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Abstract: The adoption of home automation in developing economies is significantly hindered by high
unit costs, reliance on proprietary hubs, and the complexity of existing "Do-It-Yourself" (DIY) solutions.
This paper presents a replicable "Lab-to-Market" engineering framework that bridges the gap between
rough desk prototypes and industrial-grade consumer electronics. We demonstrate the design,
fabrication, and validation of a smart RGB lighting node utilizing the ESP8266 Wi-Fi SoC, a custom
48%x28 mm Printed Circuit Board (PCB), and a Fused Deposition Modeling (FDM) 3D-printed
enclosure. By leveraging parametric mechanical design and a vertically integrated micro-manufacturing
model, the proposed architecture achieves compliance-conscious hardware safety and structural
robustness without the prohibitive upfront capital expenditure of injection molding tooling. The
implementation serves as an open, agile, and cost-effective production pathway optimized for small-scale
startups and local installers targeting price-sensitive markets.
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I. INTRODUCTION
The Internet of Things (IoT) is progressively altering residential infrastructure by integrating sensing, actuation, and
connectivity into everyday electrical loads like lights, fans, and plugs. This infrastructure shift enables automated
demand-side management, enhanced user comfort, and optimized residential energy usage. In price-sensitive
developing markets, such as India, home automation has been recognized by national bodies like the Bureau of Energy
Efficiency (BEE) as a crucial measure for residential energy conservation. However, a significant engineering divide
exists between a functional bench prototype and a safe, scalable, consumer-ready version of a product.
The mainstream smart home market is currently segmented into two unadoptable extremes:
Commercial Ecosystems: Established vendors (e.g., Philips Hue, Tuya) offer highly polished user interfaces and
seamless onboarding, but their architectures impose severe trade-offs. These include substantial unit premiums, the
added expense of hardware bridges/hubs, cloud platform dependency, and deep vendor lock-in that degrades local user
autonomy.
DIY and Maker Prototypes: Utilizing development boards (e.g., NodeMCU, Arduino) and breadboards, hobbyists
can construct smart devices rapidly and at low cost. However, these systems are fundamentally unmanufacturable at
scale. They lack mechanical stability, long-term component supply lines, robust thermal dissipation, and critical
electrical protection features—such as heavy FElectrostatic Discharge (ESD) absorption, fault containment,
creepage/clearance alignment, and safe USB Type-C power negotiation.
This paper introduces a system-level "middle way" workflow. By integrating open-source Electronic Design
Automation (EDA) via KiCad, rapid parametric mechanical fabrication via FDM 3D printing farms (e.g., Bambu Lab

Copyright to IJARSCT 604

www.ijarsct.co.in

DOI: 10.48175/IJARSCT-36057

| 2581-9429 |1
R\ 1JARSCT /3
& <




(/ ’ IJARSCT

Xx International Journal of Advanced Research in Science, Communication and Technology
IJA SCT International Open-Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal

ISSN: 2581-9429 Volume 6, Issue 13, May 2026 Impact Factor: 8.2

Al series), and a compliance-conscious security and safety checklist, small organizations can responsibly transition to
small-volume production batches of 100 to 1,000 units without premature capitalization.
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Figure 1: Proposed engineering workflow from concept to 1,000-unit batches, outlining the end-to-end transition from
safety constraints to final QA handoff.

II. RELATED WORK
Smart lighting development has historically balanced structural trade-offs between unit cost, local autonomy, network
scalability, and hardware reliability.
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A. Commercial Smart Lighting Ecosystems

Market leaders rely on standardized low-power wireless protocols like Zigbee to achieve resilient, mesh-networked
luminaire communications. However, typical commercial architectures (e.g., Philips Hue) require a centralized
hardware bridge to interface with the local IP network, introducing a single point of failure and inflating upfront costs.
To reduce hardware development cycles, some white-label manufacturers utilize centralized IoT cloud platforms like
Tuya. This structural design introduces significant data privacy risks through opaque telemetry gathering, noticeable
command latency under heavy network traffic, and the perpetual threat of remote device abandonment, known as
"bricking".

B. DIY and Open-Source Platforms

Hobbyist software frameworks such as ESPHome, WLED, and Tasmota abstract complex firmware development into
declarative formats (e.g., YAML), driving down entry costs using cheap ESP8266 or ESP32 microcontrollers. Despite
software flexibility, these deployments rarely feature professional hardware integration. Operating bare boards inside
unvented, tightly enclosed luminaires generates severe electrical hazards and high thermal rises, which accelerates
component degradation and triggers premature system breakdown. Furthermore, DIY implementations fail to meet
fundamental consumer safety certifications (e.g., IEC, UL, CE) due to inadequate power isolation, lack of surge
protection, and poor electromagnetic interference (EMI) suppression.

II1. SYSTEM ARCHITECTURE

To bridge these paradigms, the proposed smart lighting controller implements a modular sandwich design. This
physical layer framework decouples delicate logic and radio frequency (RF) components from heat-producing power
elements, optimizing passive airflow and minimizing electromagnetic interference.

A. Electronic Hardware Design

The system intelligence is centered on a custom 48%28 mm PCB developed using open-source KiCad EDA.
Component count was systematically minimized to reduce Bill of Materials (BOM) overhead, streamline assembly, and
maximize supply chain resiliency.

ELECTRONIC HARDWARE DESIGN
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Figure 2: Electronic Hardware Design
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Microcontroller Selection: The system utilizes the ESP-12F module powered by the ESP8266 Wi-Fi SoC. While
contemporary chips like the ESP32 offer dual-core processing and Bluetooth, these features were rejected as
unnecessary for basic lighting nodes, as they introduce higher power signatures and thermal loads. The ESP-12F
provides a certified onboard PCB antenna, sufficient GPIO, and adequate computation for secure local network
communications.

Power Input and USB-C Sink Negotiation: The system introduces a USB Type-C interface operating strictly in sink
mode. Compliance with the USB Type-C specification is achieved using dual 5.1 k$\Omega$ pull-down resistors (Rd )
tied to the CC1 and CC2 configuration channel lines. This passive formation commands a default power adapter
delivery of 5 V at up to 3 A without the cost or firmware complexity of dedicated Power Delivery (PD) controller ICs.
Voltage Regulation: To step down the 5 V input to the nominal 3.3 V rail required by the microcontroller, an
AMS1117-3.3 Linear Low-Dropout (LDO) regulator is used. Linear regulators feature lower noise profiles and simpler
circuit integration than switching regulators, though they dissipate excess power as heat. To manage transient current
spikes exceeding 300 mA during wireless transmission, a rigid decoupling network (> 470 pF bulk and 0.1 pF + 10 pF
capacitors) is positioned on-board.

PCB Layout and RF Integrity: A continuous ground plane is maintained on the bottom layer to suppress EMI In
strict alignment with Espressif design guidelines, an antenna keep-out zone completely free of copper pours, ground
planes, or traces is established around the perimeter of the ESP-12F module to prevent signal loss or detuning. Thermal
vias are strategically integrated directly beneath the LDO regulator pad to channel heat into the copper ground plane
layers.

B. Mechanical Enclosure Design

To demonstrate the structural modularity and adaptability of the platform, a diverse family of enclosure form factors
was developed through parametric modeling in CATIA. Parametric geometric configuration allows for rapid adaptation
of housing boundaries based on rigid engineering constraints—such as PCB volume envelopes, external interface
placements, and fluid dynamic airflow targets. This framework enables the rapid diversification of product lines
without forcing a structural redesign of the underlying electronics.

In order to transform an electronic prototype into a deployable, consumer-grade smart lighting solution, the mechanical
enclosure is essential. Hardware safety records show that physical form factors, convective airflow loops, and assembly
techniques significantly influence long-term thermal parameters and component yield rates, despite the fact that
traditional smart lighting research mostly focuses on electrical subsystem validation. As a result, the logic and firmware
layers in the suggested system are seen as co-equal constraints with mechanical architecture.

The system segregates functions into a two-part enclosure:

Opaque Structural Base: Provides mechanical strength, connector alignment, and integrated plunge buttons. Passive,
unsealed ventilation slots are placed in the base layout to encourage natural convection and drive down internal
operating temperatures by 10°C to 15°C.

Translucent Diffuser: Printed using frosted Polylactic Acid (PLA) to achieve uniform spatial light scattering and
eradicate directional hotspots or glare without the high capitalization cost of polycarbonate molds.

To minimize assembly error rates and eliminate secondary fasteners, the housing family utilizes precise toolless snap-
fit joints engineered with a 0.2 mm dimensional tolerance.

C. Firmware Architecture

Usability and system reliability are governed by an event-driven, finite state machine (FSM) running within the primary
loop of the MCU. This non-blocking framework decouples button debouncing, LED lighting effects, and background
Wi-Fi network stacks into discrete states. By avoiding blocking delay commands, the firmware prevents Wi-Fi stack
disconnections and erratic watchdog resets.
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Onboarding is accomplished via a local browser-based captive portal. When valid Wi-Fi credentials are absent, the
device acts as a temporary Access Point (AP). Connecting users are redirected to an internal device web page,
eliminating the need to compile, update, or maintain native Android or iOS mobile applications.

IV. COST AND SCALABILITY ANALYSIS
The economic core of the "Lab-to-Market" framework targets the reduction of system delivered cost while preserving
functional safety margins.

A. Custom Electronic PCB Conversion

Transitioning from general-purpose maker development boards (e.g., NodeMCU) to an application-specific custom
PCB drives down expenses significantly. Development kits include redundant circuitry such as USB-to-UART Bridge
ICs, oversized linear regulators, and debug pins that add unnecessary complexity to a deployed product. Eliminating
these components yields a 40% to 60% reduction in the core electronic BOM cost.

Component Category NodeMCU-Based Development Board Custom ESP-12F PCB Module
MCU / Wi-Fi Integrated ESP-12F Module

USB Interface Dedicated USB-UART Bridge IC None (USB-C Power Input Only)
Voltage Regulation General On-board Regulator AMS1117-3.3 LDO

Form Factor / Size Large Prototyping Footprint Compact Layout (48x28 mm)
Approximate Cost 3375 -3500 165 -3210

B. Additive Micro-Manufacturing vs. the Tooling Trap

A quantitative analysis is required to identify the cross-over production volume at which traditional injection molding
shifts from a capital bottleneck to a more cost-effective method than FDM 3D printing. Let the per-unit FDM 3D
printing operational cost (Cp) be established at X160 , the marginal per-unit injection molding cost excluding initial
tooling (Ci) be 280 , and the fixed cost for an entry-level plastic enclosure mold (Cm) be %2,50,000. Injection molding
becomes the economically optimal pathway when the amortized tooling and production costs fall below the linear cost
of additive manufacturing

N>_ "2 _

2,50,000
N =
~ 160 — 80

= 3,125 units

This mathematical formulation establishes a clear physical break-even threshold at approximately 3,000 to 3,125 units.
Below this production volume envelope, localized additive micro-manufacturing provides significantly stronger unit
economics, drastically reduces upfront financial risk, and circumvents the capital hurdles associated with early-stage
hardware deployment
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Figure 3: Tooling cost amortization curve versus production volume, highlighting the economic cross-over point where
traditional injection molding becomes competitive with zero-tooling 3D printing.

V. RESULTS AND PERFORMANCE
Empirical testing was conducted to validate long-term functional stability and track real manufacturing throughput
under continuous operating stress.
A. Thermal Profiling and Stability
The device was operated at full worst-case white brightness (RGB configuration 255, 255, 255) to drive maximum
current across all channels concurrently with active, continuous Wi-Fi transmission. The device was housed inside a
conservative, uncooled cylindrical PLA casing at a regulated ambient temperature of 25°C. Internal case temperatures
were profiled continuously over 120 minutes using internal silicon sensors and external infrared (IR) thermographThe
peak internal enclosure temperature reached a thermal steady state at approximately 70°C after 90 minutes of
continuous full load. The temperature curve followed a stable asymptotic profile without displaying volatile
temperature spikes or thermal runaway. The LDO surface temperature remained well within its safe operating region
(SOA), validating the copper pours and internal ground plane as effective passive heat sinks. No firmware crashes,
watchdog resets, or wireless data packet degradation were recorded across the evaluation cycle.

B. Manufacturing Throughput Metrics

Production testing was verified inside an experimental multi-printer cell using standardized slicing parameters on a
Bambu Lab A1l system.

Enclosure Base Print Time: ~75 minutes

Translucent Diffuser Print Time: ~90 minutes

Total Manufacturing Print Allocation per Unit: ~165 minutes

Daily Yield per Machine (24-Hour Cycle): 9 complete enclosure kits

Extrapolating these metrics, a micro-farm scaling model utilizing just four FDM machines produces 36 units daily,
leading to approximately 63 finished product assemblies in a standard five-day workweek, assuming time for
maintenance and QA inspection. This throughput provides sufficient capacity to fulfill housing pilot projects and small
distributor demand without large equipment outlays.

VI. LIMITATIONS AND ENGINEERING TRADE-OFFS
Deploying a low-cost, decentralized product infrastructure requires an explicit understanding of design trade-offs.

Design Aspect Chosen Approach Systematic Advantage Engineering Trade-Off

Enclosure FDM 3D Printing Zero upfront tooling, geometric | Visually apparent layer lines
Fabrication agility

Material Standard PLA Low raw cost, optimal light Low glass transition temperature (Tg
Selection Filament diffusion =600C)
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Power Linear LDO Low circuit complexity, minimal | Reduced electrical efficiency (heats
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Figure No 4: Limitation and Engineering Trade-offs

A. Aesthetic and Structural Boundaries

FDM layer-by-layer deposition leaves noticeable surface striations. While structural integrity is unaffected, user-
perceived value can vary compared to glossy injection-molded commercial shells. Additionally, standard PLA softens
at temperatures exceeding 60°C. Under high-power ambient deployments or architectural accents, this restricted
thermal margin could cause warping.

B. Electrical and Networking Restrictions

The linear LDO regulation scheme dissipates excess voltage differential as heat energy, introducing an efficiency
penalty compared to Switch Mode Power Supplies (SMPS) which routinely exceed 90% efficiency. However,
implementing SMPS introduces complex PCB component trace constraints, higher BOM component counts, and severe
high-frequency EMI profiling risks that threaten compliance cycles in small-scale startup operations. Furthermore, the
local-first firmware model enforces a strict security boundary: users must be present on the device's local Wi-Fi subnet
to alter parameters, eliminating out-of-home remote control to completely avoid cloud security exploits.

VII. CONCLUSION AND FUTURE WORK
The execution of the "Lab-to-Market" paradigm establishes that custom electronic PCB design coupled with
decentralized in-house digital additive manufacturing enables small teams to deploy functional, safe, and robust
consumer IoT options. By shifting engineering perceptions from seeing safety as an expensive, post-hoc corporate
certification to treating it as a primary design constraint, cost-effective devices can scale iteratively while remaining
completely decoupled from restrictive vendor ecosystems.
Future technological growth will scale the architecture across three specific developmental dimensions:
Ecosystem Interoperability: Integrating an internal Message Queuing Telemetry Transport (MQTT) abstraction layer
to safely forward local states to cloud voice ecosystems (e.g., Amazon Alexa, Google Home) via user-configured
gateway devices.
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Protocol Standardization: Migrating the wireless networking stack to native Matter-over-Wi-Fi protocol layers to
guarantee toolless cross-ecosystem device configuration without cloud account mandates.

Mechanical Hardening: Transitioning the physical slicing profiles from PLA to high-performance engineering
filaments like Polyethylene Terephthalate Glycol (PETG) or Acrylonitrile Styrene Acrylate (ASA). ASA integration
yields extreme ultraviolet (UV) resistance and high glass transition values (Tg =1000C), expanding the platform's
environmental deployment capabilities to semi-outdoor installations without altering core custom electronics.
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