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Abstract

Industry 4.0 and 5.0 mark two closely related yet distinct phases of industrial evolution. While the
fourth wave centres on automation, interconnectivity and data-led processes through the Internet of
Things (IoT), cyber-physical systems (CPS) and artificial intelligence (Al), the fifth wave builds on
that groundwork to put people, the planet and recovery from shocks first. The ESP32, a low-cost but
powerful microcontroller unit (MCU), plays a crucial role in both eras thanks to its built-in wireless
radios, solid processing power and flexible pin layout. This narrative review examines how the ESP32
is shaping modern factory floors and wider industrial practice. We explore its use in smart
production, predictive upkeep, edge computing, human-machine interfaces and green monitoring.
The evidence shows that the ESP32 can lower entry barriers for intelligent manufacturing, enable on-
the-spot choices, and blend virtual models with real machines in smooth, timely ways. We also
consider what its rise means for digital twins, cybersecurity and long-term research directions.

Keywords: ESP32; industry 4.0; industry 5.0; edge computing; digital twin; human-machine
interaction (HMI); predictive maintenance

1. Introduction

Industry 4.0 marks a major turning point for factories around the world, moving well beyond
earlier ideas of automation. At its core, this new phase connects Cyber-Physical Systems (CPS), the
Industrial Internet of Things (IloT), vast pools of data, and Artificial Intelligence (Al), producing
smart plants that respond instantly and tune themselves to changing conditions. Through
standardized communication protocols, machines now trade information on their own, raising
efficiency, dependability, and flexibility in ways once thought impossible [1,2]. Taken together, these
building blocks enable data-led, self-governing production lines that spot defects and recalibrate
without needing a human hand. Industry 5.0 builds on that technical base but puts people back at
centre stage, balancing speed with resilience, inclusivity, and care for the planet. Championed by the
European Commission and echoed by scholars worldwide, this next chapter ties digital progress to
human welfare and ecological limits [3,4]. Its goal is a give-and-take partnership between smart
machines and skilled workers, resulting in workplaces that are both highly productive and genuinely
humane [5].

At the heart of both smart-manufacturing ideas sit tiny embedded gadgets-low-energy
microcontrollers and edge computing boards-that work like nerve endings in an industrial body
(Figure 1). Because they run, sense, and react without much power or memory, they handle local
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tasks efficiently. The ESP32 chip from Espressif Systems shines among them, thanks to its twin CPU
cores, built-in Wi-Fi and Bluetooth, and flexible coding tools [6]. People choose the ESP32 not only
for specs-a dual-core Xtensa LX6/LX7 running up to 240 MHz, Wi-Fi, BLE, and wide GPIO, I12C, SP],
ADC, and DAC options-but also for its knack of connecting real machines with smart, data-led
choices. With it, factories get real-time edge analysis, tight sensor-to-actuator feedback, and sturdy
wireless links for jobs like predictive upkeep or building digital twins [7,8]

The ESP32 stands out next to older boards like the Arduino Uno, which has no wireless built in
and little processing muscle, or even the STM32, usually forced to wear extra shields for Wi-Fi or
Bluetooth. Its mix of power, easy scaling, and tight on-chip integration makes it appealing for quick
prototypes and real production lines alike, spanning smart grids, farms, hospitals, and energy setups
[2,8]. Yet research papers still box the ESP32 into small, hobby-like topics or narrow industry silos,
leaving its wider role in joining machines, networks, and people-a key idea behind Industry 5.0-
mostly unspoken [6,7]. That trend shows a clear need for work that pulls together what the chip can
do, where it might stumble, and the big changes it could drive.

This narrative review steps into that space by looking at the ESP32s chip design, protocol stacks,
software tools, and real deployments in factories, farms, and clinics. By blending fresh studies, open-
source projects, and field stories, it argues that the ESP32 might be a key brick in making smart
manufacturing friendlier to people, a central goal of Industry 5.0 and whatever comes next [1,3].

Figure 1. ESP32-WROOM-32 development board, highlighting its compact layout, robust microcontroller chip,

and micro-USB interface.

2. Overview of ESP32 Microcontroller: A Story of Industrial Intelligence at the
Edge

The ESP32 microcontroller is a compact, versatile system-on-chip that integrates multiple
functionalities, making it ideal for managing connected factory floors. Its combination of Wi-Fi and
Bluetooth capabilities, dual-core processing, and low power consumption allows for efficient edge
processing and communication across various devices (Figure 2). This chip can facilitate real-time
monitoring and control, enhancing operational efficiency in industrial settings.
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Figure 2. ESP32 development board, highlighting key components.

2.1. Architecture and Performance: The Dual-Core Backbone of Smart Industry

Inside the ESP32 sits a dual-core Xtensa LX6 or LX7 CPU running up to 240 MHz. The ability to
handle tasks in parallel-sensor reading on one core, encrypted Wi-Fi on the other-keeps latency low
and throughput high (Figure 3). For factories that rely on split-second control and fast data streams,
this design is a clear advantage. The chip also packs hardware encryption, real-time clocks, sleep
modes for power savings, and watchdog timers to survive rough shop-floor environments. A recent
case study shows the ESP32 slashing response times in predictive maintenance, outperforming older
single-core designs [9].

Xtensa LX6 / Low-Latency
LX7 Processor Contro!
Dual-core, up to 240 MHz &

Hardware
Encryption

Secure C

Figure 3. Architecture and performance features of the ESP32, showcasing it as the dual-core backbone of smart

industry.
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2.2. Supported Protocols: Speaking the Language of the Industrial Internet

The ESP32 is a connectivity powerhouse. It handles a wide array of protocols-Wi-Fi, BLE, MQTT,
Modbus, CoAP, TCP/IP, CAN-which makes it ideal for fresh installations and for bridging older
machines (Figure 4). By serving both as a data generator and as a local broker, the chip can slot into
almost any IIoT architecture. For example, in a study by Lousado and Antunes, ESP32 devices were
used in a telemedicine project that securely relayed real-time patient statistics via LoRaWAN and
MQTT, underscoring its versatility in medical and industrial telemetry alike [10].

Figure 4. Communication protocols supported by the ESP32 microcontroller.

2.3. Programming Environments: From Hackerspaces to Industrial Pipelines

The ESP32 microcontroller has gained significant popularity due to its versatile developer
ecosystem, accommodating both beginners and experts. With support for various programming
environments like Arduino IDE and ESP-IDF, users can easily engage with the platform, making it
suitable for a wide range of projects (Figure 5). This adaptability is reflected in the diverse
applications and formats available for the ESP32, from simple IoT devices to complex smart home
systems [11].
¢ Arduino IDE keeps rapid prototyping painless and quick.

e  ESP-IDF opens doors to production features such as FreeRTOS, multicore task management, and
over-the-air firmware updates.
e  PlatformlO, paired with GitHub Actions, supports CI/CD workflows, a setup seen in cloud-

linked smart-grid systems [12].

e  MicroPython and CircuitPython let users run Python for light AI, ML inference, or on-the-spot

analytics without wrestling with C/C++ [13].

Such flexibility allows the ESP32 to slip comfortably into both prototype workbenches and
mature commercial-IoT installations.
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Figure 5. Primary programming environments of ESP32.

2.4. Comparative Advantages: Standing out Among Peers

The chip sits in the middle ground between budget boards like the Arduino Uno and high-end
models such as the STM32 family. Its strengths include:

+  32-bit dual-core processor (compared with the 8-bit ATmega328P in the Arduino Uno)
*  Onboard Wi-Fi and Bluetooth (rather than extra shields with Arduino or STM32 boards)
*  Lower idle current plus built-in cryptographic co-processors.

In contrast to many STM32 designs that need elaborate pin routing and extra radios, the ESP32
bundles everything together. This integrated design suits remote factory controllers where every cent
spent and every milliamp saved counts [14].

2.5. Real-World Industrial Applications: From Assembly Lines to Smart Health

ESP32 is no longer just for prototyping. Its capabilities are increasingly used in production-ready
systems including (Figure 6),

e  Smart-grid load balancing: linked to SCT sensors, the chip tracks current in real time and sends
quick load-shift orders to central nodes [15].

e  Predictive maintenance: on rotating machines, it logs vibration and temperature data, spotting
wear trends that warn users before failure [9].

e  Telemedicine: strapped to the skin, the module gathers pulse, SpO2, and temperature readings,
relaying them to doctors over secure MQTT links [16].

e  Smart cities: in air-quality nets, the device samples CO,, PM2.5, and VOCs, then streams the
results to city dashboards for fast regulation [17].
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Figure 6. ESP32 as a central enabler of Industry 4.0 and 5.0 applications, supporting smart factories, predictive

maintenance, edge computing, and human-centric automation all while promoting sustainable innovation.

3. Discussion on the ESP32 Programming Ecosystem

The ESP32 platform earns much of its flexibility from the range of programming environments
it supports, letting developers choose the level of control and scale they need. The Arduino IDE,
Espressif IoT Development Framework (ESP-IDF), and PlatformlO are the most popular options;
each shine in a different area, whether low-latency code, robust debugging, or smooth industrial
deployment.

3.1. ESP-IDF vs Arduino IDE: Performance and Latency

Although the Arduino IDE remains a go-to tool for hobbyists and quick prototypes, its high-
level layers mask hardware details and introduce extra overhead. In contrast, ESP-IDF exposes the
ESP32s dual-core scheduler, precise memory pools, and interrupt registers, granting engineers the
low-level leverage time-sensitive industrial tasks demand.

Benchmarks published by Ismayilov (2020) reveal that ESP-IDF projects incur markedly
lower execution latencies and tighter memory footprints when reacting to fast sensor readings

or steady MQTT bursts than their Arduino counterparts [18].

3.2. PlatformlO and CI/CD Integration for Industrial DevOps:

PlatformlIO offers a unified workspace that serves both ESP-IDF and Arduino cores, yet adds
unit tests, library pinning, and task runners that tidy every build. Such features nest comfortably
within industrial DevOps pipelines and link to CI/CD services like GitHub Actions, GitLab CI, or
Jenkins.

Pisco (2023) illustrates using the PlatformIO command-line interface in Docker pods to spin
builds, run tests, and push artifacts for ESP32. His pipeline supports continuous integration and over-
the-air rollout of firmware, a must for large, remote production fleets [19].
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In addition, PlatformIO supports test simulations through QEMU-based emulation, letting
developers check firmware logic without a physical board, which boosts teamwork and cuts reliance
on hardware in early stages [18].

3.3. Comparative Advantages:

When compared to the Arduino Uno, which has no built-in wireless link and runs on an 8-bit
core, the ESP32 supplies 32-bit processing, multitasking, and hardware-accelerated cryptography.

STM32 devices usually demand add-on modules for networking and present a tougher learning
path, yet they may exceed the ESP32 in analog precision. Overall, the ESP32 strikes a balance between
user-friendliness and industrial robustness[20].

3.3.1. Energy Efficiency:

Benchmarking Power efficiency matters greatly in edge and factory settings, especially for gear
that must run for weeks on a single charge. Thanks to low-power sleep modes and onboard radio,
the ESP32 suits battery-driven industrial IoT (IloT) and edge-Al tasks. The sections that follow
compare its energy draw with STM32, Arduino Uno, and Raspberry Pi across three typical use cases
[21].

3.3.2. Idle Power Consumption:

When placed in idle or deep-sleep mode, the ESP32 settles at roughly 5 to 10 A, rendering it
highly efficient when sensor readings are taken sporadically. By contrast, the classic Arduino Uno,
which lacks advanced low-power states, idles at about 50 to 60 A under the same conditions. The
STMB32L4 series performs similarly, frequently dipping to around 0.6 A in its ultra-low-power sleep
setting [21].

In high-performance scenarios, however, the Raspberry Pi 4B pales in idle economy, pulling
over 600 to 1000 mW even when underclocked [22].

Summary Table: Typical Power Consumption Ranges

Table 1. Comparison of power power consumption of different microcontroller.

Device Idle Mode Wi-Fi Transmission Al Inference (TinyML)
ESP32 5-10 pA 528-792 mW 250-300 mW

STM32 0.6-10 pA 100-400 mW (ext. module) 200-350 mW

Arduino Uno 50-60 pA 700-1000 mW (w/ shield) N/A

Raspberry Pi4B ~ 600-1000 mW 1500-2500 mW 3-5W

3.3.3. Wi-Fi Transmission

Wi-Fi transmission ranks among the most power-hungry tasks encountered on edge nodes.
While sending data continuously, the ESP32 draws around 160 to 240 mA at 3.3 V, a figure that varies
with the chosen bit rate and packet duty cycle; this translates to about 528 to 792 mW in practical
usage [23]. Although respectable, that total remains markedly lower than the Raspberry Pi 4, which
can consume 1.5 to 2.5 W during equivalent Wi-Fi sessions because its full Linux operating system
and assorted peripherals continue running [24].

Typical low-power wide-area network (LPWAN) modes such as LoRa or Zigbee, an STM32
device equipped with a Wi-Fi chip-say the STM32WL or STM32WB-delivers a current of roughly 15
to 30 mA; true Wi-Fi functionality still requires a separate module. The standard Arduino Uno, when
outfitted with common Wi-Fi shields like the ESP8266, pushes the total draw even higher.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3.3.4. Al Inference and TinyML Tasks

Amid rising edge Al use, researchers are scrutinising how much power is consumed during on-
device inference. The ESP32-S3 is particularly promising because its built-in AI co-processor and
vector math units cut cycle counts dramatically. Zeeshan (2024) reports that TinyML models run via
TensorFlow Lite Micro draw roughly 250 to 300 mW when detecting keywords or monitoring for
anomalies [25].

By comparison:

An STM32 executing NanoEdge Al Studio code on Cortex-M4 or M7 cores hits a similar or
slightly lower figure, though it usually lacks onboard radio.

A Raspberry Pi 4B is far quicker but pulls 3 to 5 W for even elementary models, which rules it
out for battery-operated or remote projects [26].

The findings thus confirm that the ESP32 microcontroller can reliably support low-power edge
applications in which constant Wi-Fi connectivity and lightweight machine-learning workloads run
side by side without quickly exhausting battery life. Meanwhile, the newer ESP32-S3 boosts energy
efficiency further by adding vector acceleration and fine-tuned instruction sets, positioning it as an
excellent choice for embedded artificial-intelligence projects.

4. ESP32: Enabling Industry 4.0 and 5.0

The ESP32 microcontroller has quickly become a key building block in todays factory floors,
connecting edge computing, automation, and people in ways that drive both Industry 4.0 and the
newer Industry 5.0 vision (Figure 7).

Cyber-Physical Human-Mac:hine
Systems Collaboration

Resilience
Smart Factory Sustainability

Industry 4.0 and 5.0

Figure 7. ESP32 microcontroller empowers both Industry 4.0 and Industry 5.0 transitions.

4.1. From Smart Sensors to Digital Twins: ESP32 in Industry 4.0

At the core of Industry 4.0 sits the cyber-physical system-an ever-talking network of machines
that sense data, think about it, and respond in real time. Thanks to its dual cores, built-in Wi-Fi and
Bluetooth, and plentiful GPIO pins, the ESP32 acts as a budget-friendly edge node that gathers
readings, runs tiny Al models, and pushes results to the cloud or a local screen. This capability is vital
for predictive upkeep in places like solar farms, where ESP32 loggers monitor output and send early
alerts about looming failures [27].

Supervisory control and data acquisition (SCADA) is also getting more modular. The ESP32
steps in here by speaking Modbus, MQTT, or LoRaWAN, bridging older machines and modern apps.
Folgado et al. (2024) note that this low-cost gateway lets factories run edge analytics without the
expense of a full PLC setup [28].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Beyond classical supervisory control and data acquisition (SCADA) systems, the ESP32
microcontroller now anchors digital-twin networks by bridging the physical world with its virtual
counterpart. In solar installations, for instance, the chip publishes live sensor data to a cloud model,
allowing operators to track wear, predict faults, and schedule power output more intelligently [29].

4.2. ESP32s Role in the Human-Centric Era of Industry 5.0

As Industry 4.0s machine-dominant paradigm shifts toward the cooperative spirit of Industry
5.0, the same ESP32 chip evolves into a backbone for human-machine interfaces (HMlIs) and green
automation. Wearables such as ESP32-linked smart gloves or simple gesture boards let workers
command machines with natural motions, cutting training times and easing physical strain.

The platform also widens access to clean technology in resource-constrained areas. Because the
ESP32 is cheap and low-power, it fits in microgrid dashboards, off-grid health checks, and locally
managed water and power nodes. By placing edge smarts directly in those communities, researchers
affirm the chips role in bridging the digital divide, as Boucif (2025) show when using ESP32 boards
for solar watchdogs and fault alerts in remote villages [30].

At the same time, Sverko and colleagues (2022) highlight the ESP32 in freelance manufacturing
and on-the-spot process tuning, where it swaps pricey PLCs for agile, firmware-updatable boards
that respond instantly to local Al signals [31].

4.3. Future-Proofing: ESP32 in Next-Gen Industrial Networks

Looking ahead, the ESP32 lineup, especially newer chips like the ESP32-S3 with built-in Al
hardware and extra PSRAM, can run on-device Al models that handle tougher tasks. Such
processing power will prove vital in Industry 5.0-plus worlds where cyber-physical systems,

human feedback in real time, and digital twins act as co-pilots for workers [32].
In short, the chip has shifted from a simple microcontroller to a broad platform that fuels
tomorrow’s factories by merging automation, Al, strong connectivity, and designs that put people

first (Figure 8).
» Cyber-Physical
Systems Predictive

* Smart Factories Maintenance

Sensor-Actuator

Industry 5.0 ESP32 Integration
* HUman-Centric ey 8 < S :
 Callaboratin Digital Twins

Robots
Integrated Wi-Fi Dual-Core GPIO, Sensor-Actuator
and BLE Processor 12C, SPI, Integration
ADC, ..

Figure 8. ESP32 bridges Industry 4.0 and 5.0 by different enabling technologies, it powers both smart factories

and human-centric collaborative systems.

4.4. ESP32 in Industry 4.0 Applications

ESP32, a compact yet powerful microcontroller with integrated Wi-Fi and Bluetooth capabilities,
plays a pivotal role in enabling smart, connected, and decentralized industrial systems under the
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Industry 4.0 paradigm. Its flexibility, low cost, and compatibility with a wide range of sensors and
protocols make it ideal for edge intelligence, real-time monitoring, and automation.
The Figure 9 highlights key Industry 4.0 application areas where ESP32 is widely deployed

ESP32 Applications in Industry 4.0
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Figure 9. Key application domains of ESP32 in Industry 4.0 environments.

4.4.1. Smart Manufacturing & Automation

Within smart manufacturing, the ESP32 often sits at the heart of machine-to-machine (M2M)
links (Figure 10). Its modest power draw, dual-core CPU, and fast Wi-Fi stack let it talk with MQTT
brokers and PLCs in real time. By doing so, it permits each machine to watch itself and adjust locally
while still sending clear, steady data to cloud dashboards or on-site screens.

Singh and colleagues built an ESP32-based CNC-monitoring unit that logs spindle speed, tool
heat, and similar dials then sends the numbers to a cloud screen where engineers scan for odd
readings [33]. Wider still, makers have hooked the same chip to welding rigs so they trim power
waste and tighten bead quality through on-the-fly machine-to-machine rules [34].

Such use underlines the ESP32s place at the hub of real-time cyber-physical orchestras and
shows how it fuels fast, edge-first smart-factory setups [35]. It has also powered ultra-low-power
overseer boards for mixed-model plants, proving its versatility outside heavy industrial boxes [23].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0014.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 August 2025 d0i:10.20944/preprints202508.0014.v1

11 of 28

Cloud

dashboard ) €—— €—> | dashboard

MQTT
hroker

- Y-

Figure 10. Machine to machine link via ESP32 in industry 4.0.

4.4.2. Predictive Maintenance

In predictive upkeep, the ESP32 sits on machines and gathers vibration, current, and
temperature tracks, feeding them into edge-friendly Al stacks such as TinyML. From those streams
it fuses data and runs simple thresholds, flagging trouble early on for motors, pumps, gearboxes, and
other key parts. De La Fuente and colleagues (2025) integrated a hierarchical inference network
directly on ESP32 boards in heavy-mining equipment, achieving noticeable drops in both
breakdowns and power use during predictive maintenance [36]. In parallel, Halenar and co-authors
(2024) crafted a similar edge-monitoring unit that analyzed multivariate time-series signals onboard
the ESP32, eliminating reliance on distant cloud servers for inference [37].

Manonmani and Sumesh (2025), meanwhile, presented a sturdy ESP32-based system that slots
effortlessly into power plants, proving that the low-cost module scales well and can withstand cyber
threats [38]. Njor et al. (2024) also compiled a wide-ranging review that details how TinyML stacks
on the ESP32 are transforming PdM practices in manufacturing, energy, and beyond [22].

4.4.3. Edge Computing & Fog Architecture

Given the edge-first ethos of Industry 4.0, the ESP32 now serves as an indispensable fog node,
running local Al inferences with TensorFlow Lite and TinyML. Its dual-core layout lets sensor polling
and model execution happen in parallel, yielding troubleshooting decisions in milliseconds. Raj
(2024) introduced a fog computing node built on the ESP32, using it to monitor shop-floor conditions
in real time; their setup cut latency by 40% when measured against traditional cloud links [39].
Building on this hardware, Bongomin and colleagues (2024) showed that distributed ESP32 fog units
could control indoor elements such as air quality and lighting while feeding a shared digital twin
model [7].

Meanwhile, Oliveira et al. (2024) proposed a broader vision, coining the term Internet of
Intelligent Things to describe the synergy of edge Al, embedded firmware, and IoT, with the ESP32
at its core [40]. Taken together, these contributions paint a clear picture: the humble ESP32 now sits
at the heart of many edge-processing architectures meant to deliver smart, decentralized control in
future factories.

4.4.4. Quality Control and Process Optimization

ESP32-CAM boards, which bundle a small camera with basic image processing, are finding their
way into quality-control roles on the line. Because they work locally, these nodes spot surface flaws,
misalignments, or stray particles in real time and do so without the budget hit of full industrial vision
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suites. Scarton et al. (2025) report that their ESP32-based inspection cells, guided by rule-based logic,
dropped defect rates by more than 25% on small-batch runs [41]. Tasmi (2025) pushes the case further,
using the same cameras in solar-cell fabs to perform edge object detection (Figure 11), an example
that underlines how easily this technology scales across different embedded-machine-vision tasks.
Data collection and model training are the first steps in the process. TinyML code is then created and
deployed to the ESP32-CAM using compatible libraries, allowing for on-device Al-based object
recognition [42].

ESP32

Library & »

Code
(o8 ——

O00O000D00O
00 00DODOO

Build Model

Figure 11. Object detection by ESP32 by TinyML.

Rosca and colleagues (Rosca et al., 2025) assembled a defectmonitoring platform for foundry
operations, using an ESP32 board to merge sensor readings and images so that forecast control and
clearer insight could be achieved [33].

4.4.5. ESP32 in SCADA System Integration

Adding the ESP32 to Supervisory Control and Data Acquisition networks offers a cost-effective
route for refreshing ageing hardware. Saban et al. (2023) showed this in practice, using the chip to
manage irrigation pumps over LoRaWAN and Wi-Fi, which allowed live scheduling while also
cutting energy use [43]. Their setup linked older field instruments with modern web dashboards and
lessened reliance on expensive programmable logic controllers. The case fits the wider trend
described by Sverko et al. (2022), who examined how light-duty devices such as the ESP32 are
shaping modular and decentralised SCADA architectures in factorie [31]. Folgado et al. (2024) also
surveyed current automation movements and pointed out that the ESP32 works well with standard
protocols like Modbus and MQTT, thus easing its incorporation into existing SCADA schemes [28].

4.4.6. ESP32 in Digital Twin Prototypes

Handoko (2023) recently showcased a digital twin prototype for photovoltaic arrays that relied
on the ESP32; it continuously sent cloud-ready readings-voltage, temperature, energy output-to
guide maintenance and boost performance [44]. The work fits a growing body of research, including
Folgado et al. (2024), who stress how the ESP32s native MQTT protocol links physical components
and their virtual counterparts [28]. Likewise, Ledmaoui and partners (2025) established a plug-and-
play twin for solar networks, collecting inverter data over Modbus with ESP32 boards and feeding it
into Al-augmented models [27]. Sverko et al. (2022) added that the ESP32s open hardware and built-
in MQTT stack make it an economical choice for mapping decentralized factories inside a digital twin
environment [31].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0014.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 August 2025 d0i:10.20944/preprints202508.0014.v1

13 of 28

4.4.7. Smart Grid Monitoring with ESP32

A parallel study by Permana et al. (2024) used the same microcontroller with INA219 shunts to
track key electrical metrics-voltage, current, power factor-in real time. The edge solution issued
instant alerts when voltages drifted out of range, supporting rapid local actions that are especially
valuable in remote, off-grid microgrids [45].

Boucif and colleagues (2025) broadened the field by linking Modbus energy meters to an ESP32
unit and an Al back end, reporting that real-time load profiles noticeably sharpened fault tolerance
and strengthened grid resilience [30]. Similarly, Ledmaoui and partners (2025) employed the same
microcontroller in solar-smart-grid oversight, fusing energy data with predictive models to detect
faults and boost overall efficiency [27].

4.4.8. Industrial Automation and Modbus Integration

Within factories, engineers now lean on the ESP32 to bridge both Modbus RTU and TCP/IP
traffic. Harianto et al. (2021) deployed the chip in a textile mill to log machine states in a distributed
fashion and to govern the line in real time. Priced under $10, the module outperformed legacy
industrial gateways without sacrificing features [46]. Folgado et al. (2024) confirmed the approach,
noting the ESP32s cost-effectiveness for Modbus-driven automation in mid-sized plants that seek
cheaper, yet reliable, PLC replacements [28]. Boucif et al. (2025) stressed that smooth protocol
interoperability, paired with the ESP32, enabled low-latency Modbus links for field data capture in
their solar-monitoring projects [30].

The ESP32 microcontroller is essential to Industry 4.0 because it makes wireless networking,
edge computing, and real-time data collecting possible in smart production systems (Figure 12). It is
perfect for IoT-based predictive maintenance, monitoring, and automation applications due to its
affordability and adaptability.

ESP32 Applications in Industry 5.0
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Figure 12. Role of ESP32 a central hub for Industry 4.0 and 5.0 innovations.
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4.5. ESP32 in Industry 5.0 Applications

ESP32 is essential to Industry 5.0 because it makes intelligent, affordable edge computing
solutions possible that facilitate automation, real-time data processing, and human-machine
cooperation. It is perfect for smart sensors, robotics, and Internet of Things systems that improve
customisation and flexibility in next-generation industrial settings because of its integrated Wi-Fi,
Bluetooth, and powerful computing capacity. The image demonstrates how ESP32 works with
sensors and cloud computing platforms to enable human-centered automation and smart
manufacturing processes (Figure 12).

4.5.1. Human-Machine Interaction (HMI)

In the context of Industry 5.0, ESP32 microcontrollers support user-friendly, people-first human-
machine interfaces. These devices drive smart gloves, wearable tactile sensors, and gesture-
recognition modules that allow instinctive, low-latency exchanges between operator and machine
(Figure 13).

The researchers created a lightweight glove built around an ESP32 for virtual and augmented
reality. The arrangement tracked hand motion and delivered haptic cues via GPIO lines controlled

| — ol
U

by the chip, resulting in immersive feedback [47].

y o
Edge Broker Digital twin Mixed reality Human-
devices machine
interface

Figure 13. Human-Machine Interaction chain.

Separately, Yang and colleagues (Yang et al., 2024) showed that ESP32-based tactile panels boost
two-way dialogue between workers and industrial equipment, thereby enhancing speed and safety
in shared production spaces [48]. Nguyen and co-authors (Nguyen et al., 2024) likewise examined
the same chip inside wearable suites for Industry 5.0, spotlighting roles in cooperative robotics and
real-time operator support. Their architecture monitored user health and adjusted machine
commands through a robust wireless IoT link, forming an adaptive, responsive work partnership
[49].

4.5.2. Sustainability and Energy Monitoring

The ESP32 microcontroller lends itself to sustainability projects in smart manufacturing and
green factory design owing to its low power consumption and ability to connect multiple sensors.
These features allow developers to build real-time energy dashboards, environmental monitoring
nodes, and smart meters without overwhelming the factorys power budget.

Rahmani et al., (2023) show that in energy-efficient additive manufacturing, ESP32-based
controllers cut idle power losses and simultaneously support haptic links to digital twin models,
guiding operators toward better settings and shorter cycles [50]. Fraga-Lamas et al. (2022) describe a
mist-and-edge computing framework that pairs ESP32 IoT nodes with thermal cameras to map
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energy hotspots across the shop floor. By moving analysis to the edge, their system not only curtails
energy costs but also alerts workers to areas of unsafe heat stress [6].

Khalid et al. (2024) showcase an open-source SCADA platform for solar arrays driven by the
ESP32, where standard HTTP and TCP/IP commands merge real-time production data with
automatic tilt and cooling controls, boosting yield and reliability [51].

4.5.3. Custom Assistive Technologies

In assistive and inclusive technology, the ESP32 lowers costs while offering easy code tweaks
and built-in wireless links, so developers can deliver tailored devices without lengthy certification
stalls. It has already powered prototypes in prosthetics, smart wheelchairs, exoskeletons, and tele-
rehabilitation platforms, giving users tools that adapt to their specific mobility and communication
needs. Katuk and colleagues (2024) showcased a smart-microcontroller system that pairs ESP32 chips
with Amazon cloud services and ESP32-CAM cameras, giving users with disabilities on-the-spot,
vision-driven help at home and on factory floors [5]. Turning to offshore work, Barbosa and co-
authors (2022) built a rugged, water-resistant ESP32 wearable that gathers biosignals while
submerged and beams those readings to surface crews, thus allowing real-time health checks in
punishing sea and dive conditions [52]. Rojas et al. (2022) extended this theme by proposing ESP32-
based human-machine interfaces for older workers and staff with limited cognition, designing
screens that shift layout and content according to how hard a person is focused-an early instance of
the inclusive ethos that underpins Industry 5.0 [53].

4.5.4. Emotion-Aware Wearables and Worker Well-Being

At Industry 5.0's heart lies a simple yet profound idea: people matter more than productivity
speed. To match this aim, engineers now outfit helmets and wristbands with ESP32 units that track
stress, hydration, and fatigue in real time. Davila-Gonzalez and Martin (2024) describe a human
digital twin system in which tiny ESP32 nodes log metrics like heart-rate variability and skin
moisture, flaging burnout before it escalates and giving crews the chance to step back, hydrate, or
rest before accidents can occur [54].

Nguyen and colleagues (2023) designed a compact safety unit built on the ESP32 that interprets
physiological data to infer worker emotions and, crucially, relays instant warnings to supervisors,
thereby closing the empathy loop the factory had long lacked between algorithms and people [49].

4.5.5. Voice-Controlled Factory Assistants and Conversational Agents

The same chip features in hands-free factory assistants that let operatives speak commands
instead of fumbling with buttons. Ayhem et al (2024) paired the ESP32 with a conversational Al,
allowing both patients and shop-floor staff to dialogue naturally with machines, a clear shift from
screens to voice-first control [55].

4.5.6. Smart Prosthetics and Bio-Feedback Interfaces

ESP32 also anchors next-generation prostheses that adapt in real time to users. Balaji (2023)
presented skin-mounted sensors, powered by the chip, that track gestures and even relay emotional
cues, giving people with disabilities an intuitive grip on robotic limbs through tiny embedded motors
[56].

4.5.7. Decentralized Safety Alert Systems

Its fast, short-range radio, the ESP32 has formed peer-to-peer safety nets that do not rely on
cloud servers (Figure 14). Suman et al. (2024) outfitted workers in extreme heat with wristbands that
watch hydration and heart rate, wirelessly firing alerts the instant limits are crossed, thus ensuring
immediate local response [57].
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Figure 14. Real world industrial application, from assembly lines to smart health, demonstrating its versatility

across Industry 4.0 and smart infrastructure domains.

5. Integration Ecosystem: ESP32 with Digital Twins and MR

The ESP32 microcontroller therefore sits at the heart of many live digital-twin projects, quietly
doubling as a two-way data pipe between real factory machines and the 3D models that mirror them.
Using lean messaging tools such as MQTT, any ESP32 board can plug in a string of sensor readings-
temperatures, vibration peaks, power dips-and ship that stream straight into graphics packages like
Unity or Twinmotion. The moment those numbers arrive, the software swaps static widgets for
glowing real-time graphs, turning code into a moving dashboard that speaks about health, efficiency,
and future surprises (Figure 15).

Tu (2024) argues that hooking Unity to MQTT feeds from edge boards makes building an
industrial metaverse both quick and wallet-friendly. Once the link is alive, operators gain more than
pretty pictures; they can run shifting simulations, walk through digital playbooks, and rehearse
procedures in mixed-reality spaces-all tricks that sharpen predictive control and staff training [58].

The picture deepens when mixed-reality headsets, say HoloLens 2 or Meta Quest 3, join the
party. As shown by Fernandez-Caramés and Fraga-Lamas (2024), ESP32 sensors keep sending field
data to Unity, which then streams live holograms to the goggles. From there, team members can
point, swipe, or just speak to check machine health, sound alarms, or kick off diagnostics, all within
an interactive 3D factory that feels as immediate as the floor itself [59].

MQTT, serving as the system's nerve center, not only delivers data with minimal delay but also
allows commands to flow in both directions. Sensor readings, alerts when limits are crossed, and key
performance metrics zip straight to Unity dashboards, which then change appearance and send
warnings. Operators can therefore see forecast charts and failure alerts projected over real machines
in mixed reality, making maintenance more proactive.

Campos (2024) added a method that links ESP32-based hardware to these digital displays. By
treating MQTT messages and Unity scenes as shared middleware, their set-up pairs changes in the
physical room with real-time updates in the digital twin, a big move toward interactive Industry 5.0
[60]. When all components are joined-ESP32 gadgets, MQTT pipes, Unity or Twinmotion graphics,
and MR headsets-they form an agile cyber-physical-human loop. That loop does more than watch

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0014.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 August 2025 d0i:10.20944/preprints202508.0014.v1

17 of 28

data; it invites users to touch, talk, learn, and let machines step in on their behalf, exactly what
Industry 5.0 promises.
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Figure 15. The integration ecosystem of ESP32 in a digital twin and mixed reality (MR) environment.

6. Security, Challenges, and Limitations

The ESP32 chip is often picked for industrial Internet of Things projects because it is cheap and
carries Wi-Fi and Bluetooth inside. Yet putting the board into real Industry 4.0 or 5.0 factories brings
its own headaches. Administrators must deal with hacking risks, clumsy firmware upgrades, limits
in the physical device itself, harsh surroundings, and the awkward job of making new gear speak the
same language as aging machines.

6.1. Cybersecurity Challenges

6.1.1. Security Challenges and Vulnerabilities of ESP32 in Industry 5.0 Edge Applications

The ESP32 chip indeed includes useful security tools, like Transport Layer Security (TLS), AES
hardware encryption, and a secure-boot feature, yet its small memory and limited CPU cycles hinder
the roll-out of more exhaustive defenses. As Sabbatini (2024) points out, many factories skip
advanced cryptographic routines because they seem too complex or burden the system [61]. Ronty
(2025) showed that crane-control nodes communicating over MQTT fell prey to sniffing and
unauthorized commands when credentials were mishandled and encryption was optional [62]. In a
similar vein, Jepson (2024) found that long-range ESP32 sensors used in smart farming became easy
targets for relay attacks once mutual TLS was absent, revealing a persistent gap between what the
hardware can do and what developers actually deploy [63].

Although the ESP32 chip has built-in tools for light-weight symmetric encryption, many real-
world projects skip the basics of secure over-the-air (OTA) updates and certificate handling. Ronty
(2023) illustrated that lax Wi-Fi settings can let intruders harvest stored passwords [62]. Jepson (2024)
pointed out that without a solid provisioning plan, edge devices turn into door knobs for attackers
[63]. Sabbatini (2024) and co-authors therefore urge updated key exchange methods and robust
firmware pipelines, especially when sensors and gateways act as a network of nodes [61]. Podder et
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al. (2025) further argue that in a layered Industry 5.0 framework, ignoring edge security-where the
ESP32 usually sits-opens holes that reach up to fog and cloud services [64].

6.1.2. Secure OTA Firmware Updates

In industrial IoT settings, OTA updates let operators fix bugs, roll out fresh cryptographic keys,
and add useful features to ESP32-based machines. The chip handles OTA out of the box, yet sloppy
coding-passing unsigned images over HTTP, using easy passwords, or skirting certificate checks-can
let attackers swap genuine bins for rogue ones or intercept plain traffic. As Peng (2022) reminds us,
even an AES-encrypted stream loses all value if the receiver cannot prove the sender is trusted, and
that gap leaves devices open to payload take-over [65].

To mitigate these vulnerabilities, Podder et al. (2025) introduced the S-RFUP (Secure Remote
Firmware Update Protocol), which harnesses asymmetric encryption paired with a secure boot chain
to deliver real-time, resilient over-the-air (OTA) protection for ESP32 devices [64]. Wang et al. (2024)
likewise showed that layering public-key crypto on standard checksum checks improves both the
integrity of the code and users trust in its delivery [66]. In broader surveys, El Jaouhari and Bouvet
(2022) noted that, although the ESP32 platform supports strong OTA security tools, actual
deployments-especially those at fog or edge levels-often skip key protective steps [67].

While the ESP32 packs impressive functionality into a single chip, its baseline 520 KB of SRAM
(upgradable to 2-8 MB of external PSRAM in later models) can bottleneck memory-hungry
applications like on-the-fly object detection, multi-sensor data fusion, or full deep-learning inference.
The chip handles lightweight TinyML workloads reasonably well, yet tasks that exceed simple
threshold checks frequently trigger out-of-memory errors or starved scheduling.

Recent smart-farming trials showed that latency and throughput on an ESP32 plummeted when
the device juggled encrypted MQTT messages and ADC soil readings, forcing developers to isolate
some duties through task offloading [68].

6.1.3. Environmental Limitations

Factories and heavy plants usually expose electronics to extreme heat, strong electromagnetic
noise, moisture, and unstable power. By itself, an ESP32 chip lacks the rugged ratings needed for
such settings; only when it sits inside an IP-rated case does it gain extra protection. Without proper
shielding, engineers see watchdog resets, lost EEPROM data, and momentary voltage spikes that
damage components.

Jepson (2024) documented failures in ESP32-based electronic logging devices when installed in
freight trucks lacking thermal pads and voltage filters. In response, todays industrial engineers
routinely recommend purpose-built metal enclosures, heavy-duty capacitors, and inline regulators
for any critical ESP32 project [63].

6.1.4. Compatibility with Legacy Systems

Older factory networks run on proprietary Fieldbus, RS-485 links, or non-IP SCADA protocols,
making ESP32 adoption challenging. Although the microcontroller handles Modbus RTU, Modbus
TCP, and even CAN, each of those standards demands external transceivers and middleware that
glue modern code to vintage hardware. Absent these protocol wrappers or OPC-UA bridges, getting
legacy programmable logic controllers to talk with an ESP32 system quickly turns into a costly
headache.

Podder et al. (2025) note that secure firmware management across mixed industrial topologies
needs modular gateways that translate, buffer, and log traffic between new Wi-Fi nodes and existing
assets, a solution most plants still avoid [64].
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6.2. Standardization and Compliance

6.2.1. ISO/IEC 30141 Compliance and IoT Architecture Integration

ISO/IEC 30141:2018 lays out a common reference framework for the Internet of Things,
promoting interoperability, scalability, and security among diverse industrial devices. Although the
ESP32 chip lacks formal ISO/IEC 30141 certification, developers frequently deploy it in compliant
environments because it supports well-established protocols-MQTT, CoAP, TLS/SSL, Modbus-and
thus fits smoothly into fog and edge layers.

As Sabbatini (2024) notes, the ESP32 can join security-focused IoT grids when users adopt NIST
SP 800-53 and ISO/IEC 27001 measures, including over-the-air (OTA) signature checks, TLS 1.2
sessions, and role-based access via lightweight message brokers [61]. Its modular firmware, properly
tuned, permits seamless insertion into ISO/IEC 30141-based networks, particularly in private
industrial IoT or SCADA settings that demand deterministic, low-latency communication.

6.2.2. Challenges in Meeting Industrial Certifications

Even though the ESP32 has found a home in many production environments, several hurdles
still block its path to full factory certification, especially in projects where functional safety and tight
timing rules matter:

e IEC 61131 (Programmable Controllers Standard): The chip comes without certified real-time
firmware or deterministic timing that PLCs must show. It also lacks built-in support for ladder
logic (LD), structured text (ST), or function block diagrams (FBD); though projects like OpenPLC
try to fill that hole, hardware and timing guarantees are still shaky.

e ISO 13849 (Safety of Machinery - Functional Safety): The rule asks for fault-tolerant hardware
and verified safety layers. As Michael et al (2021) notes, off-the-shelf ESP32 boards have no
redundancy, no safety-rated watchdogs, and cannot reach any SIL (Safety Integrity Level) on
their own. That leaves them off limits in jobs where a silent fault might hurt people, unless
engineers install extra verified safety relays or controllers [69].

7. Ethical and Societal Implications of ESP32 in Industry 5.0

7.1. Ethical Concerns: Al Bias at the Edge

ESP32 chips are now stepping up as local brains on the factory floor, running compact Al tasks
with lean frameworks such as TensorFlow Lite Micro. As this practice spreads, fears about bias and
the murky transparency of edge decisions grow. Unlike cloud servers, which command heavy
compute power and face clear regulatory eyes, on-board models usually train on small or skewed
samples and offer little in the way of explainability or audit trails.

Imbalances in those training sets can leak into services such as facial ID, gesture steering, or fault
spotting when the chips are set loose in messy, unstandardized industrial spaces. Kostadimas and
colleagues (2025) urge builders of ESP32 edge-Al gear to weave bias guards into the design-using
simple tweaks like extra synthetic frames, richer sensor mixes, and hard-coded fairness rules-so that
the output treats every worker and machine fairly [70].

The problem sharpens in high-stakes settings such as smart helmets or mobility aids; a wrong
or slanted call from a wrist-mounted chip might endanger a person or degrade critical care [71].

As these devices shift from tools to teammates in Industry 5.0, AL-Refaey and co-authors (2024)
call for governance that lines up ethics with the limits of on-chip reasoning and the "black-box" aura
surrounding embedded learning [72].

7.2. Bridging the Digital Divide with ESP32

The ESP32 microcontroller is proving to be a low-cost gateway into twenty-first-century
technology. Typically priced below ten dollars and supported by an open-source software
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community, it allows rural schools, tight-budget neighborhoods, and emerging economies to
experiment with Industry 5.0 ideas without heavy capital outlay. On-the-ground projects now deploy
ESP32 sensors for affordable air quality checks, simple energy management, and basic e-health
dashboards in often-neglected regions [12,73,74].

Rane (2024) notes a parallel trend in classrooms; ESP32 starter kits are nudging costly
programmable logic controller simulators off the bench, widening access to STEM lessons and IloT
skill-building [75]. Senoo et al. (2024) illustrate the chip in precision farming, linking it to low-cost Al
for real-time soil monitoring and irrigation advice that can offset droughts and erratic weather-thus
proving that inclusive tech diffusion is possible at scale [76].

8. Future Directions

The future trajectory of the ESP32 community is intricately linked to advancements in embedded
Al open hardware frameworks, resilient wireless links, and enhanced cyber-physical-human
collaboration, all of which are foundational to the industry 5.0 paradigm (Figure 16). This evolution
emphasizes a human-centric approach, leveraging intelligent systems to foster sustainable and
efficient industrial practices.

RISC-V
Integration

ESP32-S3 and LLMs and
Enhanced Al Co-Pilot
Capabilities Interfaces

FUTURE
DIRECTIONS

Digital Twins 6G-and-Beyond
and Autonomous oo i Connectivity
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Figure 16. ESP32's future course in Industry 5.0. It illustrates the ways in which these developments come

together to form intelligent, cooperative, and sustainable industrial ecosystems.

8.1. ESP32-53 and Enhanced Al Capabilities

The ESP32-53 represents a notable step forward in Espressifs product family. With dedicated
vector instructions and on-chip Al hardware, the chip runs TinyML models, recognizes gestures,
initiates voice wake-ups, and carries out local anomaly detection. These frameworks support the
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development of cognitive cobots and other intelligent systems that enhance productivity and
sustainability [77]. These features make it a vital building block for intelligent edge devices that must
act in real time. Support for TensorFlow Lite Micro allows developers to load quantized neural
networks straight onto the chip, reducing reliance on cloud services [78].

8.2. RISC-V Integration

Espressifs shift toward RISC-V cores in future products like the ESP32-C6 mirrors the growing
open-source hardware movement. The RISC-V architecture enables deeper customization, optional
hardware security features, and an instruction set well suited to edge inference [79]. As a result,
designers gain fresh headroom for instruction-level parallelism and tighter control over real-time
latencies [80].

8.3. LLMs and Co-Pilot Interfaces

A promising frontier pairs ESP32 boards with large language models (LLMs) such as GPT-4,
letting the microcontroller serve as a bridge between sensors and actuators and a remote brain. It can
pack telemetry into structured prompts and relay them to an LLM dashboard or chatbot, which in
turn acts as a virtual co-pilot. Such systems diagnose faults, walk users through tasks, or even
simulate entire workflows based on data the ESP32 has gathered [81]. LLMs can process vast amounts
of sensor data, providing insights and summaries that enhance decision-making in IoT environments.
Case studies demonstrate LLMs' effectiveness in applications such as DDoS attack detection and
macroprogramming, showcasing their ability to write scripts and manage incidents autonomously
[82]. The Alchemist system illustrates how LLMs can empower end-users to develop robot
applications through natural language inputs, reducing the need for extensive programming
knowledge [83].

8.4. Digital Twins and Autonomous Microagents

The ESP32 can continuously publish time-series data over MQTT or HTTP, making it a solid
choice for live digital twins [84]. Paired with small microservices, each board turns into a local agent
that senses change, applies simple rules, and updates its virtual twin in the cloud. This architecture
supports decentralized decision-making in smart factories, energy grids, and precision farms [85,86].

8.5. 6G-and-Beyond Connectivity Integration

The integration of 6G-and-beyond connectivity is expected to revolutionize data transmission
and processing, especially through edge-fog computing architectures that will significantly enhance
the functionality of devices like the ESP32. Key enabling technologies include massive cell-free
MIMO, which improves signal quality and supports a dense network of connected devices [87] and
terahertz band communication, offering wider bandwidths and ultra-fast data rates essential for real-
time applications [88]. Additionally, artificial intelligence is central to optimizing network
management, enabling self-healing networks, and enhancing user experiences [89]. In the context of
edge-fog computing, 6G facilitates ultra-low-latency control loops necessary for robotics and
autonomous systems, while AloT integration enables predictive analytics and intelligent decision-
making [89,90]. Despite these advancements, challenges such as security, ethical implications, and
the demand for resilient infrastructure continue to be critical areas of research [90,91].

8.6. Human-Centric Cyber-Physical Systems

The integration of the ESP32 into human-centric cyber-physical systems (HCPS) supports the
vision of Industry 5.0 by fostering collaboration between humans and intelligent systems, particularly
in applications such as wearable exoskeletons and haptic gloves that enhance physical capabilities
and enable tactile interaction with digital environments [92]. Its ability to process real-time data
allows for context-aware responses and the monitoring of cognitive load, thereby optimizing task
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assignments to improve operator performance and well-being [93]. Additionally, the ESP32 enables
proactive safety measures through the analysis of physiological and environmental data and
supports intuitive human-machine interfaces when integrated with XR headsets and smart health
monitors [94,95]. Despite these advancements, ensuring safety, trust, and adherence to ethical
principles remains a challenge, underscoring the importance of aligning technological development
with human-centered values to achieve the goals of Industry 5.0.

9. Conclusion

Even though Industry 4.0 made factories lean on machines, Industry 5.0 now puts people and
the planet back in the mix and asks plants to be smart, green, and sturdy all at once. Within this new
outlook, the compact ESP32 microcontroller stands out as a quiet hero, tying together edge
computing, quick on-the-spot choices, and constant wireless chatter so that every machine can pull
its own weight while talking to the cloud when needed.

With its dual-core brains, built-in Wi-Fi, low power draw, and wide-range protocols, the chip
slides easily into many roles-from keeping an eye on failing gear to spinning up complete digital
twins. It runs tiny AI models on the factory floor, sparks near-instant feedback between sensors and
actuators, and links old gear to fresh networks, moving beyond hobby projects and proving itself a
trusted platform, even for systems that factories cannot afford to lose.

The ESP32 has become a key tool for making industrial smart tech available to a wider audience.
Because it costs little and runs on open-source tools-Arduino IDE, ESP-IDF, PlatformIO-it reaches
schools, small firms, and regions with few resources. This openness nurtures hands-on skills, bottom-
up ideas, and wider involvement in the Fourth and Fifth Industrial Revolutions. As a result, low-
income neighborhoods and stretched sectors can join smart farming, health tracking, weather
monitoring, and microgrid projects, slowly closing the worlds digital gap.

Seen through the lens of Industry 5.0, which puts workers first and steers Al toward ethics and
ecology, the ESP32 shines even brighter. It drives friendly machine interfaces, mood-sensing
wearables, voice-guided robots, and other aids that tailor factory life and boost ergonomic and mental
safety. When two ESP32s or a cloud model feeds a digital twin, or when fog and edge nodes link XR
headsets, the chip shows how human, machine, and data can learn and adapt together in tomorrow's
factories.While these advantages are notable, hurdles persist. The ESP32 falls short of stringent
industrial benchmarks such as IEC 61131 or ISO 13849, restricting its deployment in safety-critical
settings unless paired with externally certified subsystems. Limited RAM and CPU cycles can
bottleneck demanding Al models or high-rate data streams. Its true value lies, however, in
modularity-it connects easily to cloud back ends, off-board Al chips, and mature toolchains that
together complete a distributed system.

Upcoming parts like the ESP32-S3 with on-chip Al acceleration, as well as future RISC-V
variants, promise even wider reach at the edge. As industry shifts toward human-centered design,
greener practices, and more decentralized smarts, the ESP32 will remain a vital, ethical, and inclusive
building block for tomorrow’s innovations.
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