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SUMMARY 
The shoulder complex involves combined motions of the 
sternoclavicular, acromioclavicular and glenohumeral 
articulations. The relation between clavicula, scapular and 
humerus relative to thorax movements during humeral 
elevation has been widely studied in healthy subjects and 
reported as shoulder rhythm (ShRm). Recent three-
dimensional (3D) studies [2,3] have description of ShRm to 
include scapular anterior/posterior tilt (around an axis parallel 
to the scapular spine) and protraction/ retraction (around a 
vertical axis), in addition to the originally described 
lateral/medial rotation (around an axis perpendicular to the 
plane of the scapula).  
This paper describes a quadric multiple regression approach 
for ShRm evaluation from shoulder (thorax, bilateral 
clavicula, scapula and humerus) kinematic in-vitro and in-vivo 
data collection by analyzing a six degrees of freedom (6DoF, 
center of humeral head translation and attitude vector for 
rotation) humerus to thorax range of motion. The results of the 
motion reconstruction and ShRm prediction visualized 
(FusionToolbox software) by scalable generic skeleton on the 
basis of palpable [9] anatomical landmarks (ALs) affine 
registration [5]. An accuracy of prediction has been estimated 
by discrepancy of Als trajectories for selected motions. 
 
INTRODUCTION 
Human shoulder joint is one of the most mobile joint due to 
sequence of three intermediate joints connecting humerus to 
thorax. Theoretically, these three joints are 6DoFs ones, but 
for practical reason in the most of the daily shoulder motion 
activity these joints could be simplified as ball and socket 
ones. Most of the thoracohumeral motion takes place in the 
glenohumeral joint, which by itself allows for glenohumeral 
elevation up to 120° [8,10] and axial rotation about 135°. The 
sternoclavicular joint allows clavicular elevation of 11°-15°, 
retraction of 15°-29° during arm elevation and especially a 
large axial rotation of up to 40°. Since the longitudinal axis of 
the clavicle is almost perpendicular to the scapular plane, the 
axial rotation of the clavicle and the lateral rotation of the 
scapula (in the scapular plane) are equivalent and require 
minor adjustments in the acromioclavicular joint. Motions of 
the scapula are constrained [10] on the one hand by the medial 
border of the scapula, which is pressed against the thorax by 
the combined action of the Serratus Anterior m. and m. 
Rhomboideus m. On the other hand, scapular motions are 
constrained by the clavicle, which allows the acromion to 
move more or less along a spherical pathway around the 
sternoclavicular joint. The contribution of scapular and 

clavicula motion to arm elevation follows a general pattern in 
which scapular motion is responsible for approximately one 
third of the total arm elevation. 
The main challenge of the underlying research is to find the 
relationships between the humerus position and orientation on 
one hand, and the related attitude of the scapula and clavicle at 
the same moment of time. This answers a practical problem in 
in-vivo motion analysis. Indeed, if data related to the humerus 
instantaneous spatial position is relatively easy to obtain (for 
example, using stereophotogrammetry), the same information 
is more difficult to collect for the clavicle (i.e., small 
elongated bones offering limited space to attach markers) and 
the scapula (i.e., which real motion is largely hidden by the 
soft tissue). Furthermore, a unique and straightforward 
mechanism like in the knee or the ankle joint [7] is not 
possible, e.g. the humeral head shows similar displacement 
during shoulder elevation or scapula-humeral abduction due to 
the fact the vertical displacement of the humerus is closely 
linked to clavicle elevation. This example shows that an 
algorithm that aims to estimate the clavicle and scapula pose 
compared to the humerus instantaneous posture, must first 
deal with the differentiation between a shoulder elevation due 
to a humerus rotation or translation and combine 
correspondent fitting curves to evaluate motion prediction by 
quadric multiple regression. This is the purpose of this 
research. 
 
METHODS 
In vitro (two fresh cadavers) and in vivo (three volunteers) 
shoulder motion data collection (left side mirrored to right) 
have been obtained by two protocols based on 
stereophotogrammetry (Vicon©) of technical frames (TFs) and 
ALs palpation. TFs for in vitro data were rigidly attached to 
the bones by pins and 3D reconstructed (from CT scan) 
together with skeleton. TFs for in vivo data were placed 
according to [4]. For one volunteer 3D bone reconstruction 
(from CT scan) was also available. Before motion data 
collection, virtual (bone 3D surfaces) and manual ALs 
palpation were implemented according to strict 
recommendations [4,9]. Humeral head joint centers required 
for further joint motion representation was determined using 
regression equations [6] applied on the above located 
anatomical landmarks. Four bones related anatomical frames 
were built according to the recommendations of the ISB [12]. 
Distal segment (relative to thorax) and joint (relative to 
proximal link) motion data were derived using body pose 
representation by translation (origin to origin) and attitude 
(helical rotation [1,11]) vectors. Projections of the clavicula, 



scapula and humerus pose vectors on thorax anatomical frame 
were plotted using each DoFs of clavicula and scapula per 
each DoFs of humerus. In total 144 (2 proximal bones, 2 linear 
and parabolic fitting, 6DoFs proximal and 6DoFs humerus 
bones) plots were processed by linear and parabolic (quadric) 
fitting. Based on residual of the fitting only three (most 
sensitive) humerus DoFs were selected. They correspond to 
sagittal and frontal elevation and humerus AF vertical 
translation. Regression polynomial were later used as starting 
ones for clavicula and scapular motion prediction from 
humerus three component of motion. For each predicted DoFs 
were used weighted combination of three polynomials, taking 
into account instantaneous value of the humerus pose (vertical 
translation and anterior and lateral attitude vector) projections. 
This approach combined with further corrections (e.g. by 
constraining humeral head position from captured data etc.) 
leads to full shoulder motion reconstruction and could be 
visualized by generic skeleton affine registration. Captured 
motions from several trials were concatenated to increase 
robustness of prediction from fitted data. Combining data from 
different volunteers and specimen requests accurate data 
scaling [5]. Accuracy of the motion prediction was estimated 
by calculation of ALs trajectories mean error (predicted versus 
reconstructed) for selected motions of elevation in different 
planes. 
 
RESULTS AND DISCUSSION 
Data from three volunteers and two specimens are processed 
for in total 51 different motions including abduction-adduction 
(frontal plane), flexion-extension (sagittal plane) and humeral 
head vertical elevation-depression. Residual analysis shows 
that only 36 (2*3*6) parabolic polynomial could be further 
used for ShRm prediction. Typical example of the rhythm 
components fitting by linear and parabolic polynomial 
presented in Figure 1 for three repetitions of flexion/extension. 
.  

 
 

Figure 1. Linear and quadric fitting polynomial and residuals of the 
clavicula and scapula elevation versus humerus flexion/extension 
(AFs ISB convention, attitude vector projections on thorax AF).  
 

Figure 2 presents results of motion reconstruction and 
application of prediction-correction shoulder rhythm. Analysis 
of 15 different motions shows mean accuracy of the clavicula 
and scapula rhythm reconstruction 8.5(SD=6.1) mm, 
19.8(SD=5.2) mm respectively. 
The presented approach of motion data storing seems robust 
method for segment motion evaluation in global coordinate 
system [11]. “The attitude vector dispenses with the 'gimbal-
lock' and non-orthogonality disadvantages of 
Cardanic/Eulerian conventions; therefore, its components have 
better metrical properties, and they are less sensitive to 
measurement errors and to coordinate system uncertainties 
than Cardanic/Eulerian angles.” The range of motion of the 
attitude vector projections from this study are similar to in-
vivo data obtained on volunteers [2] using pins. 
 

 
 

Figure 2. Flexion-extension motion (bone colour) and examples of 
shoulder rhythm application with different techniques of data fitting 
(LEFT shoulder). Green colour corresponds to the shoulder rhythm 
fitting from test motion itself (used as control Gold Standard). Red 
bones corresponds to models which orientation and position have 
been set from the shoulder rhythm fitting. Yellow and pink colours 
corresponds to shoulder rhythm determined from RIGHT shoulder 
and LEFT shoulder mirrored to the right side. 
 

CONCLUSIONS 
Presented approach of shoulder motion reconstruction by 
shoulder rhythm prediction-correction requests data collected 
by standard protocol of thorax and humerus motion analysis. 
Accuracy of the reconstruction allows applying developed 
method in ergonomics and daily activity analysis. For clinical 
application presented approach request extended protocol 
specific to the case under investigation. 
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