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Abstract

Sign language is a critical tool for those who are deaf or hard of hearing to communicate, but can present significant
communication challenges when it is not known by the parties involved. These disparities have become a target of recent
advances in assistive technology; many available solutions utilize screen-based avatars and computationally expensive
vision systems. In this paper, we design and implement a low-cost robot hand that is able to express sign language signs in
physical form using an on-board control unit. The proposed solution works with the English finger-spelling alphabet and
is based on an Arduino microcontroller and a servo motor actuation, along with a 3D printed mechanical system to perform
character-level sign language movements. Modular architecture is used to guarantee easy, cost-effective, and flexible.
Experimental assessment is pro- vided by qualitative visual analysis of the performed gestures, showing stable, well-defined
finger postures that can be used as a reference for assistive and educational purposes. Although the current prototype is
bound to static gestures, the experimental results prove that a physical robotic hand can practically be used for sign language
communication and can be considered as a basis for a future generation dynamic and intelligent sign language translation
system.
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1. Introduction

Communication is a basic human need and purpose, which enables social interaction, learning, and participation in
everyday life [1, 2]. Sign language is the main and natural way of communicating for deaf and hard-of-hearing people. But
there’s a serious communication barrier between the deaf and hearing people who do not know sign language [3, 4]. This
gap often restricts social inclusion, educational and public services access, emphasizing the importance to develop
successful assistive communication technologies [5, 6].

Because of the fast-evolving embedded systems, neuro-robotics, and artificial intelligence, there is hope that technology
will be a catalyst in this gap [7, 8]. Various methods have been trialed to bridge the hearing-deaf communication gap, such
as mobile applications (apps), visual avatars, text-based translation systems, wearable devices, etc. Although solutions have
been proposed, these are all compromised in one way or another: reliance on a screen, absence of physical contact, and
high cost to set up/start up [9, 10].
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The use of a robotic system, and in particular an anthropomorphic robotic hand or arm, has the advantage that sign language
gestures can be represented physically in a haptic manner [11, 12]. In contrast to screen-based or virtual avatar aspects,
robotic hands can provide sign language through physical, real-world movement that increases the interpretability and
engagement in scenarios, including educational and assistive applications. In addition, with recent progress in affordable
micro-controllers and 3-D printing technologies, it is also now possible to build low-cost robot platforms that can execute
gestures accurately enough [13].

The major paradigms of sign language translation systems are vision-based hand gesture recognition and text or speech to
sign language generation [14, 15]. Vision- based methods often use cameras and a machine learning network to detect hand
actions, computationally heavy and sensitive to the lighting conditions as well as background clutter [16, 17]. Speech-to-
sign and text-to-sign are addressed from two available perspectives, in which sign language generation is preferred to be a
simple, robust solution for assistive communication [18, 19].

However, although research on sign language translation is ongoing, a majority of those efforts in existing systems target
virtual representation by animated characters or 2D displays. Though they are suitable for certain situations, such
techniques were curbed in palpability and may be insufficient to express the space and kinesthetic features of sign language.
On the other hand, physical robotic hands serve as a realistic communication medium to demonstrate gestures, and are
especially appropriate for laboratories or real-time demonstrations.

Based on these motivations, this paper presents the design and realization of a robotic hand system to perform sign language
characters using character-level input information. The proposed system reference model is the English finger spelling
alpha- bet, and emphasis has been placed on static gesture generation, which serves as a stepping stone to more complex
sign language translation systems. Based on these principles, and using an Arduino-based controller design, servo motor
actuation, and a modular mechanical frame concept, the proposed system targets reliable gesture representation with
simplicity and cost in mind.

The approach tends to prefer execution of physical gestures rather than virtual visualization, focusing on clarity, stability,
and reusability of hand movements. The system is modular, and it also has the potential to be expanded with future advanced
control strategies, high-precision actuators, and intelligent gesture optimization algorithms. In addition, the system can be
quickly prototyped and customized easily with 3D printed parts, so this system is user-friendly for educational institutions
and laboratories.

The system architecture, implementation approach, and experimental results of the newly developed robotic hand are
described in detail in this paper. The experimental results are analyzed by visual qualitative analysis of the performed
gestures, showing that it is feasible to use a physical robotic hand for sign language expression. We present the constraints
of the current prototype and suggest where improvements could be made. The most important and main contributions in
this work can be highlighted as follows:

® | ow-cost Arduino-based robot hand for performing sign language gestures.

o A finger spelling system was designed at the character level with simultaneous control of multiple servo motors.
e Qualitative experimental validation showing stable and recognizable gesture performance.

o Determination of the drawbacks in design and possible avenues for improvement.

The rest of the paper is organized as follows. The related work in assistive robotics and sign language translation systems
is presented in Section 2. The system architecture and methodology are presented in Section 3. The implementation of the
method is described in Section 4. Experimental results, the results are discussed, and evaluations are given in Section 5.
The conclusions and future work are drawn in Section 6.

2. Related Work
Our work on assistive technologies for the deaf and hard-of-hearing has garnered attention over the past decade by means
of advances in embedded systems, robotics, computer vision, and Al. These include vision-based sign language recognition

systems, text or speech-to-sign translation systems, wearable assistive devices, and robotic-based platforms for the
representation of sign language.
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Chowdhury et al. [20] present a Hybrid Efficient Convolution (HEC) model for isolated dynamic sign language recognition
based on the combination of Efficient Net- B3 with custom layers and data augmentation. Tested on a newly developed
Bangla sign language dataset, the accuracy of 93.17% is achieved under clutter and changing illumination conditions.

Trpcheska et al. [21] present a study of American Sign Language (ASL) sign classification with MobileNet derivatives
embedded on a low-power STM32 microprocessor. Comparing TensorFlow Lite and STM32Cube. Al, according to
MobileNetV1, uses STM32Cube. Al achieves the optimal balance of accuracy, memory efficiency, and inference time,
bearing in mind similar sign differentiation. Sadik et al. [22] demonstrates an image-based method for recognizing Bengali
sign language with the assist of deep learning technique. Two CNN models, InceptionV3 and Xception, are employed with
transfer learning and data augmentation, obtaining accuracies of 97% and 99.50%, respectively, which shows that deep
architectures optimized for minority sign language are effective. Niha et al. [23] introduce a low-cost humanoid robot for
the Bangla sign language and medical sign interpretation. It shows that the robot achieves recognition accuracy and
generates realistic sign performance that captures a real human model’s general impression while outperforming other
related works with respect to both cost-effectiveness and kinematic capacity. Adeyanju et al. [24] describes a cheap robotic
hand for American Sign Language communication that uses an Android speech-recognition app, and an ATMEGA2560
controller. Conceived using all locally available materials, the system shows real-time execution of gestures with reasonable
precision as well as positive user feedback and represents an inexpensive aid to communication.

2.1 Positioning of the Proposed Work

Unlike previous methods, the system presented in this paper makes use of a low-cost robotic hand based on Arduino, which
tangibly generates sign language through a simple control rule. With the use of character-level fingerspelling and
predetermined servo angle mappings, no computationally expensive vision processing or complicated animation pipelines
are necessary. Unlike wearable or vision-based systems, the method presented here does not rely on the user to make
gestures or interact with cameras. Instead, our focus is on gesture generation (not recognition) that allows educational
demonstrations and assistive communication applications. The proposed work aims for price, the ability to be modular, and
easy implementation with respect to expensive humanoid robotic platforms.

This paper supplements previous work by showing that competent physical sign language output is possible through a small
investment in hardware and minimal control logic. The system is a foundation model and can be expanded to dynamic
gesture, smart control, and bidirectional translation in future research.

3. System Architecture and Methodology

This section presents the high-level structure of the proposed sign language system for a robotic arm and demonstrates the
methodological pipeline for translating spoken languages into sign languages. The system is created as an inexpensive,
modular assistive technology that combines wireless communications with speech recognition, embedded control, and
robotic actuation.

3.1 Overall System Architecture

As shown in Figure 1, the architecture of the proposed system comprises four main modules in a layered structure:
* A module for acquiring and processing a speech,

* A wireless communication module,

* An onboard control system, and
* A robot arm actuating module.
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Figure. 1 Overall System Architecture

Spoken text input is provided via a mobile app and uses embedded or onlineimations with a text message. The generated
text is tokenized as individual characters of the English alphabet. These characters are sent wirelessly using Bluetooth to
the Arduino controller. When the data is extracted, each character’s specified servo motor Angle of Rotation is read and
executed by the robotic arm in order to complete the corresponding sign language gesture. This modular design provides
flexibility for expansion of the system to add support for other sign languages or more advanced recognition approaches.

3.2 Hardware Architecture

As shown in Figure 2, the system hardware architecture contains the following main elements:

Servo Motors

Buck Converter

Lithium battery Arduino Bluetooth Controller

Figure. 2 Hardware Architecture

* Microcontroller Unit (Arduino): The system consists of an Arduino Uno as its microcontroller. It is in charge of getting
character data from the wireless application, processing control commands, and producing PWM signals to drive the servo
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motors. We chose the Arduino platform for its low costs, simple programming, and significant availability with servo
control libraries.

* Servo Motors: Several servo motors are used to actuate the joints of the robotic arm, which can include fingers, wrist, and
sections of the arm. Each motor represents an articulation and receives a set of angular positions to express the sign letters
as patterns. The number of servo motors can go from five to ten, depending on the desired complexity of the gesture. We
select servo motors due to their accuracy, portability, and can be controlled by gesture adaptation.

» Wireless Communication Module: The mobile application and Arduino controller communicate wirelessly through
Bluetooth module (HC-05). This module is to achieve a data lives collection in text transient character flow with the least
delay. Low-throughput, low-power-consuming Bluetooth communication is suitable for character-based command
transmission.

» Power Supply Unit: The system is powered by a regulated external supply or lithium battery with a buck converter to
provide stable voltages. Accurate regulation of power is necessary to avoid voltage drops when multiple servos are running
at the same time.

3.3 Software Architecture

The software architecture consists of two layers, the mobile app layer and the embedded control layer.

VOICE CONTROL
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b2,
CONTROLLER

1Y

=)

@ | @

TIMER DIMMER

Figure 3 Mobile app layer

* The spoken input of the mobile app is captured and transformed into text through speech-to-text technologies like Google
Speech-to-Text. It then formats the resulting text into a string of characters in ASCII and sends these to the Arduino
controller with the help of a software Bluetooth stack, as shown in Figure 3.
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 On the embedded site, the Arduino firmware is written in Arduino IDE and C/C++. The firmware monitors incoming
serial data for characters, searches to see what characters have been received, and extracts the appropriate servo angle
configuration from a selected lookup table. This table maintains the angular coordinates for each sign language motion.

3.4 Sign Language Representation

The English fingerspelling alphabet is used as the reference sign language representation by the proposed system. There
are pre-defined hand configurations for each alphabet, which are depicted in Fig. 4. These baseline gestures define reference
servo motor angle mappings executed by the robotic arm.

3.5 Methodological Workflow

The suggested system is designed by a sequential and modular process that can trans- form the spoken language into sign
languages in terms of robotic arm motion. The method employs the combination of speech recognition, character-based
processing, wireless data communication, and embedded control to guarantee confidence and success in real-time gesture
implementation. The articulation of the signs is represented by executing simple planar movement, i.e., rotation around an

axis and translation along that axis, of three degrees of freedom manipulators replicating a reduced set of servo positions,
both fast and interpretable for people using sign language.
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Figure 4. English finger-spelling alphabet used as the reference sign language model for
character-to gesture mapping in the proposed robotic arm system. [25]

* Step 1: Speech Acquisition: The user’s spoken input is first recorded using a mobile application. The software captures
audio signals in real time through the mobile phone’s built-in microphone without the need for additional hardware or
months of training.

« Step 2: Speech-to-Text Conversion: The captured audio signal is processed by an on- device or cloud-based speech

recognition engine to transform the spoken language into text. This step is essential in order to remove ambiguity, process
speech input, and obtain a standard text representation for further processing.
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+ Step 3: Text Tokenization: The produced text is broken down into each English alphabet letter. The character-level
tokenization also facilitates the representation of Sign Language by means of fingerspelling and the alignment between
textual information and robaotic signs.

* Step 4: Wireless Data Transmission: One by one, characters are sent from the mobile app to the Arduino board via
Bluetooth. This wireless connection provides for low-latency data transmission as well as power efficiency and device
accessibility.

* Character Interpretations and Mapping: When it receives the character data, the Arduino controller finds the matching
entry in its preloaded lookup table. In this table, angles that trim all the servo motors for representing a language character
properly are stored.

* Step 6: Robotic Arm Actuation: The servo motors are driven with about the retrieved angular values, such that additional
movement of the robotics arm joint and finger segment sre controlled. This stage transcribes the sign language gesture into
a physically visualizable way.

» Temporary Control and Sequencing: The consecutive characters may be time delayed to control the speed of reading and
keep visually clear without overlapping motion. This ordering in time is important to make each gesture recognizable and
enhance legibility, as signers of a signed language are accustomed to.

3.6 System Advantages

The advantages of the proposed system are summarized in Table 1. The system illustrated demonstrates that through the
combination of inexpensive technology, modular structure, and real-time operation, an effective assistive facility for
speech-to-sign language conversion can be achieved. Actuation with a physical robotic arm increases the realism of the
gestures as opposed to virtual methods, and character-level control decreases computational load. These facilities as a
whole enhance the reliability, extensibility, and practicality of assistive communication applications.

4. Implementation

This section presents the experimental setup of the proposed speech-to-sign robotic arm system, which was implemented
on two parties: i) speech recognition, embedded control logic; and ii) wireless communication and robotic arm mechanics.
It has focused on low computational complexity, real-time nature, and robust gesture generation with the least costly
hardware ingredients. As illustrated in Figure 4, the proposed sys- tem follows a layered design integrating speech
recognition, wireless communication, embedded control, and robotic actuation.

* Speech Recognition Module: The speech recognition module is realized in a mobile app that executes on a smartphone.
Recorded audio data (input) is picked up by the device microphone and decoded with on-board or cloud-based speech-to-
text software. The best current recognition can transcribe continuous speech to a form of text that is now accurate enough
for real-time interaction. The Recognized Text is pre-processed by removing any punctuation and converted into Capital
Letters, so that it gets mapped to the Predefined SLG (Sign Language Gestures) uniformly.

Table 1. System Advantages of the Proposed Speech-to-Sign Robotic Arm

Advantage Description Impact on System Performance
Aspect
Low-Cost Design Utilizes Arduino, standard servo motors, Enables affordable deployment in
and educational and assistive
Bluetooth communication environments
Modular Separates speech processing, Facilitates scalability, maintenance,
Architecture communication, and
control, and actuation modules future system upgrades
Physical Gesture Employs a real robotic arm instead of Improves gesture clarity, realism,
Representation virtual and
avatars or screen-based displays user interpretability
Real-Time Low-latency Bluetooth transmission Ensures responsive and smooth
Operation combined gesture
with lightweight processing execution
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Figure 5. Overall architecture of the proposed speech-to-sign language robotic arm system

+ Exchange and Formatting of Data via Wireless Communication: After the conversion of speech into text is done, this data
is sent wirelessly to the Arduino controller via Bluetooth by a mobile application. The text is encoded as a sequence of
ASCII characters, with one character sent at a time to reduce transmission overhead and delay. A serial link data protocol
is implemented to ensure reliable transmission and synchronization of the embedded controller with the mobile application.

* Embedded Control Logic: The central processing device of the system is an Arduino microcontroller. Firmware is written
in Arduino IDE, C/C++. The control logic is constantly checking the buffer of the Bluetooth serial for characters. On
receiving a character, the controller validates the character and looks up the angle configuration of the corresponding servo
motor from its memory in the look-up table. This table specifies the angular positions that each joint should get into so as
to represent the correct sign gesture in a sign language.

* Servo Motor and Gesture Control: The servo motor is driven by PWM signals from the Arduino. There are several servo
motors, each of them corresponding to different joints on the robotic arm, for example, finger joints and wrist segments.
Upon identification of the characters, the controller maps predefined angles to the servos for each recognized character,
and the joints move along conjointly. After each movement, there is a delay to allow the eye to return and for consecutive
characters not to overlap due to motion.

* Robotic Arm Integration and Calibration: The lightweight structure of the robotic arm provides fluent and gentle
movement. Calibration is done manually to find out the maximum angular positions for all servo motors according to
different sign language characters. This calibration operation guarantees the uniform and accurate gesture representation
while accounting for mechanical constraints such as servo motor deficiencies.

» Implementation Summary: An assistive platform that seamlessly integrates mobile phone-based speech recognition,
wireless communication, embedded processing, and robotic actuation is developed. The implementation emphasizes
simplicity, reliability, and extendibility to accommodate future developments, including sup- port for dynamic gestures,
artificial intelligence (Al) integration, and bi-directional translation with minimal hardware change.

5. Experimental Results and Evaluation
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This section demonstrates experimental results on the physical instantiation of the proposed speech-to-sign robot arm. We
evaluate the system by visually inspecting and qualitatively analyzing hand gestures performed with a pre-scanned real
operation of our robotic arm prototype.

5.1 Experimental Setup

The experimental validation was performed on the full robotic hand prototype connected to another device that directly
drives the servomotor, and controlled by an Arduino type control interface. The robot hand was installed on a fixed base
and worked in regular indoor environments. A mobile app that sends character-level commands to the controller, which
then actuates the fingers of a robotic hand, was utilized. Gestures were performed from various perspectives to ensure
visibility and reproducibility.

5.2 Visual Gesture Execution Results

Some sample results of robotic hand gestures are shown in Figure 6. The provided images demonstrate the robotic fingers
presenting different arrangements that correspond to English fingerspelling hand shapes. Experiments indicate that the
robotic hand could independently task all fingers, simultaneously actuate finger joints, and hold steady gestures. The
mechanics of the hand are such that you can manipulate the fingers somewhat; you can definitely make recognizable signs.
These can be clearly seen from x-y plots and are stationary during implementation, which indicates proper control
synchronization with the on and off movements of the servo motor.

Figure 6. The robotic hand executing representative sign language gestures from different viewpoints.
5.3 Qualitative Evaluation

Qualitatively, the results of our experiments show that the system is able to effectively map commands at the character
level onto meaningful physical movements. The finger positions between the executions are kept almost equal by the
robotic hand and could be seen easily from different views (see Figure 6).

Some limitations are observed in gestures involving complex finger bending points or super high precision, which is
primarily due to the mechanical limits of the 3D- printed structure and the resolution of the servo motors. However, the
clarity of the gestures as a whole is still high enough for fingerspelling-based communication and educational shows.

5.4 Discussion
The experimental results prove that the developed robotic hand is able to physi- cally reproduce sign language finger
configuration clearly and steadily enough. The visual results indicate good synchronization of the embedded control system

with the mechanical design, enabling both separated and coordinated finger movements necessary for finger-spelling-based
sign language communication.
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The 3D-printed mechanical design provides flexibility and rapid prototyping advantages at the cost of joint accuracy and
motion smoothness.

These constraints become especially apparent when the gestures involve complex finger bending or a simultaneous multi-
joint movement. However, the generated gestures are visibly interpretable or understandable, hence the system meets its
main goal of representing sign language characters in physical form. As an alternative to screen-based or avatar-based sign
language systems, the solution provides a physical and tangible embodiment of gestures that may contribute to improved
engagement and understanding in educational and assistive applications. The findings further indicate that character-level
gesture handling reduces control complexity, yet provides reasonable expressiveness such that the system is well-suited for
low-cost implementation. In total, the presented consideration reveals that even if the current prototype is limited by
mechanical and actuation constraints, it already introduces a good possibility to improve upon in future work.
Improvements, including high-precision actuators, optimized joint design, and intelligent gesture optimization approaches,
may also be applied to improve the accuracy of the gestures and make it more feasible for dynamic word-level sign language
representation.

5.5 Limitations and Future Work
5.5.1 Limitations

« The current prototype utilizes a 3D-printed mechanical structure and cheap servo motors, resulting in low precision of the
joints and unsmooth finger dexterity. This limitation negatively impacts gestures needing a high degree of curvature or
involving complex multi-finger manipulation.

* Character-based static finger-spelling using hand posture is considered by the sys-tem. Dynamic actions and consecutive
sign language are not available yet; the natural conversation ability is limited.

« English fingerspelling alphabet is the only one that is supported. There is no word-level or sentence-level gesture, which
causes a longer time for the computer to process.

* Present evaluation is qualitative only and by way of visual inspection. No formal user studies with real deaf community
members have been carried out to date.

» The machine translates from text commands to sign language gestures only. Sign language to text or speech translation
does not support reverse conversion.

5.5.2 Future Work

« In the future, higher precision actuators and more advanced joint mechanisms will be used for a smoother motion in
generating the gesture.

 If temporal gesture modeling is taken into account, dynamic sign language expressions and more human-like
communication can be achieved.

« It will be further expanded with word-level and sentence-level signs to minimize the running time and enhance the user
friendliness of the database.

» Machine learning methods could be employed to adjust the execution of gestures in response to context, enhancing
robustness to mechanical variability.

« In the future, vision-based sensing may be integrated in order to translate sign language gestures into text or spoken
language.

6. Conclusion

In this paper, we proposed a low-cost robotic hand for performing the sign language characters using character-level
commands and designed it. The system combines embedded control, wireless communication, and mechanical actuation
for tactile rendering of sign language with coordinated motion of fingers. Experimental results and visual inspection prove
that the developed prototype can generate an acceptable dis- play of sign language gestures appropriate for finger-spelling
communication. While the system is limited by mechanical and actuation limitations, it effectively demonstrates that a
physical robot hand can be used as an assistive communication aid. The proposed method provides us with a very realistic
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alternative to the virtual and screen- based sign language systems, having better intuitiveness in real-life experiences. With
more mechanical and intelligent controlling improvement work, this system has a great potential for being used in the
educational, assistive, and human-robot interaction field.
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