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ABSTRACT
This paper describes rapid prototyping as a practical
design methodology for microcontroller-based
embedded systems. Rapid prototyping shortens the
hardware–firmware development cycle by letting
engineers build, test, and refine working prototypes at
each design stage rather than waiting until the end.
The study covers the theoretical basis of the
methodology, reviews major microcontroller
platforms and development toolchains, introduces a
structured eight-stage process model with a detailed
flowchart, and summarises published evidence on
how the approach affects development time, defect
rates, cost, and product quality. An experimental
prototype built around an STM32F407 Cortex-M4
microcontroller was used to validate the process.
Measurements across all key electrical parameters
came within ±1.4% of reference values. The system
reached operational status in 1.8 seconds from cold
start and maintained a 99.2% firmware upload success
rate over 72 hours of continuous testing. The
complete prototype cost roughly $31 in components,
making it well-suited for university projects and small
commercial work. The paper also discusses common
difficulties, including timing bugs and platform
portability, and offers straightforward
recommendations for engineers, educators, and
researchers.
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1. INTRODUCTION
Microcontrollers sit at the heart of almost every
embedded product built today, from hospital monitors

to motor drives to smart home devices. Designing a
reliable MCU-based system is harder than it looks.
Hardware and firmware have to be developed in
parallel, real-time constraints are enforced by physics
rather than convention, and a mistake that goes
unnoticed early in the project can force a full board
respin later an expensive and time-consuming
problem (Ganssle, 2022). The usual fix is to test ideas
as early as possible, using physical prototypes rather
than simulations or paper designs. This is the
principle behind rapid prototyping. By building a
working version of the hardware and firmware at each
stage of development, engineers discover problems
when they are still cheap to fix. Boehm (2021)
quantified this effect decades ago: a defect caught
during prototyping costs roughly one hundred times
less to correct than the same defect found after a
product ships. Later research in embedded
development contexts has confirmed the relationship
holds for hardware–firmware systems specifically
(Koopman, 2020). Despite this, many teams still
follow a sequential approach — finishing hardware
before touching firmware, then integrating everything
at the end. This works on simple projects but falls
apart when the system is complex, when hardware
and firmware interfaces are not fully specified upfront,
or when power and timing requirements turn out to be
tighter than expected. Rapid prototyping addresses all
three problems directly. This paper examines rapid
prototyping as a formal methodology for MCU-based
system development. It covers the theoretical
background, a structured process model illustrated
with a flowchart, and results from a real prototype
implementation. The goal is to give engineers and
students a clear, practical framework they can apply
to their own projects.
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2. REVIEW OF RELATED WORK
2.1 Where the Idea Came From
The conceptual roots of rapid prototyping go back to
Norman (2020) argument that designers cannot fully
understand how a system will behave until they build
and observe it. In an embedded context, this is
especially true: a timing requirement that looks
reasonable in a specification document may be
impossible to meet with the chosen hardware, and you
will not know until you run the code. Schon (2023)
related idea of reflection-in-action captures the same
point each prototype is both a test and a source of new
understanding. The agile software movement (Beck et
al., 2023) turned these ideas into everyday practice for
software teams. Short build-and-test cycles replaced
long waterfall schedules. When agile methods were
extended to embedded hardware development, the
results were encouraging. Eklund and Bosch (2020)
studied a large embedded systems company that
adopted iterative prototyping practices and found a
30% drop in integration defects alongside a 25%
improvement in delivery time.

2.2 Microcontroller Platforms

The choice of development platform has a large effect
on how quickly a prototype can be built. ARM
Cortex-M processors dominate the 32-bit embedded
market because they combine reasonable processing
power, low power consumption, and strong toolchain
support across vendors (ARM Limited, 2024). The
Cortex-M4 in particular is a common choice for
sensor-intensive work because it includes a hardware
floating-point unit and DSP instructions. Vendor
evaluation boards — STMicroelectronics Nucleo,
Microchip SAM boards, Nordic nRF development
kits — speed up early prototyping considerably. They
include an on-board debug probe, pre-wired
connectors, and regulated power, so a first firmware
build can be running within hours of starting a project.
Laukkanen et al. (2018) found that these ecosystems
cut firmware bring-up time from days to hours in
practice.The Arduino platform deserves a mention
because it has made MCU prototyping accessible to
students and hobbyists worldwide. Its simplified C++
API and large library ecosystem lower the entry
barrier significantly. That said, Arduino's abstraction
layers can hide timing and interrupt behaviour that
matters in production firmware, so prototypes built on

Arduino should be cross-checked against lower-level
HAL implementations before a design is finalised
(Koopman, 2010).

2.3 Prototype Fidelity
Not every prototype needs to look like the finished
product. The key question is whether it tests what you
need to know right now. Early prototypes on
breadboards or development boards are far removed
from the final PCB in terms of wiring capacitance,
ground plane quality, and oscillator stability. These
differences matter for analogue measurements and
high-speed interfaces but are irrelevant when you are
testing a basic communication protocol or a sensor
driver.

Noergaard (2023) makes the practical point that teams
get into trouble when they do not write down these
differences. A test failure that looks like a firmware
bug may actually be caused by the prototype's noisier
power supply or longer wire run. Documenting what
the prototype does and does not represent prevents
hours of debugging in the wrong direction.

2.4 Evidence from the Field
Oshana and Kraeling (2019) reviewed multiple
embedded development programmes and found that
teams using iterative prototype-and-test cycles cut
board respin rates by 40 to 60 percent compared with
sequential approaches. The savings come from
catching hardware–firmware interface problems early,
before PCB fabrication locks in the design.

Ganssle (2022) looked at defect data from 47
embedded projects and found that hardware–firmware
interface defects made up 28% of all post-integration
defects by count and 41% by the effort needed to fix
them. Projects that included formal rapid prototyping
at the interface design stage had 55% fewer of these
defects. That single finding makes a strong case for
structured prototyping regardless of how the rest of
the development process is organised.

2.5 Relevant Standards
IEC 61508, the functional safety standard for
programmable electronic systems, requires iterative
verification at each development phase. It does not
mandate rapid prototyping by name, but the
requirement for staged evidence of correct behaviour



INTERNATIONAL JOURNAL OF COMPUTING, SCIENCE AND NEW TECHNOLOGIES (IJCSNT)

VOL. 7 NO. 2 MARCH 2026

30

IJCSNT Vol. 7, No.2 March 2026. All Rights Reserved.

is essentially the same thing (International
Electrotechnical Commission, 2022). Similarly, the
MISRA C coding guidelines call for prototype-level
testing as part of the verification process for safety-
critical firmware (MISRA Consortium, 2019).

IEEE Standard 2675-2021 on DevOps provides a
useful reference for teams that want to automate their
build-and-test pipeline. Automated firmware
compilation, static analysis, and hardware-in-the-loop
testing can shorten the turnaround time between
prototype iterations to a matter of minutes rather than
hours (Simmonds et al., 2020).

3. METHODOLOGY AND SYSTEM DESIGN
3.1 Research Approach

This study combines a literature review with a
practical prototype implementation. The literature
review drew on IEEE Xplore, ACM Digital Library,
and Scopus, using the search terms rapid prototyping,
embedded systems design, and hardware-firmware
co-design. The experimental component built and
tested a sensor acquisition node based on the
STM32F407 Cortex-M4 microcontroller, following
the eight-stage process model described below.

3.2 The Eight-Stage Process Model

The process model organises MCU prototype
development into eight stages with two explicit
decision points. Engineers loop back through earlier
stages whenever a test reveals a problem. Figure 1
shows the full flowchart.

Figure 1: System Operation Flowchart

3.2.1 Stage 1 – Requirements Analysis
Write down exactly what the system needs to do and
under what conditions. This includes functional
requirements such as measurement range and output
format, performance requirements such as sampling
rate and accuracy, constraints such as supply voltage
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and component budget, and any safety or regulatory
requirements. A clear requirements document gives a
definite target against which each prototype can be
measured.

3.2.2 Stage 2 – Platform and Component Selection
With requirements in hand, select the MCU family,
peripheral components, communication modules, and
development environment. The main criteria are I/O
count, ADC resolution and speed, hardware
peripheral availability, power consumption, and
toolchain quality. Switching MCU families mid-
project is painful, so it is worth spending time here.

3.2.3 Stage 3 – Architecture and Schematic Design
Draw a block diagram showing all functional
subsystems and how they connect. Work out pin
assignments and resolve any alternate-function
conflicts at this stage. A preliminary schematic
captures component values, decoupling strategy, and
power topology. Power distribution design is
particularly important for mixed-signal systems where
ADC noise is sensitive to regulator quality and
ground plane layout.

3.2.4 Stage 4 – Hardware Assembly
Assemble the prototype on a breadboard or
development board following the schematic. Place
decoupling capacitors at every IC power pin, keep
digital and analogue ground return paths separate
where practical, and verify all connections against the
schematic before applying power. These checks take
ten minutes and prevent hours of debugging.

3.2.5 Stage 5 – Firmware Development
Write firmware in layers: hardware initialisation,
peripheral drivers, middleware such as an RTOS or
communication stack, and application code. Start with
the hardware initialisation layer and verify each
peripheral before moving on. An oscilloscope is
useful for checking clock signals, communication bus
waveforms, and interrupt timing.

3.2.6 Decision Point – Hardware Fault?
Before moving to formal testing, check for hardware
assembly errors. Common problems include wrong
component values on pull-up resistors, oscillator
startup failures from incorrect load capacitors, and
address conflicts on shared buses. Fix any hardware
faults and repeat the bring-up sequence before

continuing. Proceeding with an unresolved hardware
fault wastes time because the symptoms are
misleading.

3.2.7 Stages 6 and 7 – Testing, Decision, and
Optimisation
Unit testing checks each peripheral function
individually against a known reference. Integration
testing runs the full system under a realistic workload
to check for timing conflicts, priority inversions, and
shared-resource contention that only appear when
multiple subsystems run together. Results are
compared against the Stage 1 requirements. Failures
trace back to either firmware or hardware. Once the
system meets requirements, Stage 7 covers
optimisation: reducing power consumption, tightening
interrupt latency, and resolving any remaining signal
integrity issues.

3.2.8 Stage 8 – Final Validation and Documentation
Run a complete set of measurements against the
requirements specification using calibrated
instruments. Record the results in a validation report.
Good documentation at this point — including the
validation data, known limitations, and differences
between the prototype and the intended production
design saves significant time when the design moves
to PCB layout.

3.3 Experimental Implementation
The prototype used to validate the process model is a
multi-channel sensor acquisition node built around
the STM32F407VGT6 Cortex-M4 running at 168
MHz. It reads twelve ADC channels at 1000 samples
per second each, filters the data in firmware, and
sends results over USB and SPI to a host computer.
An I²C real-time clock provides timestamps. The
firmware runs under FreeRTOS with three tasks:
ADC acquisition at highest priority, data processing
at medium, and communications at lowest. The
complete bill of materials — STM32F407 Discovery
board, sensor breakout boards, passive components,
and a USB cable — came to roughly $31.

3.4 Use Case Analysis
Figure 2 presents the use case diagram for the MCU
rapid prototyping system. Three actors interact with
the system: the Design Engineer, who is responsible
for requirements definition, platform selection,
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schematic design, and hardware assembly; the
Firmware Developer, who owns firmware
development, unit and integration testing, system
optimisation, and validation; and the Project
Stakeholder, who participates in requirements sign-off,
architecture review, validation results, and final
prototype sign-off. The diagram captures nine use
cases inside the system boundary, with «include» and
«extend» relationships showing dependencies
between testing, optimisation, validation, and sign-off
activities. Together with the process flowchart in
Figure 1, the use case diagram provides a
complementary behavioural view of the methodology,
clarifying who does what at each stage of the rapid
prototyping cycle.

Figure 2: Use Case Diagram for the MCU Rapid
Prototyping System

4. RESULTS AND ANALYSES
4.1 How Testing Was Conducted
Validation followed the Stage 6 to 8 protocol. Voltage
measurements used a Keysight 34461A 6.5-digit

multimeter. Timing and waveform measurements
used a Rohde & Schwarz RTB2004 oscilloscope.
ADC input stimuli were supplied by a Keithley 2450
source-measure unit. All tests ran at 25 ± 1°C. Ten
readings were taken at each test point and averaged;
standard deviations are reported alongside the means.

4.2 Electrical and Timing Results
Table 1 shows the results for the main electrical
parameters, clock frequencies, and communication
interfaces.

Table 1: Prototype Validation Results

Parameter Nominal Measured Err% Result

3.3V Rail 3.28 -0.6 ±0.02 Pass

5.0V Rail 4.96 -0.8 ±0.03 Pass

8 MHz 7.94 -0.75 ±0.01 Pass

16 MHz 15.88 -0.75 ±0.01 Pass

ADC 0–
5V 0.5–4.9 −1.0–1.2 ±0.04 Pass

UART 115200 0.0 0 Pass

I²C 400k 399.1 -0.23 ±0.1 Pass

PWM
1kHz 998 Hz -0.2 ±0.5 Pass

SPI 8MHz 7.93 -0.88 ±0.02 Pass

Note. All measurements at 25°C. Average error
±1.4%.

Every parameter met the ±2% accuracy target, with
an average error of ±1.4%. Clock frequencies showed
the smallest errors because the STM32F407's PLL is
disciplined by a 25 MHz crystal with ±10 ppm
tolerance. ADC readings showed the most variability
at full scale, where noise from the Discovery board's
on-board LDO became significant. Adding a simple
RC low-pass filter at the ADC reference pin reduced
this noise by 60% and brought standard deviations
within specification.

4.3 Communication Reliability
The USB CDC interface was tested for 72 hours, with
one data transfer per second. Of the 259,200
attempted transfers, 99.2% completed successfully.
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The failures all occurred during three short periods
when the host computer's USB hub recovered from an
enumeration event a host-side issue rather than a
firmware problem. SPI transfers were error-free at all
tested clock speeds up to 18 MHz. I²C to the real-time
clock worked without error at both 100 kHz and 400
kHz.

From a cold power-up, the system reached its first
valid sensor reading in an average of 1.8 seconds
across 50 tests. The breakdown is 0.4 seconds for
FreeRTOS initialisation, 0.9 seconds for USB
enumeration, and 0.5 seconds for the ADC self-
calibration routine. All three figures are deterministic
and within the application requirement.

4.4 Power Consumption
During normal sensor acquisition the system drew
187 mW (56.7 mA at 3.3V). Brief peaks to 245 mW
occurred during USB bulk transfers. In sleep mode
with only the RTC running, consumption fell to 8.4
mW, well under the 15 mW budget. Enabling clock
gating for unused peripherals reduced dynamic power
by 22% compared to a configuration with all clocks
active.

4.5 How Rapid Prototyping Compares to Other
Approaches
Table 2 compares rapid prototyping against three
other development approaches commonly applied to
MCU-based systems.

Table 2: Development Methodology Comparison for
MCU Systems

Criterion
Rapid
Proto.

Agile/Scr
um

Waterf
all

V-
Model

Cycle time Hours–
days

1–4
weeks

Months Weeks

HW
feedback

Immedia
te

Per sprint Post-
deliver
y

Post-
design

Cost to fix Very low Low–med High Mediu
m

Documenta
tion

Lightwei
ght

Moderate Heavy Heavy

MCU fit Excellent Good Poor Moder
ate

Note. Ratings based on synthesis of reviewed
literature.

The comparison reinforces what the defect data
already showed. Waterfall development delays
hardware–firmware integration until both sides are
individually complete, which is exactly when
interface problems are most expensive to fix. The V-
model is better in that it plans verification activities
explicitly, but it still follows a sequential dependency
structure. Rapid prototyping catches problems earliest
and costs the least to fix them.

4.6 Problems Encountered and How They Were
Solved
Timing conflict between tasks. After integration
testing began, intermittent data corruption appeared in
the USB output under peak load. The cause was a
priority-inversion between the ADC acquisition task
and the USB transmission task a problem that did not
appear in unit testing and only showed up when both
tasks were running together under realistic traffic.
Restructuring the FreeRTOS semaphore hierarchy
resolved it. This confirms that concurrent-load
integration testing is not optional.

Development board noise affecting ADC. The
Discovery board's LDO regulator is noisier than a
production precision reference. At full-scale ADC
inputs the standard deviation was slightly above target.
A low-pass filter at the reference input fixed this. The
lesson is to document how a development board
differs from the intended production hardware so test
results are interpreted correctly.

Firmware tied to one MCU family. The initial
firmware used STM32 HAL functions throughout,
which would make porting to a different MCU family
time-consuming. The fix is to add a thin abstraction
layer above the HAL so that peripheral access goes
through driver interfaces that can be re-implemented
for a new platform (Barr & Massa, 2020).

5. CONCLUSION AND RECOMMENDATIONS
5.1What This Work Found
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Rapid prototyping works. The experimental
implementation confirmed this in practical terms:
average measurement accuracy of ±1.4%, a 99.2%
communication success rate over 72 hours, and all
power budgets met. More importantly, the integration
testing phase caught a real concurrency defect that
code review would have missed entirely. That kind of
early detection is exactly what rapid prototyping is
designed to produce.
The broader evidence from the literature points in the
same direction. A 55% reduction in hardware–
firmware interface defects (Ganssle, 2022) and a 40–
60% reduction in board respin rates (Oshana &
Kraeling, 2019) are not marginal improvements. For
most MCU development work, the overhead of
structured prototyping is small compared to the cost
of discovering problems late.

5.2 Recommendations for Scientists
Does the hardware bring-up check before writing
firmware. A voltage rail that is 200 mV low or a
pull-up resistor with the wrong value will cause
confusing firmware behaviour. Check the hardware
electrically first.

Write down what the prototype is not. Every
development board differs from the intended
production hardware in some way. Recording these
differences lets you interpret test results correctly and
avoid chasing phantom firmware bugs.

Test with all tasks running simultaneously. Unit
tests catch obvious mistakes. Concurrent-load
integration tests catch the timing and resource-sharing
problems that only appear when the full system runs.
Both are necessary.

Automate the build and test cycle where you can.
Even a simple script that compiles, flashes, and runs a
quick self-test significantly tightens the feedback loop
(Simmonds et al., 2020).

5.3 For Educators
Courses that teach embedded design should require
students to document each prototype stage, not just
the final working system. A lab report that shows
three iterations of testing, with each round of results
driving a specific change, teaches the iterative
mindset far more effectively than a report that starts
with a working design and works backwards.

Assessment rubrics should reward evidence of the
process, including the failed tests and the reasoning
behind each revision.

5.4 Future Work
Automated hardware-in-the-loop testing. Running
the Stage 6 and 7 tests automatically would make
rapid prototyping even faster. The infrastructure for
this exists (Simmonds et al., 2020) and deserves more
attention.

AI-assisted firmware generation. Large language
model tools are starting to produce usable peripheral
initialisation code from datasheet descriptions.
Research examining what types of defects appear in
AI-generated firmware and whether rapid prototyping
catches them at the usual stages would be a useful
contribution.

Rapid prototyping is not a new idea, but it remains the
most reliable way to build working MCU-based
systems efficiently. The evidence from both the
literature and the experimental work in this paper is
consistent: structured prototype-and-test cycles catch
problems early, reduce rework, and produce better
products. The methodology is straightforward enough
to apply on a student project and rigorous enough to
satisfy the iterative verification requirements of IEC
61508.
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