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Abstract: Industrial Cyber-Physical Systems (ICPS) require reliable and fast-response sensing solutions to ensure safe 
and efficient operation of industrial processes. Among various physical parameters, pressure plays a critical 
role in monitoring pneumatic, hydraulic, and fluid-based systems. This paper presents a comparative 
experimental study of two widely used sensing approaches for real-time diagnostics: a MEMS-based digital 
pressure sensor (BMP388) and a strain-gauge-based measurement system using the HX711 analog-to-digital 
converter. Laboratory experiments were conducted using a Raspberry Pi-based data acquisition platform 
under controlled conditions. Sensor performance was evaluated in terms of measurement accuracy, response 
time, signal stability, noise sensitivity, and integration complexity. Experimental results demonstrate that the 
BMP388 sensor provides higher accuracy and faster dynamic response, making it suitable for precision real-
time diagnostics, while the HX711-based solution offers acceptable performance for force- and load-related 
monitoring tasks after calibration. The findings provide practical guidance for selecting pressure sensing 
solutions in industrial cyber-physical systems and highlight the feasibility of low-cost embedded platforms 
for industrial diagnostics. 

1 INTRODUCTION 

Industrial Cyber-Physical Systems (ICPS) have 
become a fundamental component of modern 
industrial infrastructures, enabling the seamless 
integration of physical processes with computational 
intelligence, embedded control systems, and 
communication networks. By combining sensing, 
data acquisition, real-time analytics, and automated 
decision-making mechanisms, ICPS architectures 
provide a unified framework for monitoring and 
controlling complex industrial environments. These 
systems are widely adopted in manufacturing, energy 
generation and distribution, transportation systems, 
oil and gas facilities, and process industries, where 
continuous monitoring and real-time decision-
making are essential for maintaining operational 
reliability, safety, and efficiency. 

A critical capability of ICPS is the 
implementation of accurate and reliable real-time 
diagnostics. Diagnostic subsystems rely heavily on 
sensor-generated data to evaluate system health, 
identify abnormal operating conditions, detect early-
stage faults, and support predictive maintenance 
strategies. Timely and precise diagnostic information 
enables proactive interventions, reduces downtime, 
minimizes maintenance costs, and enhances overall 
system resilience. Within this context, the quality and 
reliability of sensor data directly influence the 
effectiveness of diagnostic algorithms and intelligent 
control strategies. 

Among various measurable physical parameters, 
pressure represents one of the most informative and 
widely monitored quantities in industrial 
environments. Pressure variations directly reflect the 
operational condition of hydraulic, pneumatic, and 
fluid-based components, including pipelines, 
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compressors, pumps, valves, actuators, and storage 
vessels. Abnormal pressure behavior may indicate 
leakage, blockage, cavitation, mechanical wear, or 
control system malfunction. Therefore, accurate 
pressure sensing is not only important for process 
optimization but also crucial for safety assurance and 
fault prevention. 

Pressure sensors are extensively deployed across 
industrial systems to monitor and regulate fluid 
dynamics and mechanical loads. However, industrial 
environments impose stringent performance 
requirements on sensing devices. These requirements 
include high measurement accuracy, fast dynamic 
response, stability under varying load conditions, 
long-term reliability, and robustness against 
environmental disturbances such as temperature 
fluctuations, mechanical vibration, humidity, and 
electromagnetic interference. Furthermore, in the 
context of ICPS, sensors must be compatible with 
digital communication protocols and embedded 
processing platforms to enable real-time data 
transmission and analysis [1]. 

Different pressure sensing technologies-such as 
MEMS-based digital sensors and strain-gauge-based 
measurement systems-exhibit distinct operational 
principles and performance characteristics. 
Variations in sensitivity, noise immunity, dynamic 
behavior, calibration requirements, and integration 
complexity may significantly influence their 
suitability for specific diagnostic applications. 
Consequently, selecting an appropriate sensing 
architecture requires not only understanding its 
standalone specifications but also evaluating its 
behavior within a complete cyber-physical system 
framework [2]. 

Despite the broad application of pressure sensors 
in industrial systems, existing research frequently 
concentrates on individual sensor technologies, 
theoretical modeling, or isolated laboratory 
evaluations. Comparative investigations that assess 
multiple sensing approaches under identical 
acquisition conditions and within embedded cyber-
physical architectures remain relatively limited. In 
particular, there is a lack of systematic studies that 
analyze how different pressure sensing 
configurations perform under real-time diagnostic 
conditions typical of industrial ICPS environments, 
including aspects of data acquisition, processing 
latency, and integration with embedded platforms. 
This study aims to address this gap by conducting a 
structured comparative analysis of two widely used 
sensing approaches for real-time diagnostics in 
industrial cyber-physical systems. The investigation 
evaluates key performance indicators such as 

measurement accuracy, response speed, signal 
stability, noise sensitivity, and integration capability 
with digital monitoring platforms. By examining both 
direct digital pressure sensing and indirect force-
based measurement architectures under controlled 
and reproducible conditions, the research provides 
practical insights into their relative strengths and 
operational limitations [3]. 

The results of this study offer technical guidance 
for selecting appropriate pressure sensing solutions to 
enhance diagnostic reliability, system efficiency, and 
integration feasibility in industrial ICPS applications. 
Moreover, the findings contribute to the broader 
understanding of how low-cost embedded platforms 
can support scalable and effective real-time 
monitoring infrastructures.  

The main contributions of this work are 
summarized as follows: A structured comparative 
evaluation of direct MEMS-based digital pressure 
sensing and indirect strain-gauge load-based 
measurement under identical embedded acquisition 
conditions. Quantitative assessment of measurement 
accuracy, short-term stability, and dynamic response 
using statistical validation (mean and standard 
deviation analysis with N = 100 samples per test 
point). Experimental characterization of architectural 
trade-offs between direct digital pressure sensing and 
indirect force-based monitoring within industrial 
cyber-physical systems. Implementation and 
validation of a low-cost Raspberry Pi-based real-time 
diagnostic platform for comparative sensor 
evaluation. Practical guidelines for selecting sensing 
architectures based on diagnostic requirements, 
dynamic behavior, and integration complexity. 

The remainder of this paper is structured as 
follows: Section 2 describes the methodology and 
experimental setup, Section 3 presents the 
comparative results, Section 4 discusses the 
implications of the findings, and Section 5 concludes 
the paper with recommendations and directions for 
future research [4]. 

2 METHODS 

This study employs a controlled comparative 
experimental methodology to evaluate two sensing 
approaches commonly used in industrial cyber-
physical system (ICPS) diagnostics: 
§ a MEMS-based digital pressure sensor

(BMP388),
§ a strain-gauge-based load measurement chain

using an HX711 analog-to-digital converter.
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Unlike broad multi-technology surveys, this 
research focuses specifically on the practical 
integration and real-time performance comparison of 
these two low-cost sensing architectures under 
identical acquisition conditions. This targeted scope 
ensures methodological consistency and 
experimental reproducibility. 

Experimental Platform. All experiments were 
conducted using a Raspberry Pi 4 Model B as the 
central data acquisition and processing unit. The 
BMP388 sensor was connected via the I²C interface. 
The HX711 module was interfaced using a two-wire 
serial communication protocol (DOUT, SCK). Data 
acquisition was performed at a fixed sampling rate of 
100 Hz to ensure sufficient resolution for dynamic 
response analysis [5]. 

MEMS Pressure Measurement Procedure. The 
BMP388 sensor was evaluated under controlled 
laboratory conditions at near-atmospheric pressure 
levels. Static pressure increments were applied using 
a calibrated reference barometric standard. The 
reference instrument uncertainty was ±5 Pa [6]. 

Five discrete pressure points within the range 
101325–102300 Pa were tested. For each test point: 
§ 100 consecutive samples were recorded,
§ mean and standard deviation were calculated,
§ response time was measured as the time

required to reach 90% of the final value after a
pressure step.

Temperature was maintained at 25 ± 1°C to 
minimize thermal drift effects. 

Strain Gauge Measurement Procedure. The 
HX711 module was evaluated using a strain-gauge 
load cell under static load conditions. Known 
calibrated masses (1–5 kg) were sequentially applied. 
The conversion from force to pressure was not 
directly implemented; therefore, this configuration 
represents indirect load-based monitoring rather than 
direct pressure sensing. Prior to testing, a two-point 
calibration procedure was performed to determine the 
calibration coefficient 𝐾!"#, which defines the linear 
relationship between the measured ADC output 
voltage and the corresponding applied force.𝐾!"#. For 
each load level: 
§ 100 samples were acquired,
§ mean measurement error was calculated,
§ signal stability was assessed through standard

deviation analysis [7]. 

Performance Evaluation Criteria. Sensor 
performance was evaluated according to: 
Measurement accuracy (mean absolute error), 
Standard deviation (signal stability), Response time 
(ms), Noise sensitivity, Integration complexity. All 

data processing was performed using Python-based 
acquisition scripts executed on the Raspberry Pi 
platform [8]. 

3 RESEARCH RESULTS 

The BMP388 is a micro-electro-mechanical systems 
(MEMS) pressure sensor that operates based on the 
deformation of a micromachined silicon diaphragm. 
When external pressure is applied, the diaphragm 
undergoes mechanical deformation, resulting in a 
measurable change in electrical parameters within the 
sensor structure. This change is internally converted 
into a digital pressure value using on-chip signal 
conditioning and analog-to-digital conversion.  
The pressure measurement can be expressed as: 

𝑃 = 𝑃$ + Δ𝑃 (1) 

where 𝑃 is the measured pressure, 𝑃$ is the reference 
pressure, and Δ𝑃 represents the pressure-induced 
variation due to diaphragm deformation. In 1-
formula, the measured pressure is expressed as the 
sum of a reference pressure and the pressure variation 
caused by diaphragm deformation under external 
load. For real-time applications, the digital output 
pressure value is obtained after internal 
compensation: 

𝑃%&' = 𝑓(Δ𝐶, 𝑇) (2)

where Δ𝐶 is the change in capacitance caused by 
diaphragm deformation, and 𝑇 denotes temperature 
compensation. In 2-formula, the output pressure is 
obtained through an internal conversion function that 
relates the capacitance change due to mechanical 
deformation with temperature compensation [9]. 
Strain gauge pressure sensors operate by converting 
mechanical stress into a change in electrical 
resistance. When pressure is applied to the sensor 
diaphragm, the bonded strain gauges experience 
deformation, causing a proportional resistance 
change. These changes are arranged in a Wheatstone 
bridge configuration to produce a differential voltage 
output. The relationship between strain and resistance 
change is given by: 

∆)
)
	= 𝐺𝐹 ∗ 𝜀 (3) 

where Δ𝑅 is the resistance change, 𝑅 is the nominal 
resistance, 𝐺𝐹 is the gauge factor, and 𝜀  is the 
mechanical strain. In 3-formula, the proportional 
relationship between mechanical strain and the 
resulting change in electrical resistance of the strain 
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gauge element is defined.  The output voltage of the 
Wheatstone bridge is: 

               𝑉%&' = 𝑉*+! ⋅
,)
)

(4) 

In 4-formula, the Wheatstone bridge converts 
resistance variations into a measurable output voltage 
proportional to the applied pressure. The HX711 
module amplifies and digitizes this low-level signal, 
producing a digital output proportional to the applied 
pressure: 

𝑃%&' = 𝐾_𝑐𝑎𝑙 ⋅ 𝑉%&' (5) 

where 𝐾!"#is the experimentally determined 
calibration coefficient obtained through two-point 
linear calibration. In 5-formula, the digitized output 
pressure is calculated using a calibration coefficient 
that maps the measured voltage to the actual pressure 
value. 

Cross-sectional view of the BMP388 pressure 
sensor. The Bosch BMP388 is a compact digital 
pressure and temperature sensor based on MEMS 
technology. In the cross-sectional illustration, the 
MEMS diaphragm, capacitive sensing element, 
signal conditioning ASIC, and the protective layer are 
visible. The sensor converts external pressure 
variations into a digital I²C/SPI output. [10]. Under 
the controlled laboratory conditions of this study, 
small deviations relative to the reference instrument 
were observed; however, these deviations represent 
short-term repeatability within a narrow 
measurement range rather than the specified absolute 
accuracy of the sensor. The sensor is widely used in 
drones, sports devices, and weather monitoring 
applications (Fig.1). 

Figure 1: Digital MEMS-Based Pressure Sensor BMP388 
Setup for Real-Time Industrial Cyber-Physical Systems. 

External view of the HX711 module. The HX711 
is a compact 24-bit sigma-delta analog-to-digital 
converter (ADC) primarily designed for measuring 
load cells and other differential analog signals. In the 
illustration, the central chip (HX711 IC), differential 

input pins, adjustable gain, internal clock generator, 
and simple two-wire serial output interface (DOUT 
and SCK) are clearly visible. The module is widely 
used with microcontrollers (Arduino, ESP32, etc.) in 
force, pressure, and weight measurement systems 
(Fig. 2). 

Figure 2: Strain Gauge Load Measurement System with 
HX711 ADC Module. 

In the HX711-based configuration, pressure is not 
measured directly. The strain gauge load cell converts 
mechanical force into electrical resistance variation. 
If pressure estimation is required, it must be derived 
from the applied force according to: 

P = -
.

(6) 

here 𝑃is the estimated pressure (Pa), 𝐹is the measured 
force obtained from the load cell (N), and 𝐴is the 
effective surface area over which the force is applied 
(m²). In this study, the HX711 module was evaluated 
primarily for load-based monitoring performance 
rather than direct pressure measurement. Therefore, 
the comparison with the BMP388 sensor reflects the 
distinction between direct digital pressure sensing 
and indirect force-based measurement architectures. 

To evaluate the performance of the selected 
pressure sensing solutions in an industrial cyber-
physical system, laboratory experiments were 
conducted using a Raspberry Pi-based data 
acquisition platform. The BMP388 digital pressure 
sensor and the HX711-based load measurement 
module were tested separately under controlled 
conditions. The experiments focused on measurement 
accuracy, signal stability, response time, and interface 
reliability. Both sensors were connected to a 
Raspberry Pi 4 Model B. BMP388 was interfaced via 
the I²C protocol. HX711 was connected using a two-
wire serial interface (DOUT and SCK). Raspberry Pi 
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collected sensor data at a fixed sampling rate, and the 
measured values were logged for further analysis. 
The BMP388 sensor was tested by applying different 
static pressure levels under laboratory conditions. 
Temperature was kept constant to minimize thermal 
influence on pressure readings. Table 1 summarizes 
the measured pressure values obtained from the 
BMP388 sensor [11]. 

Table 1: Experimental results of the BMP388 pressure 
sensor using Raspberry Pi. 

Test 
No. 

Reference 
Pressure 

(Pa) 

Measured 
Pressure 

(Pa) 

Absolute 
Error 
(Pa) 

Response 
Time 
(ms) 

1 101325 101324.6 0.4 7 
2 101500 101500.3 0.3 7 
3 101700 101699.5 0.5 8 
4 102000 102000.4 0.4 8 
5 102300 102299.7 0.3 7 

The experimental results demonstrate high 
measurement stability and consistent behavior of the 
BMP388 sensor within the tested pressure range. The 
observed deviation remained within ±0.5 Pa under 
controlled laboratory conditions. It should be 
emphasized that this value reflects short-term 
repeatability within a narrow measurement span 
rather than the guaranteed absolute accuracy 
specification of the sensor. The measured response 
time confirms the suitability of the BMP388 for real-
time diagnostic applications in embedded cyber-
physical systems. 

Figure 3: BMP388 sensor results. 

Comparison of reference and measured pressure 
values obtained from the BMP388 sensor using a 
Raspberry Pi platform. The linear relationship 
confirms high accuracy and stability of the sensor 
across the tested pressure range (Fig.3). The graph 
demonstrates a strong linear correlation between the 

reference pressure and the measured values across the 
tested range. The observed deviations remained 
within ±0.5 Pa under controlled laboratory 
conditions, indicating good short-term repeatability 
and measurement consistency. These results support 
the applicability of the BMP388 sensor for real-time 
pressure diagnostics in embedded industrial cyber-
physical systems. 

The HX711 module was evaluated by applying 
known static loads to a strain gauge load cell. The 
sensor output was calibrated prior to the experiment 
to convert raw ADC values into force-equivalent 
measurements. Table 2 presents the experimental 
results obtained from the HX711 module. The HX711 
module exhibited stable and repeatable 
measurements across the tested load range. Minor 
deviations were observed due to mechanical 
vibrations and strain gauge sensitivity. Nevertheless, 
the overall accuracy is sufficient for force and 
pressure-related diagnostics in industrial monitoring 
applications.  

Table 2: Experimental results of the HX711 module using 
Raspberry Pi. 

Test 
No. 

Applied 
Load 
(kg) 

Measured 
Load (kg) 

Absolute 
Error 
(kg) 

Signal 
Stability 
(± units) 

1 1.0 0.99 0.01 ±2 
2 2.0 2.02 0.02 ±3 
3 3.0 2.98 0.02 ±3 
4 4.0 4.01 0.01 ±4 
5 5.0 5.03 0.03 ±4 

From the laboratory experiments, several key 
observations can be drawn: The BMP388 provides 
superior accuracy and faster response for absolute 
pressure monitoring. The HX711 module offers 
flexible force and load measurement capabilities but 
is more sensitive to mechanical noise. Both sensors 
demonstrate reliable compatibility with Raspberry Pi, 
making them suitable for integration into real-time 
industrial cyber-physical systems. 

Comparison of applied and measured load values 
obtained from the HX711 module connected to a 
Raspberry Pi. The results indicate consistent 
measurement behavior with small deviations caused 
by mechanical and environmental factors (Fig.4). The 
measured load values closely follow the applied 
reference loads, indicating stable operation of the 
HX711 module. Small nonlinearities are mainly 
attributed to strain gauge sensitivity and external 
vibrations. 

Based on the conducted laboratory experiments 
using a Raspberry Pi-based measurement platform, 

100500

101000

101500

102000

102500

Reference Pressure (Pa)

Measured Pressure (Pa)
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both the BMP388 pressure sensor and the HX711 
load measurement module demonstrated reliable 
performance for integration into industrial cyber-
physical systems. The BMP388 sensor exhibited high 
accuracy and stability, with pressure deviations 
remaining within ±0.5 Pa across the tested range. Its 
fast response time (5–10 ms) and low noise sensitivity 
confirmed its suitability for real-time pressure 
diagnostics. In contrast, the HX711 module, when 
combined with a strain gauge load cell, provided 
consistent force and weight measurements with 
acceptable accuracy after calibration. The observed 
deviations, typically within ±0.03–0.08 kg, were 
primarily caused by mechanical vibrations, 
temperature variations, and electromagnetic 
interference. Despite its slower response time and 
higher sensitivity to environmental disturbances, the 
HX711 module remains effective for load-dependent 
pressure estimation and structural monitoring tasks in 
mechanical and industrial systems. 

Figure 4: HX711 module results. 

Overall, the experimental results indicate that 
direct digital pressure sensing using the BMP388 
offers superior performance for high-speed and real-
time diagnostic applications, while the HX711-based 
solution is more suitable for indirect pressure and 
force measurements where mechanical loading is the 
primary variable. The combination of these sensors 
enables flexible and scalable sensing architectures, 
enhancing the reliability and adaptability of industrial 
cyber-physical system architectures. 

To ensure experimental reproducibility, each 
measurement point was recorded using 100 
consecutive samples at a fixed sampling rate of 100 
Hz. For every pressure and load level, statistical 
parameters were computed to quantify measurement 
stability and noise characteristics. 
The mean value was calculated as: 

𝜇 =
1
𝑁=𝑥/

0

/12

    (7) 

Equation (7) defines the arithmetic mean of the 
𝑁recorded samples and represents the central 
tendency of the measured data for each experimental 
condition. 

To evaluate signal stability and short-term 
variability, the standard deviation was computed as: 

𝜎 = @
1

𝑁 − 1=(
0

/12

𝑥/ − 𝜇)3 (8) 

Equation (8) quantifies the dispersion of 
measurement values around the mean and serves as 
an indicator of noise sensitivity and short-term 
measurement stability. Here, 𝑁 = 100denotes the 
number of samples acquired per test condition. For 
the BMP388 sensor, the standard deviation remained 
below 0.6 Pa across all tested pressure levels, 
indicating high short-term stability and low noise 
characteristics under controlled laboratory 
conditions. For the HX711-based measurement 
chain, the standard deviation varied between 0.01–
0.04 kg depending on the applied load, reflecting 
increased sensitivity to mechanical vibration and 
environmental disturbances. Thus, the statistical 
parameters derived from Equations (7) and (8) 
provide quantitative validation of measurement 
repeatability and confirm the suitability of both 
sensing architectures for real-time diagnostic 
applications, with differing stability characteristics. 

To further quantify the comparative performance 
of the two sensing architectures, additional statistical 
and dynamic analyses were conducted. Linear 
regression between reference and measured values 
revealed a strong proportional relationship for both 
systems. The BMP388 sensor demonstrated an 
almost ideal linear response within the tested pressure 
range, while the HX711-based measurement chain 
exhibited high linearity under static loading 
conditions, with minor deviations attributed to 
mechanical sensitivity. 

A quantitative linear regression analysis was 
performed to evaluate proportionality between 
reference and measured values. The BMP388 sensor 
demonstrated a coefficient of determination (R²) 
greater than 0.998 within the tested pressure range, 
indicating near-ideal linear behavior. The HX711-
based measurement chain achieved an R² value above 
0.995 under static loading conditions, confirming 
reliable proportional response despite increased 
mechanical sensitivity. 

0

1
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3
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From a stability perspective, the statistical 
evaluation based on Equations (7) and (8) confirmed 
that the BMP388 maintained lower dispersion of 
measurements (σ < 0.6 Pa) compared to the HX711 
configuration (σ up to 0.04 kg). This difference 
reflects the inherent advantage of integrated MEMS-
based digital sensing over mechanically coupled 
strain gauge systems in terms of noise immunity and 
short-term repeatability. 

Dynamic response analysis indicated that the 
BMP388 sensor achieved faster stabilization after 
pressure changes, with measured response times in 
the range of 5–10 ms. In contrast, the HX711 module 
exhibited slower stabilization behavior due to 
mechanical inertia and signal amplification delay, 
limiting its applicability in rapidly varying pressure 
scenarios. It should be emphasized that all 
experiments were performed under controlled 
laboratory conditions within a limited near-
atmospheric pressure range. Therefore, while the 
results provide reliable comparative insights, 
performance characteristics under high-pressure or 
harsh industrial environments may require additional 
validation. Overall, the experimental findings 
highlight the architectural distinction between direct 
digital pressure sensing and indirect force-based 
measurement approaches, demonstrating their 
respective strengths and operational limitations in 
real-time industrial cyber-physical system 
diagnostics. 

It should be emphasized that the experimental 
validation was conducted within a limited near-
atmospheric pressure range primarily representative 
of low-pressure pneumatic and ambient monitoring 
applications. Therefore, the presented results are most 
directly applicable to moderate-pressure diagnostic 
scenarios rather than high-pressure hydraulic 
industrial systems. Further validation under extended 
pressure ranges is recommended for heavy industrial 
applications. 

3 CONCLUSIONS 

This research presented a structured comparative 
experimental investigation of the BMP388 digital 
MEMS pressure sensor and the HX711-based strain-
gauge measurement module for real-time diagnostics 
in industrial cyber-physical systems using a 
Raspberry Pi-based embedded platform. The study 
systematically evaluated measurement accuracy, 
short-term stability, dynamic response 
characteristics, and practical integration aspects 

under controlled laboratory conditions representative 
of industrial monitoring environments. 

The experimental results confirmed that both 
sensing architectures are capable of delivering 
diagnostically meaningful data; however, their 
operational behavior and optimal application 
domains differ significantly. 

From an accuracy perspective, the BMP388 
sensor demonstrated very small deviations relative to 
the calibrated reference instrument within the tested 
near-atmospheric range, with experimental 
deviations remaining within ±0.5 Pa under controlled 
conditions. These values reflect short-term 
repeatability within the experimental setup rather 
than the guaranteed absolute accuracy specification 
of the device. In contrast, the HX711-based system 
achieved acceptable measurement accuracy after 
calibration, with load-related deviations typically 
within ±0.03–0.08 kg when coupled with a strain-
gauge load cell. 

In terms of signal stability and noise 
characteristics, the BMP388 exhibited lower 
dispersion and improved short-term repeatability, 
consistent with its integrated MEMS sensing 
architecture and digital signal conditioning. The 
HX711 module showed greater sensitivity to 
mechanical vibration, temperature variation, and 
electromagnetic interference, requiring careful 
mounting and signal filtering to maintain stable 
measurements. 

Regarding dynamic performance, the BMP388 
provided faster response times and quicker 
stabilization following input changes, making it more 
suitable for real-time and moderately dynamic 
diagnostic scenarios. The HX711-based 
configuration, while reliable for steady-state 
monitoring, demonstrated slower response behavior 
due to mechanical inertia and amplification stages, 
limiting its effectiveness in high-frequency or rapidly 
varying measurement conditions. 

From an integration standpoint, both sensors were 
successfully implemented on the Raspberry Pi 
platform. The BMP388 benefited from digital 
communication interfaces (I²C/SPI), internal 
compensation mechanisms, and minimal external 
circuitry. The HX711 architecture required explicit 
calibration procedures, mechanical alignment of the 
load cell, and additional signal conditioning steps to 
achieve stable and reproducible results. 

Overall, the findings indicate that no single 
sensing solution is universally optimal for all 
industrial cyber-physical applications. Sensor 
selection should be guided by the specific diagnostic 
objective, required dynamic performance, 
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environmental constraints, and system-level 
integration considerations. The BMP388 is preferable 
for high-speed and precision-oriented real-time 
pressure diagnostics, whereas the HX711-based 
approach offers a cost-effective and flexible 
alternative for load monitoring and indirect pressure 
estimation tasks where dynamic response is less 
critical. 

It should also be acknowledged that the 
experimental validation was performed within a 
limited pressure range under controlled laboratory 
conditions. Therefore, further investigation is 
required to assess long-term reliability, harsh-
environment performance, and behavior under 
extended industrial operating ranges. 

In summary, this study demonstrates that low-cost 
embedded platforms, when combined with 
appropriately selected sensing architectures, can 
provide reliable and scalable diagnostic capabilities 
for industrial cyber-physical systems. The presented 
comparative framework establishes a foundation for 
future research involving multi-sensor fusion 
strategies, adaptive filtering techniques, and 
intelligent data-driven fault detection algorithms. 
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