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Abstract. This study presents an improved approach for evaluating measurement uncertainty and 
ensuring metrological traceability in vibrometer calibration systems. The proposed method 
enhances the implementation of ISO 16063-21 and GUM guidelines by integrating a detailed 
uncertainty budget with frequency-dependent correction factors. The calibration experiments were 
performed in the range of 10-1000 Hz using a reference comparison technique. The expanded 
uncertainty of the developed system was estimated as 𝑈ሺ𝑘 ൌ 2ሻ ൌ (1.7-2.1) %, depending on 
frequency and environmental stability. The novelty of the proposed approach lies in the refined 
identification of dominant uncertainty components – including reference sensor calibration, 
vibration table stability, and signal processing repeatability – with quantitative contribution 
analysis. The obtained results confirm the method’s capability to improve traceability and 
reproducibility in national and industrial calibration laboratories. The study provides a practical 
framework for enhancing accuracy, comparability, and long-term reliability of vibration 
measurement systems.  
Keywords: vibrometer calibration, measurement uncertainty, metrological traceability, 
uncertainty budget, ISO 16063-21, GUM, vibration metrology. 

1. Introduction 

Precise vibration measurement plays a key role in monitoring and diagnostics across 
mechanical, civil, and transport engineering systems. The reliability of vibration measurements 
directly affects the accuracy of machine condition evaluation, modal analysis, and dynamic 
testing. In metrology, vibrometer calibration provides the basis for measurement comparability 
and reproducibility among laboratories. According to ISO 16063-21 and GUM guidelines, 
ensuring measurement traceability requires an unbroken chain of comparisons, linking each result 
to a national or international reference standard [1]-[3]. 

Many calibration laboratories follow ISO/IEC 17025 requirements [4] and employ comparison 
techniques using reference transducers and laser interferometric systems [6], [8]. However, 
several studies have shown that the overall uncertainty of vibration calibration depends not only 
on reference sensor accuracy but also on environmental stability, data acquisition resolution, and 
signal processing algorithms [7]-[10]. These factors contribute significantly to the combined 
uncertainty and must be properly quantified to ensure metrological reliability. 

Despite significant progress, existing calibration procedures often rely on simplified 
uncertainty models that neglect interaction effects between influencing factors such as vibration 
table flatness, sensor alignment, and temperature variation. This leads to partial traceability and 
potential underestimation of uncertainty. Therefore, there is a need for a refined approach that 
integrates comprehensive uncertainty budgeting and component contribution analysis within the 
calibration process. 

Similar approaches to traceability assurance and uncertainty evaluation in transport and 
power-engineering measurement systems were reported in [11]-[16]. 

https://crossmark.crossref.org/dialog/?doi=10.21595/vp.2025.25675&domain=pdf&date_stamp=2025-12-22
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The novelty of this research lies in the improved identification and quantification of dominant 
uncertainty components in vibrometer calibration systems, achieved through a refined 
experimental design and extended frequency-dependent modeling. The proposed method 
enhances the implementation of ISO 16063-21 and GUM principles by providing a more detailed 
uncertainty evaluation framework applicable to both national and industrial calibration 
laboratories. 

2. Materials and methods 

2.1. Experimental setup 

The calibration of vibrometers was performed using a comparison method in accordance with 
ISO 16063-21 [1] and JCGM 100 (GUM) [2]. 

The system included a reference standard accelerometer, a test vibrometer, an electrodynamic 
shaker, and a digital signal-processing unit. 

The general structure of the measurement system is shown in Fig. 1. 
During calibration, the vibration exciter produced sinusoidal acceleration in the range  

10-1000 Hz with amplitude 0.1-1 g at a controlled temperature of 25±1 °C. 
Both reference and test sensors were mounted on the same platform to minimize phase shift. 
The signals from the reference sensor and vibrometer under test (DUT) were digitized and 

compared in real time. 
Each calibration point was averaged over 10 cycles, and the mean sensitivity 𝑆 (mV·m-1·s2) 

and calibration coefficient 𝐾 ൌ 𝑆 𝑆௥௘௙⁄  were determined according to ISO 16063-21 
requirements. 

 
Fig. 1. Setup for calibration of laser interferometers and vibrometers with digital output. 

1 – signal generator; 2 – power amplifier; 3 – vibration test bench; 4 – table with reflector; 5 – beam 
splitter; 6 – electro-mechanical device; 7 – optical converter; 8 – signal processor; 9 – adjustable mirror;  

10 – calibrated laser vibrometer; 11 – optical converter; 12 – signal processor; 13 – control  
and data-acquisition system; a – control bus; b – signal bus; c – digital interface 

2.2. Sensitivity and calibration coefficient 

The sensitivity of the DUT at frequency 𝑓௜ was calculated as: 

𝑆ௗሺ𝑓௜ሻ ൌ 𝑈ௗሺ𝑓௜ሻ𝑎ሺ𝑓௜ሻ , (1)

where 𝑈ௗሺ𝑓௜ሻ is the RMS voltage output of the DUT, and 𝑎ሺ𝑓௜ሻ is the measured acceleration 
amplitude at that frequency. 
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The calibration coefficient 𝐾ሺ𝑓௜ሻ relative to the reference accelerometer was defined as: 

𝐾ሺ𝑓௜ሻ = 𝑆ௗሺ𝑓௜ሻ𝑆௥ሺ𝑓௜ሻ. (2)

Ideally, 𝐾ሺ𝑓௜ሻ = 1 indicates perfect agreement with the reference sensor. 

2.3. Uncertainty evaluation 

The combined standard uncertainty 𝑢௖ was determined according to the GUM [2] method 
using the root-sum-square (RSS) principle: 

𝑢௖ = ට𝑢௥ଶ + 𝑢௔ଶ + 𝑢௧ଶ + 𝑢௦ଶ + 𝑢௤ଶ, (3)

where: 𝑢௥ – uncertainty of reference accelerometer calibration, 𝑢௔ – repeatability of amplitude 
measurement, 𝑢௧ – contribution due to temperature instability, 𝑢௦ – vibration table stability, 𝑢௤ – 
quantization and digitization uncertainty of the ADC system. 

The expanded uncertainty was then expressed as: 𝑈 = 𝑘 ∙ 𝑢௖ , (4)

where 𝑘 = 2 corresponds to a 95 % confidence level. 

2.4. Traceability assurance 

Metrological traceability of all measurements was ensured through an unbroken calibration 
chain to national standards. The reference accelerometer was calibrated at the Uzbekistan National 
Center of Metrology (UZSM), which maintains traceability to international standards (PTB, 
Germany; NPL, UK). 

Each measurement record included calibration date, environmental conditions, operator, and 
instrument serial numbers, ensuring full reproducibility and audit compliance under 
ISO/IEC 17025. 

3. Results and discussion 

3.1. Frequency dependence of sensitivity and uncertainty 

The calibration covered the range 10-1000 Hz.  
Average results of three independent calibration sessions are summarized in Table 1. 

Table 1. Results of vibrometer calibration 
Frequency, 

Hz 
Measured sensitivity 𝑆ௗ 

(mV·m⁻1·s2) 
Calibration 

coefficient 𝐾 
Expanded uncertainty 𝑈 

(𝑘 = 2), % 
10 9.83 0.969 1.7 
100 9.94 0.980 1.9 
500 9.92 0.978 2.0 

1000 9.86 0.972 2.1 

The sensitivity remained stable across the entire frequency range, with deviations not 
exceeding ±3 %.  

The expanded uncertainty increased from 1.7 % at 10 Hz to 2.1 % at 1000 Hz, mainly due to 
reference-sensor non-linearity and amplifier phase shift [5], [6]. 
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The corresponding calibration curve is presented in Fig. 2. 
The solid line represents the regression-model fit; error bars show expanded uncertainty  

(𝑘 = 2). 

 
Fig. 2. Calibration curve showing mean sensitivity versus frequency  

for amplitude = 0.5 g and temperature = 25 °C 

3.2. Regression analysis 

A multifactor linear-regression model was used to describe the dependence of sensitivity S on 
frequency, acceleration amplitude, and temperature: 𝑆 = 𝛽଴ + 𝛽ଵ logଵ଴ሺ𝑓ሻ + 𝛽ଶ 𝐴 + 𝛽ଷ𝑇, (5)

where 𝑓 – frequency (Hz), 𝐴 – acceleration (g), 𝑇 – temperature (°C). 
The model demonstrated a high correlation (𝑅ଶ = 0.987) with a root-mean-square error 

(RMSE) of 0.018 (arb. units). 
The random distribution of residuals shown in Fig. 3 confirms adequacy of the model and the 

absence of systematic deviation. 
The random scatter of residuals around zero indicates no systematic bias. 

 
Fig. 3. Residuals versus fitted sensitivity values for the linear-regression model 

3.3. Uncertainty budget and contribution analysis 

The total expanded uncertainty 𝑈 was calculated using the root-sum-square formula: 𝑈 = 𝑘 ∙ ඥ𝑢𝐴ଶ + 𝑢𝑟𝑒𝑓ଶ + 𝑢𝑟𝑒𝑠ଶ + 𝑢𝑒𝑛𝑣ଶ, (6)
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where: 𝑢𝐴 – repeatability (Type A) uncertainty, 𝑢𝑟𝑒𝑓 – reference-calibration contribution, 𝑢𝑟𝑒𝑠 
– instrument-resolution uncertainty, 𝑢𝑒𝑛𝑣 – environmental-parameter influence. 

For the representative point (100 Hz, 0.5 g, 25 °C), the uncertainty distribution is shown in 
Fig. 4. 

 
Fig. 4. Uncertainty budget at 100 Hz, 0.5 g, and 25 °C 

Reference calibration contributes ≈ 60 % of the total uncertainty, environmental factors  
≈ 25 %, repeatability ≈ 15 %. 

The improved setup incorporates continuous temperature and table-stability monitoring, which 
reduces the environmental component 𝑢𝑒𝑛𝑣 by 10-15 % compared with standard procedures [6], 
[7]. 

The obtained uncertainty values fully comply with ISO 16063-21 and GUM [1], [2]. 

3.4. Limitations and prospects 

The current configuration ensures traceable calibration up to 1000 Hz with amplitudes ≤ 1 g. 
At higher frequencies, non-linear distortions of the electrodynamic exciter and signal-

conditioning chain may cause additional uncertainty. 
Further work will focus on extending the frequency range to 5 kHz and integrating automated 

phase-synchronization algorithms [6-8]. 
The novelty of this study lies in real-time environmental-drift compensation and dynamic 

stability control during calibration, improving traceability and reliability under non-ideal 
laboratory conditions. 

The obtained results are consistent with previous studies on diagnostic and monitoring systems 
for railway and power-supply equipment [11-16]. 

4. Conclusions 

The developed calibration method provides expanded uncertainty between 1.7 % and 2.1 % 
within 10-1000 Hz, in agreement with ISO 16063-21. 

Environmental and reference-sensor effects are quantitatively assessed; reference calibration 
contributes ≈ 60 % of total uncertainty. 

The regression model demonstrates excellent fit (𝑅ଶ = 0.987), confirming the stability of 
sensitivity across the operating range. 

The proposed approach, integrating dynamic environmental monitoring, enhances 
metrological traceability and can be adopted in laboratory and industrial calibration systems across 
Uzbekistan. 

Future improvements include expansion of the frequency range and incorporation of 
automated uncertainty-propagation tools. 

This study contributes to vibration metrology by providing a refined uncertainty-budget model 
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with explicit component analysis, improving consistency and reproducibility of calibration 
systems. 
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