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Abstract: Sensors based on MEMS technology, in particular Inertial Measurement Units (IMUs), 
when installed on vehicles, provide a real-time full estimation of vehicles’ state vector (e.g., position, 
velocity, yaw angle, angular rate, acceleration), which is required for the planning and control of 
cars’ trajectories, as well as managing the in-car local navigation and positioning tasks. Moreover, 
data provided by the IMUs, integrated with the data of multiple inputs from other sensing systems 
(such as Lidar, cameras, and GPS) within the vehicle, and with the surrounding information 
exchanged in real time (vehicle to vehicle, vehicle to infrastructure, or vehicle to other entities), can 
be exploited to actualize the full implementation of “smart mobility” on a large scale. On the other 
hand, “smart mobility” (which is expected to improve road safety, reduce traffic congestion and 
environmental burden, and enhance the sustainability of mobility as a whole), to be safe and 
functional on a large scale, should be supported by highly accurate and trustworthy technologies 
based on precise and reliable sensors and systems. It is known that the accuracy and precision of 
data supplied by appropriately in-lab-calibrated IMUs (with respect to the primary or secondary 
standard in order to provide traceability to the International System of Units) allow guaranteeing 
high quality, reliable information managed by processing systems, since they are reproducible, 
repeatable, and traceable. In this work, the effective responsiveness and the related precision of 
digital IMUs, under sinusoidal linear and curvilinear motion conditions at 5 Hz, 10 Hz, and 20 Hz, 
are investigated on the basis of metrological approaches in laboratory standard conditions only. As 
a first step, in-lab calibrations allow one to reduce the variables of uncontrolled boundary conditions 
(e.g., occurring in vehicles in on-site tests) in order to identify the IMUs’ sensitivity in a stable and 
reproducible environment. For this purpose, a new calibration system, based on an oscillating 
rotating table was developed to reproduce the dynamic conditions of use in the field, and the results 
are compared with calibration data obtained on linear calibration benches. 

Keywords: digital IMU; precision; curvilinear motion; in-lab calibration 
 

1. Introduction 
The new generation of vehicles is currently able to supply advanced assistance to the 

driver in their driving tasks [1–3] by playing an active role in safety issues, such as 
electronic stability control (ESC) [4], antilock braking (ABS) [5], and the newer Advanced 
Driver Assistance Systems (ADAS) [6–8], as well as by managing in-car navigation and 
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positioning technologies based on Inertial Measurement Units (IMUs), Global Positioning 
Systems (GPSs), and map matching [9–11]. Moreover, vehicles are already connected [12–
14], since they can link with smartphones, providing emergency roadside assistance, real-
time traffic alerts, and circulation [15–18], laying the basis for the effective and functional 
development of Intelligent Transport Systems (ITSs), or “smart mobility” [19,20]. 

In particular, IMUs, based on MEMS technology, have become essentials in smart 
mobility development by giving great advantages over conventional sensors and other 
technologies due to their low cost, light weight, and low power consumption; their array 
of applications is expanding, and they will play an important role in supporting the 
evolution of ADAS [21] and the development of full Autonomous Vehicles (AVs) [22,23]. 
Some studies estimate that AVs could significantly reduce energy use by up to ~80% once 
platooning, parking, and automated ridesharing [24] are effectively and safely actualized 
and largely diffused. 

Nevertheless, there is still a lack of technical standardization for IMU MEMS-based 
sensors [25,26] to supply a full metrological characterization, a quantification of reliability, 
and an adequate performance compliance assessment, resulting in an overall loss of safety 
and reliability of the systems through which these sensors are exploited. Despite the huge 
technical and scientific literature issued in the past decades related to the mechanical 
testing of automotive IMUs in many different working conditions (for a comprehensive 
survey, readers can rely on [27–34] and related references), fewer studies are available on 
metrological approaches (in controlled standard laboratory conditions) and 
interlaboratory comparisons to validate experimental procedures, evidence, and results 
[35–37]. The importance of providing suitable test procedures under controlled laboratory 
conditions, based on repeatable and reproducible methods, is supposed to be a 
fundamental basis for the development of ad hoc standards, as well as a reference for the 
realization of new calibration and test systems linking primary laboratories (National 
Metrology Institutes) to the metrological chain, as well as accredited calibration 
laboratories to repair workshops for cars for the implementation of periodic control 
systems on-site. 

Recently, metrological approaches to provide a suitable characterization of IMU 
MEMS-based sensors’ technical performance in static and dynamic working conditions 
were investigated and applied [4,38,39]. It has been demonstrated that the identification 
and the quantification of fundamental metrological attributes, based on calibration 
procedures such as accuracy, precision, uncertainties budgets, coverage factors, 
reproducibility, conformity among sensors, and traceability, allows for improving the 
overall trustworthiness and quality of the data that are supplied, managed, and processed 
[40–42]. Indeed, if IMUs provide effectively comparable and reliable data, the information 
managed and exchanged in operating conditions is trustworthy and safer, as discussed in 
Section 2. 

2. Local Navigation and Positioning Systems: A Brief Survey 
A highly reliable and precise local navigation and positioning system is important 

for the safe and functional development of automation in vehicles. From this perspective, 
the focus of this work is to provide an in-lab metrological characterization of IMU MEMS-
based sensors integrated into vehicles to support local navigation and positioning tasks in 
peculiar working conditions, such as in curvilinear motions. As it is known, the trajectory 
of a moving vehicle is subjected to continuous more or less sudden changes in direction, 
including horizontal (e.g., a tortuous road), vertical (e.g., dips and humps in the road), 
and lateral ones (e.g., a circular banked road), as illustratively shown in Figure 1. 
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Figure 1. Illustrative examples of curvilinear motions (vertical, horizontal, and lateral) that occur in 
a moving vehicle. 

For such applications that require trajectories for the planning and control of a 
vehicle’s stability conditions, the estimation of the full vehicle state vector (e.g., position, 
velocity, yaw angle, angular rate, acceleration) is essential. Usually, new vehicles use 
Global Positioning System (GPS) receiver sensors to establish their global navigation and 
positioning, and the required maneuvers are performed with respect to a digital map 
referenced in a standard geodetic frame. Usually, a well-designed GPS unit receives at 
least four satellite signals to achieve 3 m to 8 m positioning accuracy [43]. On the other 
hand, the use of GPS alone has certain limitations. In fact, in urban environments, GPS 
signals can be blocked by trees or tall buildings, and their use alone is not sufficient to 
determine the local positioning of a vehicle. Moreover, GPSs cannot provide accurate, 
high-bandwidth estimates of the full vehicle state vector. Figure 2 shows typical GPS 
coverage in an urban environment, resulting in the use of multiple GPS satellites to receive 
a sufficient signal. 

 
Figure 2. Test trajectory is marked with colors to represent the number of satellites available to the 
receiver along the trajectory [43]. 

These quantities can be sensed by MEMS, resulting in a reduction in cost since MEMS 
IMUs are becoming much cheaper than optical or radar sensors that could perform the 
same task but with a different approach. In the work in [44], it is shown that an IMU 
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integrated with a GNSS (Global Navigation Satellite System) of a vehicle is able to substi-
tute the tasks performed by the latter whenever the signals coming from the satellites are 
not available. In particular, the redundancy of MEMS sensors has shown better perfor-
mances in filling the gaps in the GNSS by providing a continuous navigation and posi-
tioning signal under severe environmental conditions. As a consequence, it is important 
to investigate the actual responsiveness and precision of the MEMS sensor accelerometer 
when subjected to several sudden trajectory variations, characterized by different linear, 
tangential, and centripetal accelerations. The metrological characterization of the perfor-
mance of IMU sensors, in static or linear dynamic conditions (as previously studied), may 
not be representative and accurate enough compared with curvilinear dynamic working 
conditions with respect to road geometry [45–47]. At present, the sensors and algorithms 
of AVs are still having trouble identifying road hazards and potential obstacles reasonably 
expected to be in the driving path [48], and at present, the legal framework has many 
regulatory gaps that have to be filled, so it is necessary to provide practical evidence and 
technical procedures to develop a suitable standardization supporting the manufacturers 
to ensure that AVs and integrated sensors work correctly [49]. 

With a proper experimental setup and specific devices, it has been possible to analyze 
and evaluate how the accuracy and precision of the data provided by the accelerometer 
integrated into the IMUs change according to different scenarios and operating modes. 
The IMUs are subjected to both sinusoidal linear and sinusoidal curvilinear motions, and 
the responsiveness, in terms of IMUs sensitivity with respect to linear, tangential, and 
centripetal accelerations, is investigated and compared. The experimental work is carried 
out in environment-controlled standard laboratory conditions on three MEMS belonging 
to the same production line batch in order to have a complete overview of the functioning 
from a metrological point of view. 

3. Materials and Method 
3.1. The IMUs and the Supporting External Microcontroller 

In this study, we examine three commercial, low-power digital MEMS-based Inertial 
Measurement Units (referred to in the following as “MEMS 1”, “MEMS 2”, and “MEMS 
3”) manufactured by STMicroelectronics, specifically the LSM6DSR model [50]. Each 
IMU, belonging to the same production line batch, consists of a 3D accelerometer, a 3D 
gyroscope, a charge amplifier, and an analog-to-digital converter. For the purposes of this 
investigation, the 3D gyroscope is not utilized and remains turned off, since only sensitiv-
ity related to acceleration is investigated. The digital MEMS accelerometers are connected 
to an external microcontroller by STMicroelectronics (Agrate Brianza, MB, Italy) model 
STEVAL MKIGIBV2 [51] through a serial cable. This microcontroller acquires the digital 
sensor data, communicating with a PC via a USB cable, as schematically shown in Figure 
3. 
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Figure 3. The set of 3 digital 3-axis MEMS accelerometers, the microcontroller, and the schematic 
representation of the sensing system under investigation. 

The signal is acquired by means of a Serial Peripheral Interface (SPI), which is a syn-
chronous serial communication interface used for connecting digital sensors. The 1-bit 
signal from the ΣΔ-ADC is then converted through a decimation process and a low-pass 
filter into a standard 16-bit-signed PCM (Pulse Code Modulation) signal, with a nominal 
sampling frequency rate of 1660 Hz. According to the manufacturer [50], however, sam-
pling frequencies up to −6% of the target, i.e., up to 1560 Hz, can be expected. For this 
reason, the actual sampling frequency of every MEMS is previously evaluated by counting 
the number of samples of the known generated sinusoidal signals. Sampling frequencies 
range from around 1580 Hz to 1630 Hz. Amplitude values range between −216-1 = −32,768 
D16-bit-signed and +(216-1 − 1) = +32,767 D16-bit-signed, where the digit unit is a signed 16-bit se-
quence converted into a decimal number. 

The linear acceleration sensitivity of a digital MEMS accelerometer, expressed by the 
manufacturer in terms of mg/LSB (Least Significant Bit), depends on the “full scale” used 
in the testing condition, and it is conventionally attributed to every sensitive axis of the 
sensor for static and dynamic measurements, independently from frequency, without any 
indication of the associated uncertainty, and it is not evaluated through traceable calibra-
tion methods. In this work, by using a “full scale” of ±8 g, the sensitivity declared is 0.224 
mg/LSB. In decimal units, it corresponds to 0.244 mg/D16-bit-signed, i.e., 2.39 × 10−3 (m/s2)/D16-bit-

signed. As for analog transducers, the metrological sensitivity is expressed as a function of 
the reference quantity, thus corresponding to 418 D16-bit-signed/(m/s2). By “metrological sen-
sitivity”, we mean the quantitative ratio between the digital output (provided by the sen-
sor in calibration) and the physical input (a frequency–amplitude-controlled reference vi-
bration). 

3.2. Metrological Characterization Methods 
The proposed metrological characterization method provides the determination of 

the response, in terms of precision and accuracy, of the IMU’s MEMS accelerometer sensor 
with respect to both linear and curvilinear motions along the three sensitive axes. As a 
first step, it is necessary to evaluate the linear response of the sensor compared with a 
reference standard acceleration. To determine the metrological sensitivity of the sensor 
with respect to linear acceleration, a calibration is carried out using a tilt plate as a support, 
as described in detail in previous works [52,53]. The calibration system and procedure, 
developed at INRiM, allow one to provide the sensor sensitivity according to ISO 16063-
21 [54] and thus the traceability to SI. Once the response and precision of the investigated 
sensors are known with respect to linear dynamic motions in a certain frequency range of 
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interest, the responsiveness and the precision with respect to curvilinear dynamic motions 
are investigated. Results are then compared and discussed. 

The responsiveness of DUTs subjected to curvilinear dynamic motions can be inves-
tigated on the basis of existing protocols already developed in applied metrology. 
Namely, ISO Standard 16063-15 [55] specifies the instrumentation and procedures used 
for the primary angular vibration calibration of angular transducers, i.e., angular accel-
erometers, angular velocity transducers, and rotational angle transducers to provide the 
traceability to SI. The systems used to generate angular vibration exciters are based on a 
brushless electric motor, and they are also called “rate tables” and are commonly applied 
for testing inertial navigation sensors. Moreover, recent studies investigated the response 
of DUTs under constant rotation rate [56–58], as well as for high-resolution accelerometers 
[59], producing a time-varying sinusoidal excitation in the earth’s gravitational field to 
provide a calibration method for a 3-axis accelerometer and the investigation of the related 
intrinsic properties. 

In the present work, the method applied to generate sinusoidal curvilinear motion is 
based on the same principle; nevertheless, the novelty of the calibration is to provide sim-
ultaneous responsiveness of IMUs with respect to tangential and centripetal acceleration 
variations by applying a variable rotation rate by using a proper calibration system devel-
oped at the University of L’Aquila. Indeed, an oscillating motion of the “rate table” is 
generated with sequential changes in direction, which involves controlled variations in 
both the angular and tangential velocity and the centripetal and tangential acceleration. 

Moreover, it should be noted that potential variables that could influence sensitivity 
measurements were previously investigated [60]: the thermal effects on sensors are con-
sidered negligible, at least in the range from −20 °C to 80 °C, as well as the stress/fatigue 
effects due to high vibration amplitude levels or shocks. This evidence allows one to guar-
antee the stability of the investigated DUTs in operating conditions, although more severe 
analysis based on accelerated aging methods (not investigated here) could provide differ-
ent results related to long-term stability. 

3.3. Linear Dynamic Motions Characterization 
The experimental set-up allows one to generate a projection of the vertical reference 

acceleration, aref, along three axes simultaneously. The calibration method and the experi-
mental set-up, shown in Figure 4, are described in detail in [52,53]. 

 
Figure 4. The multicomponent calibration system. The inclined plane allows one to generate a pro-
jection of the vertical reference acceleration along three axes simultaneously. 

By means of simple geometrical laws, it is possible to define the expected acceleration 
along the three main axes as follows: 

൞𝑎௫ ൌ ห𝑎௥௘௙ sinሺ𝜃ሻ cosሺ𝛼ሻห𝑎௬ ൌ ห𝑎௥௘௙ sinሺ𝜃ሻ sinሺ𝛼ሻห𝑎௭ ൌ ห𝑎௥௘௙ cosሺ𝜃ሻห , (1) 
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where 𝜃 is the tilt angle (tolerance of 0.1°), and 𝛼 is the rotation angle (tolerance of 0.1°). 
Calibration is performed at several different tilt and rotation angles in order to avoid cor-
relation between the independent variables 𝜃 and α, as well as with aref, which is constant. 
This procedure is detailed and described in [55]. 

3.3.1. Test Plan 
The calibration is carried out at 3 vertical oscillation frequencies: 5 Hz, 10 Hz, and 20 

Hz. The amplitude of the vertical reference acceleration, aref, is set at 10 ms−2. 
Measurements are carried out in four configurations, achieved by fixing the MEMS 

accelerometer to the center of the vibrating table using ultrathin double-sided adhesive 
tape at various angles of tilt and rotation, specifically a tilt of 0° and rotation of 270°, a tilt 
of 15° and rotation of 90°, a tilt of 75° and rotation of 0°, and a tilt of 75° and rotation of 
90°. Values of sensitivity, along the MEMS axes, are determined as the average values from 
4 repetitions in different configurations; the associated uncertainties are composed of the 
variance among results and instrumental uncertainties. 

3.3.2. Data Processing Procedure 
Acceleration along the vertical axis, namely 𝑎௥௘௙, is determined using a single-axis 

reference transducer (integrated within the stroke of the shaker) calibrated against the 
INRiM primary standard. This measurement is collected through the NI 4431 acquisition 
board integrated into the PC, with a sampling rate of 50 kHz and processed via LabVIEW 
2021 software to yield the RMS reference value in m s−2. The external microcontroller ac-
quires the digital MEMS output at a maximum sampling rate of 6.660 kHz, saving the data 
as binary files. These files are then subjected to processing in MATLAB 2022a software: 
the RMS digital value for each specific frequency f, expressed in Decimal16-bit-signed format, 
is derived by applying a first-order Butterworth band-pass filter centered at the frequency 
of interest with a fractional bandwidth of 10% to the temporal digital signals. Subse-
quently, the Root Mean Square is computed to eliminate the offset resulting from gravity 
and the impact of background vibrations. 

3.4. Curvilinear Dynamic Motions Characterization 
The three MEMS sensors under test are calibrated on a 3D-printed PLA (poly lactic 

acid) disk, rotating around its symmetry axis, and mounted on a servomotor’s axis (Figure 
5a). Specific supports, also in PLA, were created to fix the accelerometers and the micro-
controller on the disk, in particular, the following ones: 
• One which allows the X- and Y-axis to be oriented in the radial or tangential direction, 

and the Z-axis vertically (Figure 5b); 
• One which allows the Z-axis to be oriented in the radial direction (Figure 5c); 
• One which allows the Z-axis to be oriented in the tangential direction (Figure 5d); 
• One for attaching the microcontroller (Figure 5a). 

Since the frequency of the radial acceleration is double that of the tangential one, as 
is explained later, the correct positioning of the accelerometers was checked by verifying 
that any radial component of the tangential acceleration was negligible. 

The disk rotation is managed by a servomotor manufactured by Schneider Electric 
by means of a high-precision angular encoder that is connected to a programmable logic 
controller (PLC), enabling the realization of a sinusoidal motion law for the angular posi-
tion (and therefore also for velocity and acceleration). To realize the sinusoidal movement, 
the inputs of the PLC are oscillation angle and frequency. 

The control program has access to encoder data at a sampling frequency of 1000 Hz. 
Then, the data generated are stored as a binary file using the built-in “TraceSyn” tool of 
the Schneider Electric software SoMachine Motion builder 4.31. 
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Figure 5. Pictures of the rotating test bench: (a) lateral view (the support for the microcontroller is 
visible); (b) support to orient the X- and Y-axis in the radial or tangential direction; (c) support to 
orient the Z-axis in the radial direction; (d) support to orient the Z-axis in the tangential direction. 
Schematic representation of the rotating test bench functioning. 

In addition to the measured angular position 𝜃ሺ𝑡ሻ ൌ 𝜃଴ cosሺ2𝜋𝑓𝑡ሻ, the system also 
provides the angular speed 𝜔ሺ𝑡ሻ ൌ 2𝜋𝑓𝜃଴ sinሺ2𝜋𝑓𝑡ሻ ൌ 𝜔଴ sinሺ2𝜋𝑓𝑡ሻ, obtained as a deriv-
ative of the first. This information was used to calculate the reference centripetal and tan-
gential accelerations, as indicated in the following equations: 𝑎௥ ൌ 𝑟𝜔ଶሺ𝑡ሻ ൌ 𝑟ሺ𝜔଴ sinሺ2𝜋𝑓𝑡ሻሻଶ ൌ 𝑟 ఠబమଶ ሺ1 െ cosሺ2𝜋ሺ2𝑓ሻ𝑡ሻሻ   (2)

𝑎௧ ൌ 𝑟 ௗ൫ఠሺ௧ሻ൯ௗ௧ ൌ 2𝜋𝑓𝑟𝜔ሺ𝑡ሻ ൌ 2𝜋𝑓𝑟𝜔଴ sinሺ2𝜋𝑓𝑡ሻ  (3)

where f is the oscillation frequency, and r is the distance of the sensitive element from the 
axis of rotation. The disk and supports are designed in such a way that, in all intended 
sensor positions, the center of the sensor is at a distance from the axis of rotation equal to 
r = 170 mm: this distance was also verified through a caliper with a resolution of 0.05 mm. 

It should be noted that in Equation (2), a sinusoidal square function (𝜔ଶሺ𝑡ሻ) is present, 
and trigonometric formulas explain that it is characterized by double the frequency; for 
this reason, the radial acceleration has a double frequency compared with the tangential 
one. 

In addition, a reference IEPE (integrated electronics piezoelectric) sensor (Model 
TLD356B18 by PCB Piezotronics (Depew, NY, USA), Measurement Range: ± 5 g) was 
placed against the MEMS support, as indicated in Figure 6, using double-sided tape, al-
ways in such a way that one axis is radial and one tangential; the distance of the sensitive 
element from the rotation axis is measured the same way as the MEMS sensor, and the 
result is equal to 145 mm. 
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Figure 6. Details of the MEMS accelerometer under test and IEPE reference accelerometer. 

Reference accelerometer signals are acquired by a National Instruments (NI) Com-
pactDAQ 9132 system and an NI 9234 input module for IEPE accelerometers. The accel-
eration values for the three axes of the IEPE accelerometer are acquired at a sampling rate 
of 1704 Hz and recorded using a LabVIEW program. A comparison between the two ways 
of evaluating the reference accelerations is also carried out. 

3.4.1. Test Plan 
The tests are carried out at three oscillation frequencies: 5 Hz, 8 Hz, and 10 Hz. 
The oscillation angles are selected in order to achieve the maximum acceleration 

without exceeding the ±5 g (g is the gravitational acceleration) limit of the IEPE accelerom-
eter. In particular, the theoretical test conditions are as follows: 
• A 5 Hz oscillation frequency and angle of 34°: In this configuration, the tangential 

and radial amplitude, at the radius of 170 mm, are 48.8 m/s2 and 14.8 m/s2, respec-
tively; 

• An 8 Hz oscillation frequency and angle of 13°: In this configuration, the tangential 
and radial amplitude, at the radius of 170 mm, are 48.7 m/s2 and 5.5 m/s2, respectively; 

• A 10 Hz oscillation frequency and angle of 8.5°: In this configuration, the tangential 
and radial amplitude, at the radius of 170 mm, are 49.8 m/s2 and 3.7 m/s2, respectively. 
For each configuration (angle and oscillation frequency), the MEMS sensors were an-

alyzed in such a way as to stress all three axes, both in the radial and tangential direction, 
using the specifically made supports. 

For each configuration and each position of the accelerometers, 10 repeated tests were 
carried out, and in each of them, the signals from the digital MEMS, the IEPE accelerom-
eter, and the encoder were recorded for 40 s. 

3.4.2. Data Processing Procedure 
The data processing and analysis consist of different steps, performed using 

MATLAB R2023b: 
1. After importing the data, the IEPE acceleration values are converted into m s−2 using 

the calibration sensitivity of each axis. Then, both the signal from the digital MEMS 
and the IEPE reference accelerometer are filtered using a 6-pole digital low-pass But-
terworth filter with a cutting frequency of 40 Hz. 



Micromachines 2024, 15, 727 10 of 18 
 

 

2. The encoder data are processed as indicated in Equations (2) and (3) to obtain the 
reference tangential and radial accelerations. 

3. A zero-crossing algorithm is implemented to select an entire number of signal peri-
ods to avoid the leakage phenomenon in further analysis. 

4. As stated in a previous work by the authors [58], the sampling frequency of the dig-
ital MEMS is not constant, and the mean value is not equal to the selected one. For 
this reason, a procedure to evaluate the mean value of the sampling frequency is 
adopted as follows: 
• The signal is processed using a fast Fourier transform (FFT) at different sampling 

frequencies, ranging from 1560 Hz to 1760 Hz with a step of 1 Hz; 
• The mean sampling frequency is identified as the one that maximizes the ampli-

tude at the oscillation frequency (5 Hz, 8 Hz, or 10 Hz in the trials carried out). 
Finally, to evaluate the amplitude of the accelerations, each signal is processed using 

the FFT. For the tangential acceleration, the value of the component at the oscillation fre-
quency is considered. For the radial acceleration, the component of interest corresponds 
to twice the oscillation frequency. For example, in the case of 5 Hz oscillation, the tangen-
tial acceleration has the same frequency, while the radial acceleration has a frequency of 
10 Hz. 

4. Experimental Results 
4.1. Linear Dynamic Motions Responsiveness 

Experimental metrological sensitivities are determined by applying an almost con-
stant peak amplitude of 10 m/s² at 5 Hz, 10 Hz, and 20 Hz. These sensitivities are then 
compared with the expected acceleration values calculated from Equation (1) taking into 
account inclination and rotation angles. Any difference between the experimental acceler-
ation values along the three axes and the expected values depends on potential variations 
in the sensitivities of the sensors and potential misalignment within them. Once these dif-
ferences are identified, adjustments can be made to fine-tune the actual metrological sen-
sitivities of the IMU. In Figure 7, the accelerations along the X-axis, Y-axis, and Z-axis, at 
10 Hz, as a function of time, are shown. 

  
Figure 7. Actual real-time amplitude response along the X-axis, Y-axis, and Z-axis of the digital 
MEMS subjected to sinusoidal linear motions. 

In Figure 8, the sensitivity values (within uncertainties) along the X-axis, Y-axis, and 
Z-axis, at 5 Hz, 10 Hz, and 20 Hz, obtained from the calibration method described above, 
and the average values (total) are shown; the red line represents the nominal value pro-
vided by the manufacturer. 
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Figure 8. Sensitivities along the X-axis, Y-axis, and Z-axis of the digital MEMS subjected to linear 
motions. 

4.2. Curvilinear Dynamic Motions Responsiveness 
Figure 9 presents the tangential acceleration along the X-axis and the radial acceler-

ation along the Y-axis as a function of time. As shown in Figure 9, the tangential accelera-
tion frequency is 5 Hz, as is the oscillation, while the radial acceleration frequency is 10 
Hz. 
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Figure 9. Actual real-time amplitude response along the X-axis, Y-axis, and Z-axis of the digital 
MEMS subjected to sinusoidal curvilinear dynamic motions. 

In all the trials, the differences between the reference accelerations (by IEPE accel-
erometer and by encoder data) are not higher than 2%. Considering that the uncertainty 
of the IEPE declared by the manufacturer is 2%, the agreement between the two systems 
is considered satisfactory. Furthermore, traceability is given to the reference acceleration 
by the encoder system. The uncertainty of the accelerations calculated on the basis of the 
encoder data can be evaluated on the order of 0.5%, considering the uncertainties of radius 
r and angular position. 

Figure 10 shows the evaluated sensitivities considering the aforementioned test plan: 
error bars represent the uncertainty of the results, expressed as standard deviation, and 
obtained by combining repeatability contributions with bench uncertainty. 

The sensitivity is represented considering the results corresponding to the two accel-
eration directions (“Tangential” and “Radial”) and the average of all the obtained values 
(“Total”). The acceleration values obtained on the basis of the encoder output were used 
as reference values for calculating the sensitivities. In Figure 10, the red line shows the 
sensitivity provided by the manufacturer’s datasheet. 
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Figure 10. Sensitivities of the three digital MEMS considered. 

It is noted that the variability, which in the case of sensitivities determined in the 
tangential direction is on average equal to 0.3%, increases to approximately 1% in the case 
of the radial ones. The reasons may lie in the smaller amplitude of the radial accelerations, 
which are placed lower in the measurement range of the accelerometers (both the MEMS 
and reference ones). 

4.3. Experimental Comparison and Data Compatibility 
In this analysis, comparisons are made to detect any significant differences between 

the following: 
• Sensitivities determined on the rotating and linear bench; 
• Sensitivities determined on the rotating bench and value provided by the manufac-

turer; 
• Sensitivities of the X, Y, and Z axes; 
• Sensitivities determined in radial and tangential directions; 
• Sensitivities of the three accelerometers examined. 

For the comparison between the results obtained on the linear and rotating bench, 
the average values for the sensitivities of the three axes in all the analysis conditions were 
calculated, as shown in Table 1 and in the graph of Figure 11. The overall uncertainty for 
each mean value was evaluated as the composition of the mean uncertainty from the sin-
gle values and the standard deviation between the values over which the mean was cal-
culated. 
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Table 1. Average values of the sensitivities for the three axes of the three accelerometers under test, 
determined on the linear and rotating bench, and related expanded uncertainties (with k = 2 as cov-
erage factor). 

 BENCH X Y Z 

MEMS 1 
curvilinear 423 ± 13 422 ± 11 425 ± 11 

linear 422 ± 13 419 ± 12 421 ± 11 

MEMS 2 
curvilinear 422 ± 9 423 ± 12 423 ± 9 

linear 422 ± 13 419 ± 11 419 ± 10 

MEMS 3 
curvilinear 423 ± 10 430 ± 11 426 ± 7 

linear 425 ± 22 429 ± 23 424 ± 17 

 
Figure 11. Comparison of the average sensitivities of the three digital MEMS determined from the 
sinusoidal linear (orange) and sinusoidal curvilinear (blue) dynamic characterization. 

It can be observed that the uncertainties of the two benches are similar, except for the 
MEMS 3 accelerometer, for which the variability among the values obtained at different 
frequencies on the linear bench is higher. 

These data were compared using the normalized error [40], according to ISO/IEC 
17043:2023 [61]. 

In particular, for the comparison between two mean sensitivity values S1 and S2 from 
the two test benches of extended uncertainty U1 and U2, respectively, the normalized error 
En is calculated as follows: 𝐸௡ ൌ |ௌభିௌమ|ට௎భమା௎మమ  (4)

Data can be considered compatible when En ≤ 1. 
In Table 2, the normalized errors to compare results obtained on the linear and rotat-

ing bench are shown; in all cases En < 1, so the results are compatible. 

Table 2. Normalized errors for sensitivities determined on the linear and rotating bench. 

 X Y Z 
MEMS 1 0.04 0.18 0.26 
MEMS 2 0.05 0.25 0.31 
MEMS 3 0.09 0.05 0.07 
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Similarly, with respect to the sensitivity value provided by the manufacturer, which 
is unique to the three axes and equal to 418 D16-bit-signed/(m/s2) ± 1% of tolerance (standard 
deviation obtained by hypothesizing a rectangular distribution), no significant differences 
were detected for the sensitivities of the X, Y, and Z axes for all the examined accelerom-
eters. 

The comparison between the X, Y, and Z axes also provides compatible results, and 
no significant differences were detected between different frequencies, either in the case 
of radial or tangential accelerations. 

Finally, no significant differences were detected between different accelerometers. 

5. Discussion and Conclusions 
The safe and functional development of automation in vehicles also relies on the ac-

curacy and reliability of sensors managing and supporting advanced assistance to drivers 
in their driving tasks. However, at present, the legal framework related to sensors inte-
grated into vehicles has many regulatory gaps, so it is necessary to provide practical evi-
dence and technical procedures to develop a suitable standardization supporting the man-
ufacturers to ensure the trustworthiness of the sensors and data provided based on recog-
nized, agreed upon, and replicable protocols. From this perspective, this paper proposed 
two technical protocols (that can be replicated for proficiency tests in laboratories) to in-
vestigate and compare the performance of Inertial Measurement Units (IUMs) in terms of 
responsiveness and precision under linear and curvilinear motion conditions for local 
navigation and positioning purposes. In particular, responsiveness under curvilinear mo-
tions was investigated by means of an oscillating rotating table, allowing one to generate 
tangential and centripetal acceleration variations. The aim was to compare the responsive-
ness of the IMUs with respect to sinusoidal linear acceleration (generated by a typical 
vertical vibrating table, usually used in dynamic calibration procedures) and to sinusoidal 
curvilinear acceleration (generated by the oscillating rotating table proposed herein). To 
the authors’ best knowledge, this is the first time that a metrological comparison among 
linear, centripetal, and radial accelerations was investigated not only for IMU MEMS-
based accelerometers but also for accelerometers in general. 

Experimental evidence showed that the average values of the sensitivities along the 
three axes of the three IMUs under test, determined on the linear and rotating bench, are 
compatible, as normalized error results are systematically <1. This first evidence showed 
that, independently from the nature of acting motion along the three sensitive axes, the 
acceleration modulus is properly sensed, without spurious components that could pro-
vide incorrect output with respect to the local navigation and positioning tasks. Since the 
investigation was carried out at different frequencies and amplitudes, it was observed that 
no significant responsiveness differences were detected between the three different sensi-
tive axes with respect to both radial and tangential directions, as well as among the three 
IMUs. The variability, with the standard deviation of values used to calculate the average 
sensitivity value (“Total”), for all the MEMS accelerometers did not exceed 1.4%. 

Moreover, in the investigated frequency range, the average sensitivities determined 
for the X, Y, and Z axes are compatible with the scale factor declared by the manufacturer 
(i.e., 0.244 mg/LSB, corresponding to 418 D16 bit-signed/(m/s2)), although the scale factor 
provided at the manufacturer level does not have a traceability statement or an uncer-
tainty budget. The evidence provided by this work allows one to link the data provided 
by the IMUs investigated along the traceability chain to SI, with a proper and well-defined 
uncertainty budget, allowing one to identify the suitable confidence levels for the safe and 
reliable management of local positioning and navigation in advanced smart mobility. 

Future works, based on the experimental evidence presented here, will include the 
evaluation of the responsiveness of IMUs in vehicles, in real conditions, in order to verify 
technical performances in different operational scenarios. It is also planned to verify the 
long-term stability of the sensitivity measured in controlled laboratory conditions, after 
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specific accelerated aging processes, in ranges of variable humidity, UV/solar radiations, 
salinity, pollutants, and other deteriorating or extreme conditions. 
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