data transmission between the
glove and the mobile device, with negligible delay
affectinguserinteraction. Theseevaluationshelpedidentifyminorissuessuchas  sensor noise, threshold tuning
requirements, and gesture overlap, which were addressed through iterative adjustments. Overall, the second-
stage prototype establishesastableandwell-testedplatform,enablingfutureenhancementssuch as expanding the
gesture vocabulary, improving classification accuracy using advanced models like CNN-LSTM, and
implementing coordinated dual-glove interaction for more complex sign language recognition.

Fig.4GloveFabrication

3.1 OKSsignusingISL
The“OK”signinIndianSignLanguage(ISL)isformedusingadistinct fingerconfiguration and hand posture:

Fig.5 OK Hand sign

. Thethumband indexfingerarebroughttogethertoformaclosedcircularshape, resembling
the letter “O”.

. Theremainingthreefingers(middle,ring,andlittlefinger)arekeptextendedand slightly
spread apart, pointing upward.

. Thepalmgenerallyfaces forwardorslightlyoutward, dependingoncomfort and context.
. Thehand isheldsteadyat about chest level,andthegestureistypicallystatic(no major

movement involved).
Thiscombinationofacircular finger shapewithextended fingersclearlyrepresentsthe meaning “OK” or “all good”
in ISL.
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3.2 YESsignusingISL
The“YES”signinIndianSignLanguage(ISL )istypicallyexpressedthroughasimple hand gesture combined with
slight movement:

. Thehandisfirst formedintoaclosedfist,withallfingerscurledinwardandthe thumb resting over the fingers.
. Thefististhenmovedupanddownslightly,similartoanoddingmotion.

. The movement isusuallyperformedat aboutchest levelandrepeatedonceortwice for clarity.

. Thegestureisdynamic, meaningthemotionplaysanimportantroleinconveyingthe meaning.

Thisup-and-downmovementoftheclosed fist representsaffirmation,similartonoddingthe head, and is commonly
understood as “yes” in ISL.

YES

Fig.6 YESHand Sign

3.3 YOUsignusingISL

The“YOU”signisperformed byextendingthe indexfinger forwardwhiletheremaining fingers are folded (bent).
The hand points outward toward the person being addressed.

Fromamechanicalperspective:

. Indexfinger —straight(no bending)
. Middle,ring,pinky— fullybent(~90°)
. Thumb— partiallybent

Thiscreatesaconditionwheremultipleflexsensorsexperiencehighbending

Fig.7 You Hand Sign

Iv. CONCLUSIONS

Communication is an essential aspect of human life and serves as the basis for social, emotional, and
intellectualdevelopment.Forindividualswithhearing orspeech impairments, sign language is the primary medium
of expression and interaction. Sign languages such as Indian Sign Language allow millions of people to
communicate their thoughts and feelings with clarity. However, a significant communication barrier still exists
between sign language usersandpeoplewhodonotunderstandthesegestures.Thisbarrieroftencreateschallengesin
education,publicservices,healthcare,anddailysocialinteraction. Themotivationforthis workarises from the need to
create an inclusive environment where individuals with communication challenges can interact smoothly with
the broader community.The development of the single-glove sign language to voice conversion system marks
an important first step toward creating an accessible, low-cost, and user-friendly communication aid for
individuals with hearing and speech impairments. This prototype successfully demonstrates the feasibility of
using a combination of flex sensors and inertial measurement units to capture finger articulation and hand
motion patterns, which together form the fundamental components of Indian Sign Language gestures. By
implementing threshold-based logic and a streamlined decision engine, the system is able to reliably distinguish
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between five essential gestures and transmit their corresponding meanings through a Bluetooth interface to
generate spoken output. The complete pipelinespanning sensor acquisition, gesture interpretation, message
formatting, and wireless transmissionoperates in real time and validates the core functional concept of gesture-
to-speech conversion on an embedded platform.

Beyond verifying the technical foundation, the prototype offers valuable insights into the practical
challenges associated with gesture recognition. It highlights the need for careful sensor calibration, stable
mounting of components, and consistent gesture patterns across users. The debugging and diagnostic
capabilities incorporated into the system further support refinement by enabling precise monitoring of sensor
behavior and recognition accuracy. These learnings establish a strong groundwork for future iterations of the
project, where the focus will shift toward replacing threshold logic with machine learning models, improving
reliability, expanding vocabulary, and integrating dual-hand sensing for complete ISL coverage.Overall, the
first-stage glove demonstrates a functional, compact, and efficient assistive device that transforms gestures into
meaningful speech output. While still in its early form, the system proves that sensor-driven recognition can
serve as a viable bridge between signers and non-signers, promoting inclusivity and making everyday
interactions more accessible. The success of this prototype sets the direction for more advanced stages of
development, ultimately contributing toward a scalable and impactful communication solution.Future versions
of the system can incorporate larger and more sophisticated deep learning architectures capable of recognizing
continuous sign sequences, facial expressions, hand orientation, and movement trajectories.This would allow
the glove to interpret fullsentences rather than isolated words, greatly improving communication fluidity.The
system can be expanded to support hundreds of gestures, full two-handed ISL grammar, and contextual
modifiers. With continued training and dataset collection, the glove could eventually translate full phrases,
sentences, and conversational flow in real time.Future iterations may utilize flexible PCBs, printed sensors, and
integrated IMUs woven directlyinto
fabric. Thiswouldreduceweight,improveergonomics,andcreateamorenaturaluser experience, allowing the glove to
resemble a regular piece of clothing rather than an electronic device.
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