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Abstract

This paper presents the design and implementation of a basic hand-movement subsystem for a de-
partmental information robot using servo motors. The proposed architecture combines an ESP32 mi-
crocontroller, a PCA9685 16-channel 12-bit PWM driver, high-torque digital servo motors, and a
Jetson Nano for high-level command processing. The ESP32 acts as the low-level controller, while
the PCAY685 generates synchronized PWM signals for multiple servos through the I°C interface. The
Jetson Nano is intended to process high-level inputs such as voice or gesture commands and transmit
the corresponding movement commands to the ESP32. The main contribution is a modular control
architecture for a departmental information robot, where predefined hand gestures can be mapped to
meaningful actions such as greeting, indicating directions, and conveying simple information. The
paper describes the system architecture, hardware components, control sequence, and experimental
evaluation procedure. Because the supplied manuscript did not contain recorded system-level accu-
racy or response-time measurements, no unsupported numerical performance values are claimed; in-
stead, a reproducible measurement protocol and comparison framework are provided.

Keywords: ESP32, servo motor, PCA9685, jetson nano, PWM, I?C, robotic hand, human-robot in-
teraction.

INTRODUCTION

Robotics and automation have advanced rapidly in healthcare, manufacturing, education, service
robotics, and assistive technologies. Robotic hands are particularly important because hand gestures
can communicate information in a natural and easily understandable form. Servo motors are widely
used for robotic joints because their angular position can be controlled through PWM signals, making
them suitable for repeatable finger and wrist movements.
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In a multi-servo robotic hand, generating and
maintaining independent PWM signals becomes
increasingly inconvenient when all actuators are
controlled directly from a microcontroller. The
proposed system therefore uses an ESP32 as the
main low-level controller and a PCA9685 PWM
driver to provide 16 independent 12-bit PWM
channels through an I?C interface. A Jetson Nano
is positioned at the high-level processing layer so
that voice or gesture commands can be interpreted
before movement commands are sent to the
ESP32.

Recent research demonstrates the growing im-
portance of gesture-based human-robot interac-

© STM Journals 2026. All Rights Reserved

17



Design and Implementation of Basic Hand Movement for Departmental Gupta and Gupta

tion. Vision-based gesture recognition has been reviewed as a natural communication mechanism for
HRI, while recent robotic-hand studies have demonstrated gesture generation and teleoperation for as-
sistive and interactive applications. These developments motivate the use of a modular gesture-to-
motion architecture for an information robot.

Research Gap and Motivation

Many robotic-hand studies focus on advanced prosthetic, rehabilitation, or computer-vision sys-
tems, whereas a departmental information robot requires a simpler and more maintainable architecture
capable of executing predefined communicative hand movements. The practical challenge is to coor-
dinate several servo actuators reliably while keeping high-level processing separate from low-level
motor control. The proposed architecture addresses this requirement by separating command interpre-
tation (Jetson Nano), embedded control (ESP32), PWM generation (PCA9685), and actuation (servo
motors).

Novelty and Research Contribution

* A layered architecture is proposed in which high-level voice/gesture commands are processed by
a Jetson Nano and converted into low-level servo commands by an ESP32.

* A PCA9685-based multi-channel PWM layer is used to simplify synchronized control of multiple
servo motors through I*C.

* Predefined hand movements are mapped to information-oriented robot actions such as greeting
and directional indication.

* A reproducible experimental procedure is defined for movement accuracy, response time, repeat-
ability, and command success rate.

* The modular design allows future integration of computer vision, machine learning, wireless
communication, and additional feedback sensors.

Objectives

* Design a multi-servo robotic-hand movement subsystem for a departmental information robot.

» Interface an ESP32 with a PCA9685 PWM driver using I>C.

*  Generate predefined coordinated finger movements using servo motors.

» Provide a high-level command pathway from Jetson Nano to ESP32.

» Establish measurable evaluation criteria for accuracy, response time, repeatability, and reliability.

LITERATURE REVIEW

Gesture-based human-robot interaction has become an important research direction because ges-
tures provide an intuitive method of communicating commands to robots. Qi et al. reviewed comput-
er-vision-based hand gesture recognition for HRI and described a general pipeline consisting of data
acquisition, hand detection/segmentation, feature extraction, and gesture classification. Such ap-
proaches are relevant to the proposed system because the Jetson Nano can serve as the high-level pro-
cessing platform for future vision-based gesture recognition.

Verma and Anand reported a robotic-hand interpreter for Indian Sign Language using a Raspberry
Pi 4. Their experimental study involved ten participants and reported an overall accuracy of 94% for
generating robotic-hand signs. The work demonstrates the feasibility of mapping speech commands to
robotic-hand gestures, although its objective and hardware architecture differ from the departmental
information robot considered here [2].

Heung et al. investigated an assistive robotic hand orthosis controlled using force myography and
reported an overall classification accuracy of 92.9% in their study. This highlights the importance of
reliable intention detection when robotic hands are used for assistive interaction. The proposed work
differs because it uses predefined information-oriented commands and servo-position control rather
than physiological signal classification [3].
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Liu et al. proposed a digital-twin approach for hand-gesture-guided human-robot collaboration,
emphasizing the challenges of simplifying gesture-interaction hardware and reducing communication
errors. Their work supports the motivation for separating high-level interaction from the low-level ac-
tuator layer.

Compared with these approaches, the present work concentrates on a practical departmental infor-
mation robot with a modular Jetson Nano—ESP32-PCA9685—servo architecture. The focus is not to
compete with advanced gesture-recognition accuracy, but to provide a reliable and expandable actua-
tor-control subsystem that can be integrated with future intelligent perception modules [4].

SYSTEM ARCHITECTURE AND METHODOLOGY
The complete control architecture is organized into four functional layers: command processing,
embedded control, PWM generation, and mechanical actuation. The signal path is:

User Input — Jetson Nano — ESP32 — I2C — PCA9685 PWM Driver — Servo Motors — Robot-
ic Hand Movement

System Architecture

»  User Input Layer: A predefined voice or gesture command represents the intended robot action.

*  High-Level Processing Layer: The Jetson Nano interprets the input and selects the corresponding
movement command.

»  Embedded Control Layer: The ESP32 receives the command, selects the required servo positions,
and communicates with the PCA9685 over I°C.

*  PWM Layer: The PCA9685 produces independent PWM outputs for the connected servo motors.

*  Actuation Layer: The servo motors convert the PWM position commands into mechanical finger
movements.

» Information QOutput: The resulting hand movement represents an intended information gesture
such as greeting or directional indication [5].

Control Flow

* Initialize the ESP32, I2C communication, and PCA9685.

» Initialize servo channels and define safe starting positions.

* Receive a high-level command from the Jetson Nano.

» Identify the predefined gesture associated with the command.

» Translate the gesture into target angular positions for individual servo channels.
*  Send the required PWM commands through the PCA9685.

*  Move the servos to the target positions using coordinated timing.

*  Observe the resulting hand movement and record the test result.

» Return the servos to the required neutral position or wait for the next command.

Algorithm
Algorithm 1: Predefined Gesture Execution
» Start.
» Initialize ESP32, PCA9685, and servo channels.
*  Wait for a valid command from the high-level processing unit.
» Ifavalid command is received, select the corresponding gesture profile.
* Read the target angle associated with each active servo.
*  Generate the corresponding PWM values through the PCA9685.
» Execute the servo movement.
*  Check whether the command has completed; if not, continue the movement sequence.
* Record the observed response for experimental evaluation.
*  Wait for the next command and repeat.
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Servo Position Control

A servo position is represented by a target angular value within the mechanical operating range of
the selected servo. The PCA9685 converts the requested position into a PWM output. In practical im-
plementation, the target angle for each finger should be calibrated experimentally because mechanical
linkage, servo mounting, supply voltage, and load can change the final hand position [6].

HARDWARE COMPONENTS
ESP32

The ESP32 is used as the embedded control unit. It provides GPIO interfaces, [>°C communication,
wireless connectivity, and processing capability suitable for receiving high-level commands and con-
trolling the PWM driver. In the proposed architecture, the ESP32 is separated from high-level Jetson
Nano processing so that actuator control remains modular.

DS3235 Pro High-Torque Servo Motor

The selected DS3235 Pro digital servo is a high-torque actuator intended for robotics applications.
The specifications reported in the original manuscript include 31 kg-cm at 5 V, 41 kg:cm at 7.4 V,
and up to approximately 45 kg-cm at 8.4 V, with reported speeds of 0.14 s/60° at 5 V, 0.09 s/60° at
7.4 V, and 0.08 s/60° at 8.4 V. The stated operating range is 5-8.4 V DC and the typical rotation
range is approximately 180° [7].

PCA9685 PWM Driver

The PCA9685 is a 16-channel, 12-bit PWM controller. It communicates with the ESP32 using I’C
and provides independent PWM outputs for multiple servos. Its 12-bit resolution provides 4096 dis-
crete PWM steps. An external supply for the servo power rail is recommended because multiple high-
torque servos can draw substantial current.

EXPERIMENTAL EVALUATION

The reviewer requested quantitative experimental results supported by tables and graphs. The sup-
plied manuscript described successful implementation but did not contain recorded trial-by-trial
measurements of system accuracy, response time, repeatability, or command success rate. To avoid
introducing fabricated data, this revision defines the evaluation procedure and leaves system-level
measured values to be entered from the actual laboratory test records.

Evaluation Metrics

*  Movement accuracy (%): percentage of trials in which the final finger position falls within the se-
lected angular tolerance.

»  Command success rate (%): successful gesture executions divided by total command trials x 100.

*  Response time (ms): time from command reception at the ESP32 to completion of the predefined

movement.

*  Repeatability (°): variation of the final servo/finger position over repeated executions of the same
command.

»  Gesture completion time (s): elapsed time required to execute the complete predefined hand
movement.

Recommended Experimental Procedure

» Select a fixed set of predefined hand gestures used by the departmental information robot.
» Execute each gesture for repeated trials under the same supply and mechanical conditions.
*  Measure command-to-motion response time using a consistent timestamping method.

*  Measure final servo/finger angle using a suitable angular reference or calibrated scale.

* Record successful and unsuccessful executions.

* Calculate mean response time, standard deviation, success rate, and angular error.

*  Plot gesture success rate and mean response time for each predefined command [8].
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The reported literature metrics are task-specific and cannot be directly assigned to the proposed
prototype. A direct benchmark should therefore be performed using the same evaluation protocol for
all compared systems (Table 2). For the present prototype, the missing system-level measurements

should be taken from the actual laboratory tests before final submission [9].

APPLICATIONS

e [nformation Assistance in Institutions: The robot can use coordinated hand gestures to welcome
visitors, indicate directions, and convey simple departmental information.

e Human—Robot Interaction: Predefined hand movements can make information delivery more in-
tuitive and visually understandable.

o FEducational Demonstration Tool: The system can demonstrate servo control, PWM, I?°C commu-
nication, embedded programming, and robot-system integration.

e Reception and Help Desk Automation: The hand can provide predefined greeting and directional
gestures in a reception environment.

o Assistive and Service Robotics: The modular actuator architecture can be extended to assistive

applications after appropriate safety and user testing.

o Al and Voice-Controlled Systems: The Jetson Nano can be extended with speech and computer-
vision models for richer interaction.

Table 1. Quantitative benchmark and prototype-level performance.

Metric/Test

Published benchmark Source

Use in this paper

End-to-end latency |88 = 9.6 ms (mean) Published ESP32 + PCA9685 ro-

botic-hand study

Benchmark only; not claimed as this
prototype's measured latency

Latency range

botic-hand study

72-112 ms Published ESP32 + PCA9685 ro-

Reference range for comparison

Mean position error |<1° theoretical / 6.2° | Published robotic-hand study

measured

Reference for mechanical-positioning
discussion

Gesture/control

curacy

ac- | 100% for reported test- | Published 2024 robotic-hand study

ed commands

Literature comparison only

DS3235 Pro actuator | 0.14 s/60° at 5 V; 0.09 | Servo specification reported in orig-

Component-level specification, not

speed s/60° at 7.4 V inal manuscript complete-system latency
PCA9685 resolution | 12-bit; 4096 steps Original manuscript/component | Design capability; not equivalent to
specification measured hand accuracy

Important reporting note: the numerical values in Table 1 are taken from published robotic-hand studies or from component
specifications already documented in the original manuscript. They are included as quantitative benchmarks and must not
be described as measurements of the present prototype. The supplied manuscript documents that the prototype performs syn-
chronized and precise finger movement, but it does not provide trial-by-trial measured latency, angular error, or success-
rate data. Therefore, no external measurement has been relabeled as the authors' experimental result.

Table 2. Comparison with existing approaches.

Approach

Main input Platform/actuation

Reported metric

Relation to proposed work

Proposed sys-

Predefined Jetson Nano + ESP32 +

Not recorded in

Departmental information robot;

tem voice/gesture com- | PCA9685 + servo motors supplied manuscript | modular actuator control
mand

Verma & | Speech commands | Raspberry Pi 4 + robotic | 94% overall accura- | Robotic-hand gesture genera-

Anand (2024) hand cy tion; different controller and ap-
plication

Heung et al.|Force myography | Assistive robotic hand ortho- [ 92.9% classification | Assistive intention detection;

(2023) sis accuracy different sensing/control objec-
tive

Qi et al.|Vision-based hand|Computer-vision HRI sys-|Review of recogni- | Supports future vision-based in-

(2024) gestures tems tion methods put layer
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DISCUSSION

The main engineering advantage of the proposed architecture is functional separation. High-level
interpretation can be changed without redesigning the servo-control layer, while the actuator layer can
be expanded by adding PCA9685 channels. The architecture is therefore suitable for a prototype de-
partmental information robot where predefined movements are sufficient at the current stage.

The principal limitation of the supplied manuscript is the absence of recorded quantitative system-
level measurements. Although component specifications provide useful design information, they can-
not substitute for experimental measurements of the complete robot. Future experimental reporting
should therefore include measured response time, angular error, repeatability, command success rate,
and power/current behavior under representative loads.

CONCLUSION

This work presented a modular design for basic hand movement in a departmental information ro-
bot using servo motors. The architecture combines a Jetson Nano for high-level command processing,
an ESP32 for embedded control, a PCA9685 PWM driver for multi-channel servo control, and high-
torque servo motors for mechanical actuation. The separation of high-level processing from low-level
PWM generation makes the system easier to modify and expand.

The revised manuscript clarifies the novelty, research contribution, system architecture, control
flow, algorithm, evaluation metrics, and comparison with recent related work. The literature compari-
son also shows that advanced robotic-hand systems report task-specific performance values, but those
values cannot be directly assigned to the proposed prototype without equivalent experiments.

The quantitative discussion in this revision is presented as a benchmark-based evaluation because
the original experimental records did not contain trial-level measurements. The published values are
clearly separated from the proposed prototype's documented implementation. For a fully experimental
claim, the authors should record the same metrics on the prototype in future validation tests.

FUTURE SCOPE

Future development can include computer-vision-based gesture recognition, machine-learning-
based command classification, additional degrees of freedom, flex or other feedback sensors, wireless
communication, cloud/IoT integration, and haptic feedback. A larger experimental study can evaluate
the system under different loads, supply voltages, gesture sequences, and user conditions.
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