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Abstract. The article considers innovative approaches to improving the accuracy of measurements of mechanical quantities
by strain gauges. Particular attention is paid to sources of additional errors caused by external factors, such as temperature, vibration,
power instability and structural imperfections of the sensor. An analytical review of modern methods of error compensation and
promising technologies in the field of sensor measurements is presented.
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1. Introduction

Analysis of scientific sources indicates the active
development of areas related to minimizing measurement
errors of strain gauges. Kuzmich L.V. points out the
advantages of using active temperature compensation
schemes and implementing adaptive digital filters to
eliminate noise [1, p.15]. The article proposes new designs
of membrane elements of strain gauges that reduce
mechanical resonances and improve the linearity of
characteristics. According to research [2], the use of
microcontrollers with the possibility of local calibration in
real time significantly increases the reliability of data
reading.

2. Disadvantages

In modern measuring systems, the accuracy of
strain gauges is a critical factor determining the effec-
tiveness of controlling the mechanical parameters of
objects. According to [3, p.52], an important role in redu-
cing accuracy is played by secondary effects that occur
during measurements, for example, temperature drift.

3. Goal

The purpose of this article is to identify effective
innovative approaches to reducing additional errors in the
measurements of mechanical quantities by strain gauges.

4. Presentation of the main material

Strain gauge sensors operate on the basis of a
change in the resistance of the sensing element under the
action of mechanical deformation. However, this change
is accompanied by various side effects that affect the
electrical signal. One of the most significant sources of
error is temperature, which changes both the resistance of
the material and the mechanical characteristics of the
environment [11]. A well-known method of combating

thermal error is the use of bridge circuits with temperature
compensation, but recently algorithmic approaches based
on temperature modeling and machine learning have been
actively implemented [ 4, p. 52].

Another direction is to increase accuracy by using
microprocessor signal processing directly on the sensor
module. This allows the implementation of high-precision
filters, correction tables and smoothing algorithms that
minimize noise and instability. According to data, the
effectiveness of this approach significantly exceeds
traditional analog methods [3].

Table demonstrates the effectiveness of various
error correction methods using the example of an experi-
mental study of strain gauges subjected to temperature and
dynamic loads.

In the process of studying the effectiveness of
various methods of error compensation when measuring
mechanical load wusing strain gauges, five signal
processing options were simulated. All experiments were
carried out with a conditional load of up to 1000 N in an
environment with variable temperature, which allowed us
to identify the influence of temperature shifts on the
measurement accuracy. The initial value of the average
error without compensation was 3.2%, which is a typical
indicator for analog strain gauge bridges without external
filters or correction algorithms. This error level served as
the basic standard against which the effectiveness of other
methods was evaluated. Special attention was paid to the
methods of digital filtering, microprocessor adaptation and
their combined forms.

The results of applying analog temperature correc-
tion showed that the average error decreased to 1.38%.
This indicates a significant, although not maximum,
improvement in accuracy. Analog correction methods are
based on the direct dependence of the resistance of the
strain gauge on temperature, so their effectiveness is
limited to the ability to compensate only linear changes
[5, p.120].
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Table. Comparative assessment of accuracy after applying different error compensation methods

Compensation method | Average error, % Average error after, % | Error reduction, % Comment on efficiency
Without compensation | 3.2 - - Basic error level caused
by temperature
Temperature correction | 3.2 1.38 56.9 Partial reduction of error
(analog) during heating
Digital filtering (2nd | 3.2 0.86 73.1 Noise reduction, does
order LPF) not fully compensate for
thermal shift
Microprocessor 32 0.47 85.3 Best results in variable
adaptation (PID + ML) external conditions
Combined method | 3.2 0.32 90.0 The most stable signal in
(filter + adaptation) dynamic mode

The next step was testing digital filtering. After its
implementation, the average error decreased to 0.86%,
which is already a significant improvement compared to
analog compensation. This approach allows you to
effectively filter out random signal fluctuations caused by
electromagnetic interference or microvibrations of the
system.

The most convincing results were obtained after the
application of microprocessor adaptation. This method
combines PID control with elements of machine learning,
which allows the system to adapt to changes in external
conditions in real time. The result was a reduction in error
to 0.47%, which is the best indicator among all the options
considered. This approach involves not only compensation
for temperature and mechanical shifts, but also taking into
account long-term trends in signal changes, which
provides a higher level of metrological reliability.

The culmination of the analysis was the imple-
mentation of a combined method that combines the advan-
tages of digital filtering and microprocessor adaptation.
This approach allowed us to achieve the lowest error rate
of 0.32%. This result demonstrates the synergy of the
methods: digital filtering eliminates transient noise, and
the adaptive algorithm adapts to global changes.

The analysis allowed us to clearly trace the
dependence of measurement accuracy on the complexity
and adaptability of compensation methods. In particular,
the relative reduction of the error by 90% using the
combined approach indicates the potential of intelligent
signal control systems [7, p. 42]. The study showed that
modern requirements for measurement accuracy cannot be
met using only analog or basic digital methods. In real
operating conditions of sensors, especially in cases of
multi-component loading and complex temperature
conditions, only intelligent combined systems can
guarantee a high level of reliability.

Another approach is to optimize the geometry of
the sensor element. The introduction of composite
materials with a low coefficient of thermal expansion
further reduces the impact of thermal loads. Innovative
approaches to increasing the accuracy of measurements of
mechanical quantities by strain gauges remain at the
center of scientific and applied research in the face of

increasing demands for metrological reliability and
stability of results. One of the key areas of improvement is
the introduction of digital signal processing technologies
that minimize the impact of noise and temperature shifts.

An important role is played by the integration of
adaptive filters and machine learning algorithms, which
allow to improve the quality of interpretation of strain
gauge bridge data in real time. This significantly increases
the accuracy of determining the stress-strain state of
objects, while reducing the errors associated with external
influences [8, p 15]. Special attention is paid to the
development of sensor systems with combined structures,
where strain gauge elements work in combination with
other types of sensors, for example, optical or capacitive.
Such a hybrid approach allows to implement the principle
of multi-channel measurement verification, increasing the
overall reliability of the results.

At the same time, technologies for compensating
temperature drifts by using correction signals or modeling
the temperature behavior of a material based on
experimental data are widely used in measurement
practice. Table 1 shows examples of innovative thermal
compensation methods and their impact on reducing
errors in strain gauge systems.

The increase in accuracy largely depends on the
geometry and manufacturing technology of the strain
gauge. Current research proves the effectiveness of nano-
structured materials, such as graphene or silicon nano-
wires, which provide significantly higher sensitivity com-
pared to traditional metal alloys. Technological impro-
vements in photolithography, etching and micromecha-
nical processing also play an important role in stabilizing
the electrical parameters of strain gauges. [9, p. 150].

Another aspect is the digital processing of signals
using wavelet transforms and regression analysis, which
allows to detect weak oscillations against a background of
strong noise. Such processing is extremely relevant in
conditions of complex field tests, where it is important to
ensure the stability of the measurement without losing
time on recalibration [11]. The use of wavelets also allows
to increase the resolution of the signal without physically
compressing the deformation elements, which makes the
method especially useful in non-invasive studies.
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Another innovative approach is the calibration of
strain gauge systems using neural networks. Such systems
learn while they are running and allow for the prediction
of parameter drift or loss of accuracy at an early stage.
The synergistic combination of traditional metrology with
neural network approaches has already demonstrated its
effectiveness in an industrial environment [3].

It is worth mentioning separately the development
of wireless strain gauge systems that provide autonomy
and mobility of measurements. The use of energy-efficient
communication protocols and energy-saving schemes
allows deploying scalable sensor networks on objects of
any complexity. In such systems, the emphasis is not only
on accuracy, but also on the reliability of data
transmission, for which error correction and encryption
algorithms are used. It is worth noting the promising
development of integrated strain gauge self-diagnostic
systems. Such systems allow detecting drift of
characteristics during operation, timely recalibration or
reporting on a decrease in accuracy [2].

5. Conclusion

The article analyzes modern problems of measu-
rement accuracy with strain gauges and proposes
innovative ways to solve them. The most effective
methods are microprocessor signal processing, digital
error compensation, and structural optimization of sensor
elements. The use of these approaches allows to
significantly reduce the level of additional errors, increase
the reliability and durability of measuring systems.

Within the framework of the article, five signal
processing options were simulated and analyzed. The
highest efficiency was demonstrated by the combined
method, which combines digital filtering and
microprocessor adaptation. This approach allows to
achieve the lowest level of error — 0.32%, which brings
the system to the level of accuracy required for critical
applications. All options were evaluated with the same
input parameters, which ensures objectivity of
comparison. The results obtained can be used as a basis
for further applied developments in the field of precision
engineering, medical technology, aviation devices and
other high-precision areas.
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