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Abstract—This paper introduces a protocol for the measurement 
of shoulder movement that uses a motion analysis based 
technique and the proposed standards of the International 
Society of Biomechanics. The protocol demonstrates effective 
dynamic tracking of shoulder movements in 3D, including the 
movement of the thorax relative to the global coordinate system, 
the humerus relative to the thorax, the scapula relative to the 
thorax, the sternoclavicular joint, the acromioclavicular joint and 
the glenohumeral joint. This measurement protocol must be 
further tested for accuracy and repeatability using motion and 
imaging data from existing methods developed prior to the ISB 
recommendations.  It is proposed to apply the validated model to 
assess pathological shoulder movement and function with the aim 
of developing a valuable clinical diagnostic tool to aid surgeons in 
identifying optimum treatment strategies. 
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I.  INTRODUCTION 

The shoulder is a complex joint that has a range of motion 
greater than any other in the body [1]. As such, it is able to 
perform multiple tasks e.g. reaching for objects above head 
level, brushing the hair etc. A consequence of this is that the 
shoulder complex is susceptible to a wide range of pathologies 
and injuries, such as impingement, instability and adhesive 
capsulitis.  

Surgeons use a range of observations and physical 
examinations to decide on the type and extent of a patient’s 
upper-limb pathology. Their decision to proceed with a 
diagnosis and plan of surgery or therapeutic treatment is based 
on experience of patients with similar symptoms and their 
expertise and training. However, in some instances, this 
decision-making process is far from straightforward. In these 
cases surgeons would benefit from a detailed knowledge of 
shoulder kinematics to further their understanding of the 
aetiology of upper-limb disorders for clinical evaluation and 
rehabilitation purposes [2, 3]. Thus, “a useful methodology for 
measuring 3D shoulder positions is urgently needed.” [3, 
pp.280]  

This paper introduces a protocol for the measurement of 
shoulder movement that uses a motion analysis based 
technique and the proposed standards of the International 
Society of Biomechanics (ISB) [4]. 

II. METHODS.  

A. DEVELOPMENT OF MEASUREMENT PROTOCOL 
An initial study was conducted in the motion analysis 

laboratory in the School of Engineering, Cardiff University, 
which is equipped with an opto-electronic measurement system 
[5] comprising eight digital infrared cameras. The infra-red 
camera positions were defined to enable detection of the 
movement of markers attached to the arm and torso on one side 
of the body. A measurement protocol was developed and 
includes a number of stages:  

·  Placement of marker cluster on upper arm  

·  Placement of individual markers over bony landmarks 

·  Neutral position measurement 

·  Movement measurements 

These stages, which are completed in turn for each side of 
the body, will now be described in more detail. 

1) Placement of Marker Clusters on the Upper Arm 
A passive four-marker cluster was made using copolymer 

polypropylene and covered with retro-reflective markers. This 
marker cluster is positioned laterally on the upper arm and held 
in position using self-adhesive Coban© tape as shown in 
Figure 1. The marker cluster remains in position throughout the 
remainder of the study. The use of marker clusters rather than 
single markers and their placement at sites known to 
experience minimal overlying skin movement, minimises skin 
movement artefacts associated with standard motion analysis 
techniques [6].  

 

 

Figure 1.  Location of arm- cuff and individual markers over bony landmarks 
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TABLE I.  BONY LANDMARK DEFINITIONS (TAKEN FROM [4, PP.982-
983]) 

 

2)  Placement of Individual Markers over Bony 
Landmarks 

Using manual palpation, each bony landmark is identified 
in turn for the thorax, clavicle, scapula, humerus and forearm. 
The locations of the bony landmarks are described in Table 1 
[4]. Individual markers are placed over the bony landmarks as 
shown in Figure 1. 

3) Neutral Position Measurement 
With the subject sitting in a neutral position (defined as arm 

hanging vertically, elbow flexed to 90°, forearm pronated [4]) 
as shown in Figure 1, the opto-electronic measurement system 
measures the positions of the marker cluster and individual 
markers attached to the upper arm and bony landmarks 
respectively, in terms of the global coordinate system of the 
laboratory, for a one second data collection period.  

4) Movement measurements 
The opto-electronic measurement system [5] records the 

positions of the retro-reflective marker clusters and of the bony 
landmark markers during movements of the upper limb. 

A subject performs the following set of movements: 

·  With the arm hanging vertically by the side, the elbow 
fully extended and the forearm in neutral rotation, the 
subject moves the arm through a full range of forward 
and backward extension. 

·  With the arm hanging vertically by the side and the 
forearm in neutral rotation, the subject moves the arm 
through a full range of adduction and abduction. 

·  With the arm abducted to 90° and the elbow flexed to 
90°, the subject moves the arm through a full range of 
internal and external rotation. 

B. Processing 

1) Estimation of the glenohumeral joint centre 
The position of the glenohumeral (GH) joint centre was 

then estimated using the regression equations of Meskers et al. 
[7].  The regression equations, developed using cadaver 
specimens, use the coordinates of AC, TS, AI, AA and PC, and 
the distances between these bony landmarks to predict the joint 
centre. However, Stokdijk et al. [8] reported that this method 
may not be suitable to use on pathological subjects. Following 
their recommendations, further work will use the helical-axis 
method to estimate the position of the joint centre.  

2) Coordinate systems 
Body segment coordinate systems were established 

according to Wu et al. [4]. Joint and segment rotations, as 
described in Table 2, were obtained from transformation 
matrices, calculated with the approach of Söderkvist and 
Wedin [9], according to the joint coordinate system definitions 
recommended by the ISB [4]. 

III.  RESULTS AND DISCUSSION 

The movement of the shoulder complex during abduction 
of the humerus (right arm) is shown for one subject in Figure 2. 
During humeral abduction of the right arm the thorax extends, 
laterally flexes to the left and axially rotates to the right.  

The sternoclavicular (SC) joint retracts and elevates. The 
axial rotation of the clavicle could not be determined using this 
method because only two bony landmarks could be identified 
on the clavicle. Wu et al. [4] suggest that this can be estimated 
using the optimization techniques as shown by Van der Helm 
and Pronk [11]. 

The acromioclavicular (AC) joint is protracted and tilted 
anteriorly. Initially the AC joint is medially rotated and then 
laterally rotates as the humerus is abducted.  

The elevation of the GH joint is less than that of the 
humerus relative to the thorax. As the humerus is elevated the 
GH joint rotates externally. Gimbal lock effects can be seen in 
the plane of elevation and external-internal rotation angles of 
the GH joint during the first few degrees of humeral elevation 
where the slope of the graph is very steep. Gimbal lock effects 
are also seen in the movement of the humerus relative to the 
thorax, for the plane of elevation and axial rotation. These 
effects were also reported by Meskers et al. [3].  

The scapula is protracted and laterally rotated. Initially the 
scapula is tilted posteriorly. As the humerus is abducted the 
scapula tilts anteriorly.  

The results of this study were compared to those reported 
by de Groot [2], Meskers et al. [3], and Van der Helm [10] 
although in some of these studies the definition of local 
coordinate systems and orders of rotation were different to 
those recommended by the ISB. The patterns and ranges of 
movement recorded here were similar to those reported in the 
literature for the thorax relative to the GCS; the SC joint; the 
GH joint; the scapula relative to the thorax and the humerus 
relative to the thorax. However, for the AC joint, the lateral-
medial rotation and the anterior-posterior tilt angles are much 
greater than those reported by Meskers et al. [3]. The large skin 

Segment Landmark Description 
C7 Spinous Process 
T8 Spinous Process 
IJ Deepest point of the Incisura Jugularis 

(suprasternal notch) 

Thorax 

PX Process Xiphoideus (xiphoid process); most 
caudal point on the sternum 

SC Most ventral point on the sternoclavicular joint Clavicle 
AC Most dorsal point on the acromioclavicular joint 
TS Trigonum Spinae Scapulae (root of the spine), 

the mid-point of the triangular surface on the 
medial border of the scapula in line with the 
scapular spine 

AI Angulus Inferior (inferior angle), most caudal 
point of scapula 

AA Angulus Acromialis (acromial angle), most 
laterodorsal point of the scapula 

Scapula 

PC Most ventral point of Processus Coracoideus 
GH Glenohumeral rotation centre 
EL Most caudal point on  Lateral Epicondyle 

Humerus 

EM Most caudal point on Medial Epicondyle 
RS Most caudal-lateral point on the Radial Styloid Forearm 
US Most caudal-medial point on the Ulnar Styloid 



movements which occur over the clavicle and scapula during 
movement of the humerus may suggest that this method is not 
appropriate for measurement of AC joint movement as implied 
by de Groot [2]. This measurement protocol needs to be tested 
for the accuracy and repeatability of such measurements. A 
study will be undertaken using the scapula locator of Johnson 
et al. [12] to validate the scapula movement measurements.  

Once validated, this protocol will be applied to assess the 
shoulder movement of pathological subjects with the aim of 
developing a valuable clinical diagnostic tool to aid surgeons in 
identifying optimum treatment strategies. The technique 
provides the foundations for developing a sophisticated 
diagnostic tool to aid orthopaedic surgeons when making 
clinical decisions. Jones [13] developed a mathematically-
based tool to classify the pathology of subjects with 
osteoarthritic knee function and it is anticipated that a similar 
approach will be used to classify upper limb pathologies e.g. 
types of shoulder instability. Practical applications of such a 
tool will include monitoring of joint degeneration and 
diagnostics; prediction of outcome for surgical intervention; 
post-operative monitoring and functional analysis of joint 
prosthesis design. 

IV. CONCLUSIONS 

A measurement protocol has been developed that is able to 
track dynamic movements of the shoulder complex using a 
motion analysis technique and the proposed standards of the 
ISB. This measurement protocol needs to be tested for 
accuracy and repeatability. Once validated, this protocol will 
be applied to assess the shoulder movement of pathological 
subjects with the aim of developing a valuable clinical 
diagnostic tool to aid surgeons in identifying optimum 
treatment strategies. 

ACKNOWLEDGMENT  

The authors would like to thank Dr. DirkJan Veeger, Vrije 
Universiteit Amsterdam; Prof. Garth Johnson, University of 

Newcastle; and the Medical Research Council. 

REFERENCES 
[1] J.D. Zuckerman and F.A. Matsen III, “Biomechanics of the Shoulder” in 

Basic biomechanics of the musculoskeletal system, M. Nordin and V.H. 
Frankel, Ed. PA: Lippincott Williams & Williams, pp.225-247, 1989. 

[2] J.H de Groot, The variability of shoulder motions recorded by means of 
palpation, Clin. Biomech., 12, 7/8, pp.461-472, 1997. 

[3] C.G.M. Meskers, H.M. Vermeulen, J.H. de Groot, F.C.T. van der Helm, 
P.M. Rozing, 3D shoulder position measurements using a six-degree-of-
freedom electromagnetic tracking device, Clin. Biomech., 13, pp.280-
292, 1998. 

[4] G. Wu, F.C.T. van der Helm, H.E.J. Veeger, M. Makhsous, P. Van Roy, 
C. Anglin, J. Nagels, A.R. Karduna, K. McQuade, X. Wang, F.W. 
Werner, B. Bucholz, ISB recommendation on definitions of joint 
coordinate systems of various joints for the reporting of human joint 
motion – Part II: shoulder, elbow, wrist and hand, J. Biomech., 38, pp. 
982-992, 2005. 

[5] ProReflex system, Qualisys Inc., Sweden. 

[6] A. Capello, A. Cappozzo, U. Della-Croce, A. Leardini, “Bone position 
and orientation reconstruction using external markers,” in Three-
dimensional analysis of human locomotion, P. Allard, A. Cappozzo, A. 
Lundberg and C. L. Vaughan, Ed. Chichester: John Wiley and Sons Ltd., 
pp. 146–171, 1997. 

[7] C.G.M. Meskers, F.C.T van der Helm, L.A. Rozendaal, P.M. Rozing, In 
vivo estimation of the glenohumeral joint rotation center from scapular 
bony landmarks by linear regression, J. Biomech., 31, pp.93-96, 1998. 

[8] M. Stokdijk, J. Nagels, P.M. Rozing, The glenohumeral joint rotation 
centre, J. Biomech., 33, pp.1629-1636, 2000. 

[9] I. Söderkvist and P. A. Wedin, Determining the movements of the 
skeleton using well configured markers, J. Biomech., 26, 12, pp. 
1473- 1477, 1993. 

[10] F.C.T. Van der Helm, Analysis of the kinematic and dynamic behavior 
of the shoulder mechanism, J. Biomech., 27,5, pp.527-550, 1994. 

[11] F.C.T. Van der Helm and G.M. Pronk, Three-dimensional recording and 
description of motions of the shoulder mechanism, J. Biomech. Eng., 
117, pp.27-40, 1995. 

[12] G.R. Johnson, P.R. Stuart and S. Mitchell, A method for the 
measurement of three-dimensional scapular movement, Clin. Biomech., 
8, pp.269-273, 1993. 

[13] L. Jones, The development of a novel method for the classification of 
osteoarthritic and normal knee function, PhD Thesis, Cardiff University, 
2004.

 

TABLE II.  JOINT COORDINATE SYSTEMS ARE DEFINED ACCORDING TO ISB RECOMMENDATIONS [4]. 

JCS Order 1st rotation 2nd rotation 3rd rotation 
flexion (-) left lateral flexion (-) right axial rotation (-) Thorax  relative to GCS Z-X-Y �  
extension (+) 

�  
right lateral flexion (+) 

�  
left axial rotation (+) 

retraction (-) elevation (-) forward axial rotation (-) SC joint Y-X-Z �  
protraction (+) 

�  
depression (+) 

�  
backwards axial rotation (+) 

retraction (-) lateral rotation (-) anterior tilt (-) AC joint Y-X-Z �  
protraction (+) 

�  
medial rotation (+) 

�  
posterior tilt (+) 
external rotation (-) GH joint Y-X-Y � 1 plane of elevation �  elevation (-) � 2 
internal rotation (+) 

retraction (-) lateral rotation (-) anterior tilt (-) Scapula relative to thorax Y-X-Z �  
protraction (+) 

�  
medial rotation (+) 

�  
posterior tilt (+) 
external axial rotation (-) Humerus relative to thorax Y-X-Y � 1 plane of elevation �  elevation (-) � 2 
internal axial rotation (+) 



 

 
Figure 2.  Movement of the shoulder complex of a single subject during humeral elevation in the frontal plane (abduction). (a) Thorax relative to the GCS, (b) SC 

joint (c) AC joint (d) GH joint (e) Scapula relative to thorax (f) Humerus relative to thorax. 


