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Abstract
Experimental instrumentation is essential in physics laboratory education; however, access to flexible and
affordable systems remains limited, particularly at the secondary and undergraduate levels. This paper
presents the development of a low-cost programmable instrumentation platform designed specifically for
physics laboratory education. The platform adopts a system-level architecture that integrates data
acquisition, control, and communication within a unified hardware framework while maintaining simplicity
and low cost. Functional versatility is achieved through software-defined operating modes, allowing the
same hardware platform to support multiple physics experiments without hardware modification. The
performance of the platform is validated using representative laboratory experiments, including manual
time measurement, linear motion analysis using photogate sensors, and DC voltage measurement.
Hardware-level signal conditioning is complemented by basic firmware-based data processing to improve
measurement stability and usability, while quantitative accuracy is established through calibration against
reference instruments. Experimental results demonstrate stable operation and strong agreement with
standard laboratory instruments within the intended educational operating ranges. The proposed platform
provides a flexible, transparent, and cost-effective alternative to commercial laboratory equipment. Its
programmable nature supports hands-on learning, experiment customization, and active student
engagement, making it particularly suitable for physics education in resource-limited secondary and

undergraduate laboratory environments.
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system, Microcontroller-based experiments; Physics laboratory experiments.

Resumen
Experimental instrumentation is essential in physics laboratory education; however, access to flexible and
affordable systems remains limited, particularly at the secondary and undergraduate levels. This paper
presents the development of a low-cost programmable instrumentation platform designed specifically for
physics laboratory education. The platform adopts a system-level architecture that integrates data
acquisition, control, and communication within a unified hardware framework while maintaining simplicity
and low cost. Functional versatility is achieved through software-defined operating modes, allowing the
same hardware platform to support multiple physics experiments without hardware modification. The
performance of the platform is validated using representative laboratory experiments, including manual
time measurement, linear motion analysis using photogate sensors, and DC voltage measurement.
Hardware-level signal conditioning is complemented by basic firmware-based data processing to improve
measurement stability and usability, while quantitative accuracy is established through calibration against
reference instruments. Experimental results demonstrate stable operation and strong agreement with
standard laboratory instruments within the intended educational operating ranges. The proposed platform
provides a flexible, transparent, and cost-effective alternative to commercial laboratory equipment. Its
programmable nature supports hands-on learning, experiment customization, and active student
engagement, making it particularly suitable for physics education in resource-limited secondary and

undergraduate laboratory environments.

Palabras clave: Physics Laboratory Education, Low-cost instrumentation, Programmable measurement
system, Microcontroller-based experiments; Physics laboratory experiments.

1. INTRODUCTION engage in hands-on experimentation, acquire quantitative

data, and develop an understanding of physical principles
Experimental instruments are essential components of through direct observation and measurement. In educational
physics laboratory education, as they enable students to settings, laboratory instruments not only serve as
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measurement tools but also play a pedagogical role by
shaping how experiments are designed, conducted, and
interpreted. However, the availability and flexibility of
laboratory instrumentation are often constrained, particularly
in secondary and undergraduate teaching laboratories.
Commercial laboratory instrumentation systems capable
of real-time measurement, device control, and data
communication typically provide high performance and
reliability. Nevertheless, their high cost, application-specific
design, and closed software architectures often limit
accessibility and adaptability in educational environments

with restricted resources [1, 2]. As a result, many teaching

laboratories rely on simplified experimental kits or modular
devices. While such low-cost solutions improve accessibility,
they frequently lack systematic hardware architecture,
adequate signal conditioning, and long-term expandability,
restricting their use to isolated demonstrations rather than
reusable laboratory instrumentation platforms [3].

In recent years, microcontroller-based platforms have
gained widespread adoption in educational and experimental
contexts due to their affordability, flexibility, and ease of

programming [4, 5]. Numerous studies have demonstrated

that microcontrollers can function as the core of data
acquisition and control systems. However, many educational
implementations rely on loosely integrated off-the-shelf
modules, which often suffer from limited signal integrity,
insufficient input protection, and unstructured firmware
architectures. These limitations reduce measurement
reliability and reproducibility and hinder sustained use across
multiple laboratory activities [6, 7].

Although recent research has highlighted the potential of
low-cost and open-source hardware platforms for scientific
instrumentation [8,9], and low-cost data acquisition systems
have demonstrated acceptable performance at reduced cost
[10], many existing solutions remain focused on specific
experimental functions. A unified instrumentation platform
that integrates measurement, control, and communication
within a single reusable and extensible system—while
remaining suitable for physics laboratory instruction—
remains insufficiently addressed.

These challenges are particularly evident in physics
laboratory education at the secondary and undergraduate
levels, where instructors require versatile, transparent, and
reusable instrumentation to support a variety of experiments
without excessive cost or hardware complexity. Accordingly,
this study presents a low-cost programmable instrumentation
platform designed specifically for physics laboratory
education. The proposed system adopts a system-level
architectural approach that integrates data acquisition,
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control, and communication within a unified hardware
framework. Extensibility is achieved through programmable
firmware and optional hardware interfaces, enabling multiple
experimental configurations to be realized without hardware
modification. The platform is validated using representative
physics laboratory experiments to demonstrate its flexibility,
reliability, and suitability as a cost-effective alternative to
conventional laboratory instrumentation.

Il. SYSTEM ARCHITECTURE AND DESIGN

The design of the proposed instrumentation platform follows
a system-level architectural approach, emphasizing
programmability, extensibility, and the integration of data
acquisition, control, and communication within a single
platform under constraints of cost and hardware complexity.
The core design principle is the clear functional separation of
the system into modular subsystems, including signal
acquisition and conditioning, processing and control, data
management, and external communication.

This architectural approach enables the platform to
support a wide range of experimental configurations while
maintaining a consistent hardware foundation. By abstracting
experimental functionalities into software-defined operating
modes, the platform can be adapted to different measurement
and control tasks without requiring fundamental
modifications to the core hardware.

A. Conceptual System Architecture

The overall architecture of the proposed platform consists of
a sequential processing flow that begins with sensor signal
acquisition, followed by signal conditioning and protection,
microcontroller-based processing, and finally data storage
and communication with external devices. This structure is
designed to support both continuous measurements and
event-based measurements, without being tied to a specific
sensor type or experimental setup.

At the conceptual level, the system can be viewed as a
data pipeline that systematically links measurement, control,
and communication functions. This architecture allows new
operating modes to be added or existing modes to be
modified primarily through firmware updates, without
altering the core hardware structure of the platform.

The conceptual system architecture of the proposed
platform is illustrated in Figure 1, which presents the
functional relationship between the sensing, processing,
control, and communication subsystems.
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FIGURE 1. Overall system architecture of the proposed programmable instrumentation platform.

B. Measurement and Signal Conditioning Subsystem

To ensure reliable operation as an experimental measurement
instrument, the platform incorporates dedicated signal
conditioning and protection circuits at the input stage. These
circuits are responsible for filtering noise, adjusting signal
levels, and protecting the processing unit from potentially
harmful input conditions.

The platform supports a wide range of sensor interfaces,
including both analog and digital signals. Event-based
sensors, such as photogates, are explicitly supported and are
designed in a manner that allows adaptation to other sensor
types in future implementations. This flexible input structure
reduces application-specific constraints and facilitates the
development of new measurement instruments on the same
platform.

The signal conditioning subsystem plays a critical role in
maintaining measurement stability and consistency,
particularly in low-level signal acquisition and time-sensitive
experimental modes.

C. Processing and Control Unit

The central processing unit of the platform manages data
acquisition, signal processing, and output control according
to software-defined operating modes. The firmware
architecture is designed to separate low-level hardware
management from the logic governing measurement and
control modes. This modular software structure enables the
addition or modification of operating modes without
affecting other system components.

Output control functions, such as relay actuation and
alarm signaling, are integrated within the same processing
framework as data acquisition. This integration allows the
platform to support automated operation and closed-loop
control, enabling experimental setups that require real-time
decision-making based on measured data.
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D. Data Management and Communication Architecture

The platform supports both internal data logging and real-
time communication with external systems. Measurement
data can be stored in internal memory or on external storage
media and transmitted via USB or Bluetooth interfaces for
further analysis.

The communication architecture is designed to be
communication-agnostic, allowing future expansion to
wireless networking technologies such as WiFi without
requiring fundamental changes to the system architecture.
This design approach enhances long-term adaptability and
extends the operational lifetime of the platform as
experimental requirements evolve.

111. HARDWARE AND SOFTWARE IMPLEMEN-
TATION

This section describes the practical implementation of the
proposed system architecture in both hardware and software.
The design emphasizes a balance between extensibility,
measurement reliability, and cost constraints. The platform is
developed to support programmable operation modes and
functional reconfiguration primarily through firmware,
without requiring modifications to the core hardware.

A. Hardware Architecture

The hardware architecture of the proposed platform is built
around a microcontroller that serves as the central processing
and control unit, integrating signal acquisition, output
control, and data communication within a single board. This
unified architecture enables coordinated operation across
multiple experimental functions while maintaining low
hardware complexity and cost.
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The system is organized using a modular and interface-
oriented design, in which functional blocks—such as sensor
inputs, signal conditioning circuits, output drivers, and
communication interfaces—are logically separated. This
structure allows the platform to be configured, expanded, or
simplified according to specific experimental requirements
without modification to the core processing unit.

The platform supports a wide range of external devices,
including analog and digital sensors, relay-controlled
actuators, and communication modules. As a result, the
system can operate either as a standalone measurement
instrument or as a control and data acquisition unit within a
larger experimental setup, making it suitable for diverse
laboratory and educational applications.

The physical implementation of the developed platform is
shown in Figure 2, which illustrates the overall layout and
component arrangement of the instrumentation system.

FIGURE 2. Physical layout and hardware configuration of the
developed programmable instrumentation platform: (a) photogate
sensor and (b) the developed basic physics experimental instrument.

B. Signal Conditioning and Interfaces

To ensure stable and reliable measurements, the input
interfaces of the platform incorporate custom-designed signal
conditioning and protection circuits prior to the processing
stage, rather than relying solely on off-the-shelf sensor
modules. These circuits perform noise filtering, signal
amplification, voltage level adjustment, and input protection,
following well-established principles of sensor interfacing
and analog front-end design [6, 7]. This design approach
ensures that input signals remain compatible with the
operating limits of the microcontroller while improving
measurement stability, robustness, and repeatability under
typical laboratory conditions.

The platform is designed to support both continuous
signal acquisition and event-based detection within a unified
hardware  structure.  Continuous measurements are
accommodated through analog input channels equipped with
appropriate filtering and amplification stages, while event-
based measurements are implemented using a photogate-
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based interface for time measurement and event-counting
applications. The photogate interface is integrated at the
signal-conditioning level, allowing precise timing detection
without dependence on external timing modules. This dual-
mode interface capability enables the platform to support a
wide range of experimental scenarios commonly encountered
in physics laboratory instruction.

The interface architecture is intentionally designed to be
adaptable, allowing alternative sensor types or measurement
modalities to be integrated through configurable input stages
without requiring fundamental changes to the core system
architecture. This flexibility supports both instructional use
and future experimental extensions while preserving a
consistent hardware framework. The signal conditioning and
input protection circuits are illustrated in Figure 3, while the
photogate system configuration and its physical
implementation within the developed instrument are shown
in Figure 5.
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FIGURE 3. Signal conditioning and input protection circuitry of the
measurement subsystem: (a) low-frequency noise filtering circuit
with a 1 Hz cutoff frequency, and (b) input overvoltage protection
circuit.

http://www.lajpe.org



A Low-Cost Programmable Instrumentation Platform for Physics Laboratory Education

+15V

INPUT

O

1MQ 1 MQ

4o

OuUTPUT

+5V
10 KQ
Gain Selector Switch 10KQ
A0 (MCU) 10 KQ
5 10 KQ
10 KQ
FIGURE 4. Adjustable-gain signal amplifier with a gain range of 1-100.
+5V BV
T [ 01lu T
5 I o
3 100 KQ S
> wy °
1 25 1 <% st s g <8 2
52 .53 53 <3 3 +5V ] \\:
=) I w I
7 €
X © o]
§ h k g g 3.3KQ f ©
8 & Lmass ™~ \ BC547 O——0 OUTPUT
2 2
> e \\: - ; 1 O selector Switch
Q
EAVAY WL 4 S
2¥x ) A\ o
=3 - =
i o) s 5 <
P v v m v g

FIGURE 5. Photogate-based sensing system for event detection and time measurement.

C. Firmware Structure and Programmable Modes

The firmware of the platform was developed specifically to
support the experimental modes evaluated in this study.
Implementation details are omitted for brevity, while the
operational principles are fully described to ensure
experimental reproducibility. The firmware architecture
adopts a modular design that clearly separates low-level
hardware management from the logic governing
measurement and control modes.

Low-level routines are responsible for hardware-related
tasks such as sensor interfacing, timing, data acquisition, and
output control, whereas higher-level modules define the
operational logic associated with each experimental mode. In
addition to basic data acquisition, the firmware provides
configurable data-processing functions, such as temporal
averaging or simple digital filtering, to improve measurement
stability and reduce the influence of noise when required.
These functions are applied at the firmware level and can be
enabled or adjusted depending on the experimental context.

The platform supports multiple programmable operating
modes, including manual timing, linear motion measurement,
DC voltage measurement, and automated output control.
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Each mode allows operating parameters and measurement
conditions—including optional data-processing settings—to
be configured through firmware-defined parameters. This
approach enables flexible adaptation to different
experimental requirements while preserving a consistent
hardware configuration.

This firmware structure enhances long-term extensibility
and reinforces the role of the proposed system as a
programmable instrumentation platform rather than a single-
purpose measurement device. Such flexibility is particularly
advantageous in educational and experimental environments,
where measurement conditions, instructional objectives, and
experimental setups may vary across different laboratory
activities.

D. Data Logging and Communication

The platform supports both offline data logging and real-time
data transmission. Measurement data can be stored in internal
memory or on external storage media, such as memory cards,
enabling post-experimental analysis as well as long-duration
data collection without continuous external connectivity.
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For data communication, the system provides USB and
Bluetooth interfaces, enabling direct data transfer to
computers or mobile devices for visualization and further
processing. The communication architecture is designed to be
extensible and communication-agnostic, allowing future
integration of wireless networking modules, such as WiFi,
without requiring structural modifications to the core
platform. This design approach enhances system adaptability
and supports long-term deployment in evolving experimental
environments.

IV. EXPERIMENTAL VALIDATION

The experimental validation presented in this study aims to
evaluate the functionality, stability, and versatility of the
proposed instrumentation platform through a set of
representative operating modes. Rather than focusing on
direct quantitative comparison with commercial instruments,
the validation emphasizes the platform’s ability to support
different experimental configurations using a unified
hardware architecture.

Each experimental mode is implemented using the same
core hardware, while variations in functionality are achieved
primarily through firmware configuration and software-
defined parameters. This approach demonstrates the
flexibility of the proposed platform and its suitability for a
wide range of experimental applications.

A. Manual Timing Mode (Stopwatch Mode)

The manual timing mode is employed as a fundamental test
case to evaluate the accuracy and stability of the platform’s
time measurement capability. In this mode, the platform
records elapsed time based on user-triggered or externally
generated start—stop events.

Experimental results are obtained by comparing the
measured time values from the developed platform with those
from a standard digital stopwatch. The results show a strong
linear correlation between the two measurements, with a
coefficient of determination (R2) approaching unity, as
summarized in Table I and illustrated in Figure 6.

TABLE I. Experimental results of the manual timing mode (Stopwatch Mode 1).

Time Reference Developed Difference Standard deviation
interval instrument (s) instrument (s) (s) (s)

()

5 4.6648 4.6871 -0.0223 0.0242

10 9.5837 9.6133 -0.0296 0.0326

20 19.4026 19.7467 -0.3441 0.2031

50 49.661 49.8133 -0.1523 0.0968
120 119.7064 119.9773 -0.2709 0.0327
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FIGURE 6. Comparison of time measurement results in Stopwatch Mode 1.
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The observed deviations are primarily non-systematic and are
largely attributed to user reaction time during the initiation
and termination of timing events. Such behaviour is
consistent with established principles of experimental
uncertainty in time measurements [11]. These results confirm
that the developed instrument operates reliably and can
effectively replace conventional digital stopwatches in
physics laboratory instruction.

B. Linear Motion Measurement Mode

The linear motion measurement mode is used to validate the
platform’s capability in event-based sensing and multi-event
data processing. In this experiment, a photogate-based
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sensing system is employed to detect object motion in a
Newtonian mechanics experiment.

The platform successfully records timing data and
computes motion-related parameters, including the
acceleration due to gravity. The experimentally determined
gravitational acceleration obtained using the developed
instrument is 9.9506 m/s?, corresponding to a percentage
deviation of 1.64% from the Thai standard reference value.

The relationship between acceleration and the mass ratio
is illustrated in Figure 7, while a quantitative comparison
between the developed platform and a reference
measurement instrument is provided in Table II.

y =9.9183x - 0.0196
R2=1

y =9.9506x - 0.0226
R2=1

—@— Reference instrument

Developed instrument

0.080

FIGURE 7. Comparison of the relationship between acceleration a and the mass ratio ﬁ obtained using the reference instrument and the

developed platform.

TABLE Il. Comparison of measured gravitational acceleration g in
the linear motion mode (Thai standard reference value: 9.78 m/s?).

Instrument g value Average Standard
obtained percentage deviation
from difference
graph (%)
(m/s?)
Reference 9.9183 131 0.1283
instrument
Developed 9.9506 1.64 0.1606
instrument

Although the standard deviation of the measurements
obtained using the developed platform is slightly higher than
that of the reference instrument, the values remain within
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acceptable limits  for  undergraduate-level  physics
experiments. These results demonstrate that the proposed
platform is capable of supporting linear motion experiments
with sufficient accuracy and reliability.

C. DC Voltage Measurement Mode

The DC voltage measurement mode is employed to evaluate
the performance of the signal conditioning circuitry and the
analog-to-digital conversion process. Measurements are
conducted over a voltage range of 0-5 V and compared with
values obtained using a standard voltmeter.

The experimental results exhibit an excellent linear
relationship between the measured voltage values from the
developed platform and the reference instrument, with a
coefficient of determination R? = 1.000, as shown in Figure.
8.
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FIGURE 8. Comparison of voltage measurement results in the DC voltage measurement mode.

These results confirm the effectiveness of the signal
conditioning and measurement interface design and indicate
that the platform can be extended to other electrical
measurement applications with minimal modification.

D. Discussion of Experimental Results

The experimental results obtained from the representative
operating modes demonstrate that the proposed platform can
support a variety of measurement and control tasks using a
single hardware configuration. Functional differences among
experiments are achieved primarily through firmware-level
modifications, validating the platform-oriented design
approach adopted in this study. As a result, the same
hardware system can be reused across multiple experimental
scenarios without the need for hardware reconfiguration.

In addition to hardware-level signal conditioning, basic
firmware-based data processing plays an important role in
improving measurement stability and usability, particularly
in educational laboratory environments. Figure 9 illustrates
raw analog-to-digital converter (ADC) readings in
comparison with data processed using simple moving-

Firmware-processed
data

filtered data

Raw ADC readings /

average filtering and timing-based smoothing techniques
implemented at the firmware level. The processed data
exhibit reduced short-term fluctuations, leading to improved
signal readability and measurement consistency without
altering the underlying hardware configuration.

It should be emphasized that these firmware-based
filtering and smoothing techniques are intended to improve
signal stability and readability rather than to directly enhance
measurement accuracy. Quantitative accuracy of the
developed platform was established through calibration
against reference instruments prior to the comparative
experiments reported in Sections IV(A)-IV(C). In practice,
initial experimental trials were used to evaluate raw
measurement behaviour and to adjust calibration parameters,
such as scaling factors and offsets, by comparison with
standard instruments. Subsequent measurements were then
repeated under calibrated conditions, resulting in the strong
linear correlations and high coefficients of determination
reported in this study. This separation between data
stabilization and calibration reflects standard laboratory
measurement practice and supports the validity of the
experimental results.

FIGURE 9. Effect of firmware-based data processing on ADC measurement stability. Raw readings from the ADS1256 converter are compared
with values obtained after moving-average filtering and timing-based smoothing, demonstrating improved signal stability for instructional

laboratory measurements.
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Although the experimental validation presented in this study
covers only a subset of the possible operating modes, the
results highlight the platform’s potential for further
development and broader application in scientific and
engineering experiments. The observed performance
supports the suitability of the proposed system as a flexible
and low-cost alternative to commercial experimental
instrumentation, particularly in contexts where cost
efficiency, adaptability, and transparency of operation are
important considerations.

Beyond its technical performance, the developed platform
is well suited for use in physics education laboratories. The
programmable operating modes enable students to explore
different measurement principles using a single hardware
system, fostering hands-on learning and deeper conceptual
understanding. Moreover, students can adjust operating
parameters or firmware-defined modes to design their own
experiments, while instructors can adapt the platform to
support a wide range of instructional activities without
requiring additional specialized equipment. This flexibility
makes the platform particularly suitable for secondary and
undergraduate physics education in resource-limited settings.

V. CONCLUSIONS AND FUTURE WORK

A. Conclusions

This paper has presented the development of a low-cost,
versatile programmable instrumentation platform for
experimental science and engineering applications. The
platform was designed at the system-architecture level to
integrate data acquisition, control, and data communication
within a unified framework, while addressing constraints
related to hardware complexity and overall cost.

The proposed platform demonstrates the ability to modify
and extend operational modes primarily through software,
without requiring changes to the core hardware architecture.
Experimental validation using representative operating
modes—including  manual  timing, linear  motion
measurement, and DC voltage measurement—demonstrates
that the system operates reliably and produces measurement
results consistent with reference instruments within the
intended operating ranges.

The findings of this study support a platform-oriented
design approach for experimental instrumentation, which
mitigates the limitations of application-specific devices and
enables users to develop and customize new measurement
and control functionalities on a common hardware
foundation. In addition to its technical applicability, the
flexibility and transparency of the proposed platform make it
well suited for use in physics education laboratories,
particularly at the secondary and undergraduate levels where
adaptable, low-cost experimental tools are required.
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B. Future Work

Although the proposed platform successfully supports
several representative operating modes, multiple directions
for further development remain to enhance its capabilities.
One important direction is the expansion of data
communication interfaces to include wireless networking
technologies, such as WiFi or embedded network systems,
enabling seamless integration with external software tools
and distributed data-processing environments.

In addition, the development of dedicated software tools
or applications for data visualization, analysis, and data
management would significantly improve usability and
broaden the scope of potential applications, particularly for
more complex experimental scenarios. Such developments
would also facilitate the integration of the platform with
advanced automation concepts and higher-level closed-loop
control systems.

In the long term, the platform can be further extended
through the development of additional hardware modules and
new programmable operating modes to support measurement
and control tasks across a wider range of scientific and
engineering  disciplines.  Throughout these  future
developments, the core design principles of system-level
architecture, flexibility, and low cost will remain central to
the continued evolution of the platform.
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