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Abstract 
 
The article contains a comparative analysis of two methods of calculating angles in the shoulder joint 
of the right upper limb. For the purposes of this study, a marker-vector method was developed that 
calculates angles based on retroreflective 3D marker’s positions and vectors created on the basis of 
their positions. Movements from two types of sports (sword fighting and tennis forehand) were 
analysed. These movements were recorded using an optical motion capture system. The obtained 
results were compared with the values read from the Plug-in Gait biomechanical model from C3D files. 
The results show that the proposed method is more universal and can be used independently. In 
addition, the Plug-in Gait model is not adequate for the analysis of the acquired shoulder angles of 
tennis players. 
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INTRODUCTION 
 
 The movement analyses using inertial and optical motion capture technologies have been 
widely developed in many scientific fields, because they provide values of specified body and joints 
positions. Many of optical motion capture systems concern the implemented biomechanical models 
which calculate additional values such as angles, forces or moments between the human joints. The 
calculations are made on the basis of the markers’ placement on the participant’s body and the 
additional values input to the system (e.g. weight, height and the length of the specified limbs). The 
inertial systems provide the angles based on the attached IMU sensors [1]. 
 Optical motion capture systems are precise and are thus involved in athlete analyses [2]. They 
concern the parameters available after recording motion capture sessions, such as velocities, 
accelerations, stroke execution times [3,4,5], as well as ranges of motion or speeds of joints [6]. The 
Vicon Plug-in Gait (PiG) model allows the researchers to extend their studies of many important 
calculations, very often necessary for motion analyses in many sport fields [6,7]. The analysis of the 
professional tennis players using this biomechanical model is presented in [8] while training on an 
indoor ergometer in [9]. 
 The PiG biomechanical model is widely used for examinations involving human participations, 
because it is a conventional gait analysis model. It is not always efficient as a research tool and thus it 
is sometimes necessary to extend it by implementing additional functionality [10]. There are also 
studies of new models and their comparison to the Plug-in-Gait model. The studies cover comparing 
joint kinematics obtained by this model with those produced by a widely used Inverse Kinematics 
model available with the OpenSim distibution [11]. A new Two-marker-model, which calculates the 
joint centre, was tested [12]. It can be considered alternatively to the PiG model because the error 
analysis showed a smaller error than with PiG. Foot movements using the Vicon system have been 
studied in man's gait [13,14]. The PiG model used in gait analysis is not adequate because it considers 
the foot as a rigid segment [15]. The multi-segment Wang-foot model to measure the foot and the 
ankle kinetic and kinematic data during gait was developed and validated [16]. 
 Due to the fact that the angles obtained by the model are not always correct, the idea of this 
paper is to compare the shoulder angles received by the PiG model with the author’s method based on 
the retroreflective markers attached to the participant’s body called marker-vector method (M-V). The 
markers were attached according to Plug-in Gait specification [17] so that the analysis could be more 
precise. The tennis forehand and sword techniques were analysed. The following thesis is formulated 
in the paper “The presented marker-vector method is suitable for calculating angles in sport 
disciplines”. The thesis is proved by the obtained results. 
 
MATERIAL AND METHODS 
 
Participants 
 Two men participated in the study. The first (age 26, height 1.84 m, weight 120 kg) performed 
sword fighting and the second (age 30, height 1.74 m, weight 71 kg) tennis forehand strokes without 
the ball. They signed the ethical approval form for this research. 
 The participants were prepared for the experiment according to the Plug-in Gait Model [17]. 
Thirty-nine retroreflective markers were attached to the participants using hypo-allergenic double-
sided tape as specified in the model. This model allows for calculating angles, torques and forces in a 
subject’s joints. Then, the persons were measured for the purpose of creating and scaling the new 
subjects in the Nexus software (height, weight, leg length, arm offset, knee, ankle, elbow and the 
thickness of both hands). The calibrations of the subjects were performed as the next step in 
preparation due to the verification that the markers are visible and correctly attached.  
 After a 15-minute warm-up, the first participant made a series of moves with a sword called a 
waltz. The participant moved forward by performing two alternating swings with two-handed swords. 
He then performed the same rotation by moving backwards and returning to the starting position. The 
second participant was told to perform eleven forehand strokes without the ball while running and 
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avoiding a bollard placed on the floor. Because the participant was running, the strokes were more 
natural than hitting the ball from a standing pose. 
 
Data acquisition  
 A passive optical motion capture system was used to track the participants while performing 
exercises at the Laboratory of Motion Analysis and Interface Ergonomics at the Lublin University of 
Technology in Poland where interdisciplinary tests are performed [18]. The motion capture system 
consisted of: eight NIR T40S cameras operating in near infrared, two reference video Bonita cameras, a 
Giganet hub collecting data, a desktop computer and a set of accessories (e.g. markers, a calibration 
wand, double-sided tape). The system recorded the positions of the markers placed on the subject’s 
body (each marker must be seen by at least two cameras). The equipment was supplied with Vicon’s 
Nexus 2.0 software, used for system calibration, data recording and data processing. The movements 
were registered with 100 Hz. 
 Each capture session created a set of files. During capture an additional video file containing 
examined person data and additional information was created. This file, for security purposes, may be 
watermarked with robust algorithm [19]. 
 
Marker-vector method 
 The presented method for calculating angles for the participant’s shoulder is based on the 
three dimensional coordinates stored in C3D files. The marker’s names and locations are exactly the 
same with the PiG model specification. The described method does not include the approximation of 
bone positions in the upper limb. However, the method is not limited to the specified angles. It may be 
used to compute any angle of the participant’s body, even not involved with the skeleton. 
 Three local coordinate systems were created to calculate the positions of the markers used for 
determining the three right hand shoulder angles. The local chest coordinate system was created as 
follows: first, the direction of the Y axis was calculated as the T10-STRN vector. Then the origin of the 
system was defined – a point on the Y axis line forming a vector perpendicular to the Y axis and 
passing through C7. Axis Z was designated as the direction of the origin – C7. The X axis was denoted 
as a cross product of Y axis and Z axis vectors.  
 The local coordinate system of the shoulder bone was created as follows: first the Z axis was 
created as the direction vector RSHO (Right Shoulder) – RELB (Right Elbow). The origin of the 
coordinate system was defined as a point on the Z axis forming a vector from the RUPA (Right Upper 
Arm) perpendicular to the Z axis. The X axis was assumed to be the origin – RUPA vector. The Y axis 
was calculated as the cross product of X and Z axis vectors.  
 The origin of the radial bone coordinate system was the midpoint between the RWRA (Right 
wrist bar thumb side) and RWRB (Right Wrist bar pinkie side) markers. The X axis was the direction 
from the origin to the RELB marker and the Y axis from RWRB to RWRA. The Z axis was the cross 
product of the remaining axes.  
 The next step was to convert the points from the global to the local coordinate system. 
Transformation of a point into a local coordinate system is given by the following formula (1) [19], 
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where: P1 – the point with global coordinates, P2 – the origin of local coordinate system, ux, uy, uz – mutually 
orthogonal unit vectors representing local coordinate system, x', y', z' – new local coordinates of point P1. The 
symbol ⋅ is the dot product. 
 
 The rotation of point P (xp, yp, zp) by the angle α around the axes X, Y, Z of the coordinate system 
passing through the point (xc, yc, zc), needed to undo the previous rotation in the sequence of moves 
possible in a given joint, is described by formulae (2), (3), (4) [20]. 
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𝑥′ = 𝑥𝑝 
𝑦′ = �𝑦𝑝 − 𝑦𝑐� ∙ 𝑐𝑐𝑐(𝛼) − �𝑧𝑝 − 𝑧𝑐� ∙ 𝑐𝑠𝑠(𝛼) + 𝑦𝑐   
𝑧′ = �𝑦𝑝 − 𝑦𝑐� ∙ 𝑐𝑠𝑠(𝛼) + �𝑧𝑝 − 𝑧𝑐� ∙ 𝑐𝑐𝑐(𝛼) + 𝑧𝑐  
 

 
(2) 

𝑥′ = �𝑥𝑝 − 𝑥𝑐� ∙ 𝑐𝑐𝑐(𝛼) − �𝑧𝑝 − 𝑧𝑐� ∙ 𝑐𝑠𝑠(𝛼) + 𝑥𝑐  
𝑦′ =  𝑦𝑝 
𝑧′ = �𝑥𝑝 − 𝑥𝑐� ∙ 𝑐𝑠𝑠(𝛼) + �𝑧𝑝 − 𝑧𝑐� ∙ 𝑐𝑐𝑐(𝛼) + 𝑧𝑐 

 

 
(3) 

𝑥′ = �𝑥𝑝 − 𝑥𝑐� ∙ 𝑐𝑐𝑐(𝛼) − �𝑦𝑝 − 𝑦𝑐� ∙ sin(𝛼) + 𝑥𝑐  
𝑦′ = �𝑥𝑝 − 𝑥𝑐� ∙ 𝑐𝑠𝑠(𝛼) − �𝑦𝑝 − 𝑦𝑐� ∙ cos(𝛼) + 𝑦𝑐  
𝑧′ = 𝑧𝑝 
 

 
(4) 

 
As with the Plug-in Gait model, Euler angles are the end result. Listing 1 shows the method of 

calculating the Euler angles – the atan2 function of which the first parameter is a determinant 
proportional to the sine, and the second – a dot product proportional to the cosine of the angle 
between vectors v1 and v2, giving the angle [20]. 
 
Listing 1. Calculating the Euler angles between vectors v1 and v2. 
float detx = v1.y*v2.z – v1.z*v2.y; 
float dotx = v1.y*v2.y + v1.z*v2.z; 
float angleX = atan2(detx, dotx); 
 
float dety = v1.x*v2.z – v1.z*v2.x; 
float doty = v1.x*v2.x + v1.z*v2.z; 
float angleY = atan2(dety, doty); 
 
float detz= v1.x*v2.y – v1.y*v2.x; 
float dotz= v1.x*v2.x + v1.y*v2.y; 
float angleZ = atan2(detz, dotz); 
 
Depending on the axis of rotation, two components of vectors v1 and v2 are considered. The result is 
the angles in the interval [-π, π]. 
 
Plug-in Gait model 

The model defines a number of angles associated with the deflection of the major joints 
representing the human skeleton. In this article, the angle of the right upper limb (RShoulderAngles) 
was analysed. Each of the angles contains three components counted as rotation around the individual 
axes of the coordinate system (Euler angles) associated with the local skeleton segment. 
The shoulder joints defined in the Plug-in Gait model are: 

• Flexion/Extension – between the negative axis Z of the thorax and the RSHO-RELB vector 
around the Y axis of the thorax, 

• Abduction – between the negative axis Z of the thorax and the RSHO-RELB vector around the X' 
axis of the thoracic system, rotated by the previous rotation, 

• Internal Rotation – between the Y axis of the chest and the RELB-RWRA vector around the Z 
axis of the chest, rotated by two previous rotations. 

 The results obtained from the PiG model were read from C3D files using the piece of software 
created for the purpose of the analysis. Due to the fact that the model uses Cardan (Euler) in order to 
calculate joint angles, Gimbal Lock and Codman's Paradox [20] may occur in particular shoulder 
positions. Although the described model includes some steps that make an effort to minimise the 
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above effects by trying to keep the shoulder angles in consistent and understandable quadrants, this 
problem may appear [17]. 
 The results obtained from the PiG model were read from C3D files using the piece of software 
created for the purpose of the analysis. Due to the fact that the model uses Cardan (Euler) in order to 
calculate joint angles, Gimbal Lock and Codman's Paradox [21] may occur in particular shoulder’s 
poses. Although, the described model  includes some steps that make an effort to minimize the above 
effects by trying to keep the shoulder angles in consistent and understandable quadrants, this problem 
may appear [17].  
 
RESULTS 
 
 The obtained results of the angles of the right shoulder joint are shown in Figures 1-6. The data 
from the proposed M-V method were marked in red, and in green – the graph of the data read from the 
PiG model. Three movements have been analysed: flexion, abduction and internal rotation. For each of 
the presented results the following measures were computed: (1) the mean of all differences (between 
values from PiG and M-V), (2) the maximum difference and (3) the minimum difference (Tables: 1, 2 
and 3). The analysis concerns two types of motion. First, the waltz sword movement, and second – 
eleven forehand strokes. 
 
Shoulder flexion 
 

 
 
Figure 1. Flexion angle of the shoulder joint for 
the sword swing  
 

 
 
Figure 2. Flexion angle of the shoulder joint for 
the forehand stroke  
 

 
Tab. 1. Angles differences in shoulder joint flexion  

Type of movement Mean difference [°] Maximum difference [°] Minimum difference [°] 
Sword 4.75 52.19 0.01 

Tennis Forehand 7.40 107.29 0.01 
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Shoulder abduction 
 

 
 
Figure 3. Abduction angle for the shoulder joint 
for the sword swing 

 
 
Figure 4. Abduction angle for the shoulder joint 
for the forehand stroke 

 
 
Tab. 2. Angle differences for abduction in the shoulder 

Type of movement Mean difference [°] Maximum difference [°] Minimum difference [°] 
Sword 8.60 141.71 0.04 

Tennis Forehand 547.79 1851.01 0.00 
 
Angles returned by the PiG model for the forehand stroke go significantly beyond the range 
corresponding to the human motion angle. 
 
Shoulder internal rotation 
 

 
 
Figure 5. internal rotation angle for the shoulder 
joint for the sword swing 

 
 
Figure 6. Internal rotation angle for the shoulder 
joint for tennis forehand stroke 
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Tab. 3. Angles differences for internal rotation in the shoulder joint 

Type of movement Mean difference [°] Maximum difference [°] Minimum difference [°] 
Sword 27.16 91.38 0,03 

Tennis Forehand 561.72 1842.89 0.32 
 

As in the case of abduction, the results from the PiG model return values beyond the possible angles of 
a forehand stroke. 

CONCLUSIONS 
  
 The shoulder joint angles were examined in two types of movements: sword fighting and 
tennis forehand stroke. Two models generating angular values were compared: the PiG model (by 
Vicon Ltd) and the proposed M-V method. Each angle is defined by three coordinates (Euler angles) in 
three-dimensional space. The flexion values in both types of movement (Fig. 1-2) show relatively small 
average differences between the two models. They are 4.75° for sword fighting and 7.40° for forehand 
stroke (Table 1). The Shoulder abduction value (Fig. 3-4) generates a mean difference of 11.86° in 
sword motion and 547.79° in forehand stroke (Table 2). Similar results were obtained for internal 
rotation (Fig. 5-6) in the shoulder joint: 27.16° in sword fighting and 550.24° in forehand stroke (Table 
3). The angle values generated in the PiG model during the forehand stroke significantly exceeded the 
correct angle values that should lie within the [0, 2π] interval. 
 The marker-vector method is characterised by greater versatility, due to which it is also 
possible to calculate angles between markers outside the Plug-in Gait definition. In addition to the 
results provided by the Plug-in Gait model, the results of the abduction and internal rotation produced 
by the marker-vector method for tennis are correct. They are not disadvantaged by the Gimbal Lock or 
Codman's paradox phenomena. It should be remembered that the marker-vector method does not 
take into account the position of the bones of the human skeleton. 
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