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Abstract: The contribution describes the prototype of a compact IMU sensor with dimensions of 30 

× 20 × 10 mm. The sensor integrates a 3-axis gyroscope module, LSM6DSL, along with onboard 

memory and a processing unit. The device was used to measure linear motion along the x-axis over 

a distance of 630 mm, giving a measured length of 659 mm. The absolute error was 29 mm, with a 

relative error of 4.6%. This error is likely attributable to manual movement during the measurement 

process. 
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1. Introduction 

The object movement monitoring in three-dimensional space in agriculture allows 

for adaptation to current needs or planned implementation as a result of predictive anal-

ysis. The 3D movement monitoring has the potential for particulate matter movement 

analysis during handling and processing [1]. The inertial measurement units (IMU) are 

versatile instruments designed to measure both static gravitational acceleration and dy-

namic processes such as movement, shocks, and vibrations [2,3]. These capabilities make 

them effective tools for tracking soil motion and other environmental monitoring tasks 

with applications to livestock production as well [4]. In the agricultural, accelerometers 

are frequently employed for measuring vibrations by positioning them either on or be-

neath the surface of soil that is subject to mechanical stresses from agricultural machinery 

[5]. These vibrations, caused by dynamic mechanical loads, provide critical information 

for optimizing equipment operation and reducing soil compaction. By monitoring soil 

vibrations, accelerometers aid in preventing soil degradation, which is crucial for main-

taining long-term soil health [6]. The integration of accelerometers within precision agri-

culture is now a critical aspect of modern farming practices. These sensors, which measure 

both static and dynamic forces, play a pivotal role in evaluating the mechanical impacts 

of machinery on soil [7,8]. In precision agriculture, accelerometers are integrated with 

broader technologies, including Geographic Information Systems (GIS) and Global Nav-

igation Satellite Systems (GNSS), to create comprehensive platforms for monitoring soil 

conditions and optimizing machinery performance. Beyond these applications, the IMU 

sensors have been employed to monitor large-scale soil movements, such as landslides. 

For instance, Kaharuddin et al. (2022) [9] demonstrated their utility as inclinometers for 

detecting landslides. However, their findings indicated that accelerometers may suffer 

from significant interference, rendering them less suitable for applications requiring high 

precision. This issue can, however, be addressed through the implementation of advanced 

filtering algorithms such as the Kalman filter, which is effective in mitigating noise and 

sensor bias [10,11]. In addition to the Kalman filter, numerous other filters can be applied, 

Citation: Černilová, B.; Kuře, J. The 

IMU Sensor for In-Situ 3D  

Movement Monitoring of Particulate 

Matter. Eng. Proc. 2024, 6, x. 

https://doi.org/10.3390/xxxxx 

Academic Editor(s):  

Published: 26 November 2024 

 

Copyright: © 2024 by the authors. 

Submitted for possible open access 

publication under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license 

(https://creativecommons.org/license

s/by/4.0/). 



Eng. Proc. 2024, 6, x FOR PEER REVIEW 2 of 8 
 

 

such as the Complementary filter, Butterworth filter, Savitzky-Golay filter, and Wavelet 

filter [12–15]. The use of such filters enhances the accuracy of accelerometers in environ-

mental monitoring tasks, ensuring more reliable data collection. 

The objective of this paper was to present a prototype device consisting of an accel-

erometer and gyroscope designed for tracing the movement of particulate materials. The 

primary advantage of this device lies in its compact dimensions, which enable it to adapt 

seamlessly to the flow of particulate substances. This adaptability ensures that the device 

can effectively capture the dynamics of particle movement, offering enhanced precision 

in tracking and monitoring within diverse particulate systems. However, this presents a 

significant challenge in developing a compact, cost-effective device that integrates only an 

accelerometer and gyroscope, capable of tracking particulate matter in situ [8,15,16]. 

2. Materials and Methods 

2.1. Module Assembly 

In this contribution, a prototype IMU sensor is presented, which consists of a 3-axis 

gyroscope and accelerometer module LSM6DSL, internal memory and a processing unit, 

which allow it to accurately monitor and record changes in the movement of particles 

during movement continuously. The LSM6DSL is an integrated MEMS sensor combining 

both an accelerometer and a gyroscope, thus enabling six-axis motion sensing. The accel-

erometer offers measurement ranges between ±2 g and ±16 g, while the gyroscope pro-

vides measurement ranges between ±125 dps and ±2000 dps. Acceleration was measured 

and recorded in units of g, where 1 g is equivalent to 9.81 m/s². The gyroscope data was 

captured in degrees per second (°/s). 

The prototype module was designed with compact dimensions of 35 × 20 × 10 mm, 

including the protective casing. The size of the die itself is 20 × 20 mm. The casing was 

made of ABS material. The wired prototype connects to a computer via USB, enabling 

real-time data acquisition and immediate analysis. The USB connection serves both as a 

data transmission interface and a power supply for the module. The completed IMU sen-

sor prototype is shown in the Figure 1a. As can be observed from the figure, colored wiring 

extends from the device, allowing for additional programming of the module. The Figure 

1b presents the sensor with the axes marked in the X, Y, and Z directions. 

  
(a) (b) 

Figure 1. Prototype inertial measurement units of the sensor, which is stored in a package with 

handles for possible fixing (a) and the sensor with axes marked in the X, Y and Z directions (b). 

2.2. The Software 

The software application was used for data reading and storage, specifically designed 

to interact with the LSM6DSL sensor. This software allowed users to select the measure-

ment ranges for both the accelerometer and the gyroscope. For the accelerometer, the se-

lectable ranges were between ±2 g and ±16 g, while for the gyroscope, the ranges varied 

from ±125 dps to ±2000 dps. Furthermore, the software enabled users to configure the data 
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storage size, which could range from 500 to 5000 data points per file. It also provided the 

option to toggle the gyroscope on or off, as well as the capability to visually display the 

currently measured data, as evident in the Figure 2. The visualized data consists of six 

curves, with the blue curve representing the X-axis, the green curve the Y-axis, and the 

red curve the Z-axis. The gyroscope data is displayed as bold curves, while the 

accelerometer data is shown as thin curves. The image clearly depicts the motion of the 

module along the X-axis. The trajectory indicates an almost linear movement, 

corresponding to a manual displacement in the direction of the X-axis. However, minor 

deviations are observed in the Y and Z axes, indicating slight motion in those directions 

as well. Additionally, the data reveals a subtle rotation during the movement, evidenced 

by the slight shifts in the gyroscope curves. The Figure 3 shows the user interface, which 

enables the required configuration. 

The data is saved in a text file after reading. The first row contains the column 

headers, identifying the respective data fields. Subsequent rows represent the recorded 

data, with each row corresponding to a single sample. The first three columns contain data 

from the accelerometer along the X, Y, and Z axes. The following three columns contain 

data from the gyroscope, also in the X, Y, and Z axes. 

 

Figure 2. The visualization of the currently measured data from the software used. 

 

Figure 3. The user interface of the software that allows the required measurement settings. 

2.3. The Experiment 

The experiment was conducted by mounting the IMU sensor onto a frame within a 

laboratory soil box. The mounting on the frame of the soil box is shown in Figure 4. From 

the image, it is evident that the device was positioned to measure along the X-axis due to 

its attachment. The frame allowed for linear movement, enabling a controlled linear dis-

placement of the device in the desired direction. Measurements were taken along the X-
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axis during linear movement, with the accelerometer oriented towards the -X direction. 

The displacement was manually executed over a distance of 630 mm. 

 

Figure 4. The laboratory soil box and the mounting of the device on the frame of the box. 

3. Results 

Measurements were taken along the X-axis during linear motion, with the accelerom-

eter oriented in the -X direction. Figure 5 presents the accelerometer data specifically along 

the X-axis. The data show the presence of noise and spikes, with the actual movement 

lasting approximately 1.15 s. 

 

Figure 5. A graph showing the raw data obtained from the accelerometer in the X-axis. 

To mitigate the noise and enhance the accuracy of the recorded data, a Kalman filter 

was applied to the measurements, as illustrated in Figure 6. The raw data were then con-

verted from units of g to acceleration in m/s2 using Equation (1). 

𝑎𝑖 = 𝑎𝑔𝑖 ∗ 9.81 (1) 

where: 

𝑎 𝑖 represents the acceleration in a given step (m/s2); 

𝑎𝑔𝑖  is the acceleration in the given step (g); 
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1 g = 9.81 m/s2. 

The correction was also applied to the raw data to obtain more accurate results. From 

the graph in Figure 6, it can be observed that the maximum acceleration value from the 

measured data was recorded as 0.3249 m/s2. The graph further shows a negative 

progression, which was caused by the device being oriented along the negative X-axis 

during measurement. 

 

Figure 6. A graph showing the adjusted data to which a Kalman filter has been applied with an 

apparent time course of acceleration. 

Furthermore, the acceleration was converted to velocity. The calculation of velocity 

is based on the integration of acceleration over time. In discrete form, the velocity (𝑣𝑖) at a 

specific time step can be calculated using the following formula: 

𝑣𝑖 = 𝑎𝑖 ∗ (𝑡𝑖 − 𝑡𝑖−1) + 𝑣𝑖−1 (2) 

where: 

𝑣𝑖 is the velocity at the current time step (m/s), 

𝑎𝑖 is the acceleration at the current time step (m/s2), 

𝑡𝑖 is the current time (s), 

𝑡𝑖−1 is the time from the previous time step (in s), 
(𝑡𝑖 − 𝑡𝑖−1) represents the time interval between two measurements (s), 

𝑣𝑖−1 is the velocity from the previous time step (m/s). 

The recalculation allows for the determination of the instantaneous velocity over 

time, which is shown in Figure 7. It is shown in the graph that the highest speed achieved 

was 0.9696 m/s. 
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Figure 8. A graph iustrating the values converted from acceleration to velocity with a maximum 

velocity value of 0.9696 m/s. 

Finally, the velocity was recalculated to determine the displacement. The distance s 

can be calculated as the integral of velocity v over time t. In discrete form, for individual 

time steps, the distance can be calculated using the equation: 

𝑠𝑖 = 𝑣𝑖 ∗ (𝑡𝑖 − 𝑡𝑖−1) + 𝑠𝑖−1 (3) 

where: 

𝑠𝑖 is the distance at the current time step (m), 

𝑣𝑖 is the velocity at the current time step (m/s), 

𝑡𝑖 is the time at the current time step (s), 

𝑡𝑖−1 is the time from the previous time step (s), 

(𝑡𝑖 − 𝑡𝑖−1) is the time interval between two measurements (s), 

𝑠𝑖−1 is the distance from the previous time step (m). 

From this recalculation, the instantaneous displacement over time can be deter-

mined, as shown in Figure 9. 

 

Figure 10. A graph showing the resulting values of the distance over time that was calculated by 

integrating the velocity. 

According to the measurement, the total distance was found to be 659 mm. However, 

this result could have been influenced by several factors, such as inaccuracies in the 

accelerometer, misalignment in the axis, noise errors, filtering inaccuracies, or errors 
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during manual movement along the 630 mm distance. According to Equation (4), the 

relative error was calculated, while Equation 5 was used to determine the absolute error. 

The absolute error value was 29 mm and the relative error value was 4.6%. 

𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑒𝑟𝑟𝑜𝑟 =  𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 − 𝑇𝑟𝑢𝑒 𝑣𝑎𝑙𝑢𝑒 = 659 mm − 630 mm = 29 mm (4) 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑟𝑟𝑜𝑟 =
𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑒𝑟𝑟𝑜𝑟

𝑇𝑟𝑢𝑒 𝑣𝑎𝑙𝑢𝑒
=

29 mm

630 mm
= 4.6% (5) 

4. Discussion and Conclusions 

Our research employed an Inertial Measurement Unit (IMU) sensor for in-situ 3D 

tracking of particulate matter, that has potential to capture detailed movement patterns 

and enhance our understanding of particle dynamics during the particulate matter inter-

actions with agricultural tools [16]. The sensor utilizes 3-axis gyroscope module 

LSM6DSL, internal memory and processor unit, allowing it to accurately monitor and rec-

ord changes in particulate matter movement continuously during the motion. The objec-

tive of this paper was to develop a cost-effective smart sensor, aimed at providing a prac-

tical and economical solution for real-time data acquisition. The prototype introduced in 

this study is based on a USB interface. Looking ahead, future iterations of this sensor will 

be designed around a battery-powered concept. The shift to a battery-based prototype has 

potential for real-time, in-field data collection, offering better understanding of agricul-

tural processes. 

The assembly requirement aimed to achieve optimal dimensions to minimize dis-

turbance to particle flow. The proposed module including housing features extremely 

compact dimensions of 30 × 20 × 10 mm. The compactness of the module allows it to 

integrate seamlessly into the flow of particles, ensuring minimal disruption to the natural 

dynamics of particulate systems. Currently, the IMU sensor is designed in a rectangular 

cuboid shape. However, the next prototype will feature a spherical design. This change in 

shape is aimed at improving the sensor’s adaptability and interaction with the 

surrounding environment. 

The IMU sensor was used to measure linear motion along the x-axis over a distance 

of 630 mm. The measured length was 659 mm, resulting in an absolute error of 29 mm and 

a relative error of 4.6%. However, this result may have been influenced by several factors, 

including inaccuracies in the accelerometer, misalignment of the axis, noise errors, 

filtering inaccuracies, or manual movement errors during the 630 mm distance. The 

primary cause of the discrepancy is likely the manual handling during the measurement. 

These findings suggest that minimizing human-induced factors could improve 

measurement accuracy in future tests. 
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