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Abstract: Determination of kinematic parameters 

of articulated rigid bodies is particularly important when 

recreating the trajectory of movement of given systems: 

human (running, skiing), machines (reproducing robot 

motion or dedicated mechanisms). Kinematic parameters 
such as rotation angle between members, angular velocity 

and linear acceleration are determined based 

on measurements from IMU (Inertial Measurement Unit) 

sensors that are mounted on individual members. 

In applications, the goal is to minimize IMU elements, 

which e.g. can hinder human movement. In this paper, 

Kalman Filter estimation was used to minimize the number 

of IMU sensors. The model of the system was prepared 

on the basis of Newton-Euler equations and Denavit-

Hartenberg notation. The experiments included a 3-

articulated pendulum model and the following three cases: 
i) placing IMU sensors on all three system segments, ii) 

on two segments, iii) on one system segment. Removed 

IMU sensors were replaced by estimates based 

on measurements of the segment preceding the examined 

element. The measurement error was verified using 

the reference measurement with the VICON vision system. 

Key words: articulated rigid bodies, accelerations 

and angular velocities measurement, IMU sensors, 

Newton-Euler equations, DH notation, numerical methods. 
 

1. INTRODUCTION 
 

Until now, IMU sensors (consisting of a digital 
gyroscope, accelerometer and magnetometer) were used 

to reproduce the trajectories and motion parameters of 

various systems of articulated rigid bodies, and the 

necessary analyses were performed based on the data 
obtained. The main application of the system is the 

measurement of biomechanical systems in sport or 

medicine. Man is put on IMU sensors in specific places, 
and then a measurement is made during the activity. 

In sport, the trajectory of the skier's movement is 

reconstructed [29], which allows the necessary 
adjustments to be made to train. 

Medicine uses IMU sensors to detect a variety 

of pathologies in the musculoskeletal system 
and treatment options. IMU sensors are installed 

on individual links of the kinematic chain of the hand to 

detect possible pathologies of movement during daily 

vital activities [1]. Sensors are also worn on the legs to 
diagnose, among others ankle [2], knees [3]. Various 

studies have also been performed on the calibration of 

sensors during walking [4]. The human attitude [5] was 
also examined in the assessment of possible defects, to 

assess the correctness of the prosthesis [6], 

as well as to determine individual stages of gait [9, 15, 

16, 22-28] as well as to estimate the size of the step 
[12]. The system is used to support rehabilitation 

for people after amputation [14]. 

IMU sensors are also used to analyze mechanical 
systems such as the pendulum [17-19,21,41,42] 

or the inverted pendulum [7]. Sensors are also attached 

to the manipulator elements for calibration [8] and for 
calibration of humanoid robots [10]. The system was 

also used to determine the mechanical parameters of 

an object, such as the center of mass, for a moving 

pendulum [11]. IMU sensors are also used to control 
balance maintenance in mobile robots [13]. IMU 

sensors are also used as elements to track human 

movement in real time, which allows you to control 
various devices [20]. 

Many scientific publications address the subject of IMU 

sensors in mechanical or biomechanical systems as 
diagnostic elements. The articles used various types of 

mathematical apparatus for processing measurement 

data, among others Kalman filter. However, no Kalman 

filter was evaluated in any work, which would estimate 
the results from individual IMU sensors, which would 

reduce the number of installed sensors and, as a result, 
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increase human comfort during testing. 
In the first chapters of the work, a method for analyzing 

measurement data was developed by defining a 

mathematical model of articulated rigid bodies based on 

Denavit-Hartenberg notation. The possibility of 
replacing individual IMU sensors with estimated values 

using the Kalman filter was subsequently verified. The 

test results were compared with the values from IMU 
sensors and the test analysis was performed. 
 

2. LAYOUT MODEL ANALYSIS 
 

Tests on the kinematic quantities of an object 

consisting of articulated rigid bodies were carried out 
for a three-part pendulum. The measurements were 

made using a marker optical motion capture system 

(VICON) and an IMU sensor system. The vision 

system was used as a reference measuring device in 
relation to the values read and processed from the 

IMU sensor system. Figure 1 shows the kinematic 

model of the pendulum along with a description of 
the VICON coordinate systems and IMU sensors.  

 

 
 

Fig. 1. The kinematic model of the pendulum along with the 

coordinate system of the VICON system and IMU sensors 
 

Reconstruction of the pendulum's trajectory required 

determination of the value of angles between 

individual system members. For this purpose, 
Danavit-Hartenberg notation was used together with 

the equations of kinematics and Newton-Euler 

dynamics, on the basis of which the variables of the 

examined system were determined [30-32]: 

 rotation matrix of each member together with 
the torsion angles of individual members (unknown 

values), given by equation (1): 

 

 Ri
i+1 = [

cos θi sin θi 0
− sinθi cos θi 0

0 0 1

] (1) 

 

 position values of individual IMU sensors (known 

value), equation (2): 
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 angular velocity value from i + 1 (known value - 

gyro values), equation (4): 
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 angular acceleration vector from i (known value - 

value measured with the accelerometer sensor), 

equation (5): 
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 equation of the linear acceleration of the term i + 

1 taking into account only the acceleration of the term 
i together with the use of the rotation matrix and the 

values read from the accelerometer: 
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As a result of supplementing equation (6) 

with the values of linear acceleration from the i + 1 
term, the relationship to the x component was obtained: 
 

 v̇x = K1 cos θi + K2 sin θi − PG2
2 − PG3

2 (7) 
 

Equation (7) allows determining the torsion angles 

of individual pendulum members and determining 
the pendulum's trajectory. 
 

3. PENDULUM MOTION TRAJECTORY 
 

The trajectory of the three-part pendulum was 

determined based on measurements from IMU 
sensors and a reference measurement using the 

VICON system. The system was measured in three 
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configurations: 

 pendulum with three members without external 
forcing - determining the IMU sensor torsion 

configuration → experiment No. 1, 

 pendulum with twisted members - one-pendulum 

pendulum with external forcing applied → 

experiment No. 2, 

 three-pendulum pendulum with external forcing 
applied → experiment No. 3, 

 pendulum with twisted members at a certain angle - 

single-section pendulum with extortion → 

experiment No. 4. 
Figure 2 shows the first configuration of the pendulum 

under test and the values of torsion angles between 

individual members in Figures 3, 4 and 5 together with 
a comparison of values from the IMU sensor system 

and the VICON system measurement. The values of 

angular velocity and linear acceleration were read from 

IMU sensors, from which the angles of rotation of 
individual members were determined using DH 

notation. The VICON system read markers positions in 

the XYZ axes relative to the center of the global system. 
 

 
Fig. 2. The first configuration of the pendulum 

 

 
Fig. 3. Measurement of the first term - experiment1 

 
Fig. 4. Measurement of the second term - experiment 1 

 

 
Fig. 5. Measurement of the third term - experiment 1 

 

Measurements of the first configuration of the 
pendulum showed the presence of measurement noise, 

however, the error value of the IMU sensors does not 

exceed 5 degrees. 

Figure 6 presents the third configuration of the 
pendulum and the values of the angles measured by 

two measuring systems (Figures. 7, 8 and 9). 
 

 
Fig. 6. Second pendulum configuration 
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Fig. 7. Measurement of the first term - experiment 2 

 

 
Fig. 8. Measurement of the second term - experiment 2 

 

 
Fig. 9. Measurement of the third term - experiment 2 

 

The measurement error when testing the second 
configuration increased, but the maximum error does 

not exceed 10 degrees. 

Figure 10 presents the third pendulum configuration 

and trajectory graphs of two measurements (Figures 
11, 12 and 13). 

 

 
Fig. 10. Third pendulum configuration 

 

 
Fig. 11. Measurement of the first term - experiment 3 

 

 
Fig. 12. Measurement of the second term - experiment 3 
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Fig. 13. Measurement of the third term - experiment3 

 

In the third measurement, the amount of 

measurement noise increases, but the measurement 

values are similar to the reference measurement. 

Measurement noises may result from the values of 
parameters read from IMU sensors and system 

vibrations during initial forcing.  

Figure 14 presents the fourth configuration of the 
pendulum and measurements of the torsion angles of 

individual system components in relation to two 

measurements (Figures 15, 16 and 17).  
 

 
Fig. 14. Fourth pendulum configuration 

 

 
Fig. 15. Measurement of the first term - experiment 4 

 
Fig. 16. Measurement of the second term - experiment 4 

 

 
Fig. 17. Measurement of the third term - experiment 4 

 

All measurements made with IMU sensors have 

a similar initial value to the reference measurement. The 

measurement error usually does not exceed 10 degrees. 
Measurement distortions result from vibrations in the 

system caused by initial forcing.  

 

4. APPLICATION OF THE KALMAN FILTER 
 

The main assumption of this article was to minimize 

the number of IMU sensors for use in the acquisition 
of human motion data. This approach will reduce the 

number of sensors, which will make it easier for a 

person to perform a given activity during 
measurements. It was assumed that the data from the 

sensors from the i module will allow estimating the 

values from the i + 1 term. The third element of the 
pendulum was chosen as the element with estimated 

values due to the inability to clearly determine its 

position in space. The estimation process was carried 

out using the Kalman filter with a given state vector 
[33-36, 41]: 

 

 𝑥 = [𝜃 𝜔 �̇�]𝑇 (8) 
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The equations of circular motion obtained as a result 
of discretization are also written [33-36]: 

 

 {
𝛼𝑖+1 = 𝛼𝑖 + 𝜆𝜔 +

𝜆2�̇�𝑖

2

𝜔𝑖+1 = 𝜔𝑖 + 𝜆�̇�𝑖

�̇�𝑖+1 = �̇�𝑖

 (9) 

 
Measurement interference [33-36] was introduced 

into equation (9): 

 

 𝛼𝑖+1 = 𝛼𝑖+1 + 𝑤𝛼𝑖  (10) 

 

 ωi+1 = ωi +wωi
 (11) 

 

 ω̇i+1 = ω̇i+1 +wω̇i (12) 
 

As a result of presenting equations (9 - 12) in the 

form, a model in the form of state equations was 
obtained [33-36]: 
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1 λ
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ωi

ω̇i
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Output equations [33-36]: 

 

 [
v̇i+1
ω̇i+1

ωi+1

] = [
1 0 0
0 1 0
0 0 1

] [

αi
ωi

ω̇i

] + [

wαi

wωi

wω̇i

] (14) 

 
IMU sensors allow measurement of angular velocity 

and linear acceleration. Figures 18, 19, 20 and 21 

present graphs of measurable and estimated values 
for the third segment, for individual pendulum 

configurations. 

 

 
Fig. 18. First configuration of the pendulum - 

IMU data with estimates 

 

 
Fig. 19. Second pendulum configuration - 

IMU data with estimates 

 

 
Fig. 20. Third pendulum configuration - 

  IMU data with estimates 

 

 
Fig. 21. Fourth pendulum configuration - 

IMU data with estimates 

 
The results most similar to measurements from IMU 

sensors are an estimate of angular velocity. This is due 

to the fact that the angular velocity measurement was 

read directly from the IMU sensors and does not contain 
approximation errors resulting from mathematical 

operations performed on other quantities.  
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5. RESULTS ANALYSIS 
 

Chapter 4 estimates the values of the third member of 

the pendulum. The obtained estimates were compared 

to the values from IMU sensors based on the DTW 
algorithm (Dynamic Time Warping) [37-40,43], 

which determined the average error between the 

measurement and estimated graph. The results are 
presented according to the pendulum configuration in 

Figures 22, 23, 24 and 25, for the values of angular 

velocities, for fragments of 800 samples - the moment 
of forcing.   

 

 
Fig. 22. The first configuration of the pendulum - 

  DTW algorithm 

 

 
Fig. 23. Second pendulum configuration - 

DTW algorithm (blue graph - measured value, green 

graph - estimate, red lines - distance between individual 

points) 

 

 
Fig. 24. Third pendulum configuration - 

DTW algorithm 

 

 
Fig. 25. Fourth configuration of the pendulum - 

DTW algorithm 
 

Values of average distances between the angular 

velocity graph from the IMU sensor and the 
estimated value: 

 first pendulum configuration– 0.388 [
𝑟𝑎𝑑

𝑠
], 

 second pendulum configuration– 0.064 [
𝑟𝑎𝑑

𝑠
], 

 third pendulum configuration–0.14 [
𝑟𝑎𝑑

𝑠
], 

 fourth pendulum configuration– 0.457 [
𝑟𝑎𝑑

𝑠
]. 

 
It can be concluded from the application of the DTW 

algorithm that the value of the average error between 

the measurement of angular velocity from the IMU 

sensor and the estimate does not exceed0.5 [
𝑟𝑎𝑑

𝑠
]. 

Taking into account the maximum and minimum 

values of angular velocity measurements, the error is 
about 25%. In the experiment, however, no algorithm 

was used to filter the values obtained from IMU 

sensors. 
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6. CONCLUSIONS 
 

This article explores the possibility of minimizing the 

number of IMU sensors mounted on members of 

articulated rigid bodies. An algorithm was developed 
using Denavit-Hartenberg notation to determine the 

trajectory of motion of individual system members 

based on data from IMU sensors. Then, the Kalman 
Filter model was determined and the estimates of the 

measurement data were determined. The mean 

distance was determined based on the DTW 
algorithm between the angular velocity value from 

the IMU sensor and the estimated value.  

The application of the Kalman filter gave the best 

results when estimating angular velocity values, 
which is caused by estimating the value directly from 

the IMU sensor without subsequent mathematical 

transformations. The results of angular velocities 
from the IMU sensor and estimated were tested with 

the DTW algorithm. Based on the DTW algorithm, 

the average distance between two graphs was 

determined, which allowed to determine the average 
error. The largest error was recorded for the first and 

last configuration of the pendulum. In the first 

configuration, the pendulum had no twisted members 
and no external load was applied, so the error is 

caused by the sensor's measuring accuracy and the 

lack of signal filtering. Maximum error of approx. 

0.5 [
𝑟𝑎𝑑

𝑠
], constitutes about 25% error for the peak 

value of the pendulum measurement in the fourth 

configuration. The measurement error is significant, 
which necessitates the use of a suitable filter for 

measurements and artificial intelligence algorithms to 

correct the estimated values. 
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