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Abstract

This study documented tests that took place throughout December 2005 in the CREST Laboratory of the University of Newcastle upon Tyne for the purpose of identifying a range of shoulder motion for ‘able-bodied’ people which is referred to as a range of ‘normal’ motion. 
An arthritic condition affecting a shoulder will cause a great deal of discomfort when even the simplest of daily activities are attempted. The solution is an extreme course of action that is not ideal as it risks infection and does not guarantee a completely discomfort free outcome. However the success of shoulder replacement surgery, in terms of motion, is difficult to quantify as the actual range of shoulder motion for any given person is unknown.
Twenty six subjects repeatedly performed a range of designated activities which demonstrated the full extent of the range of motion of the upper limb. Their actions were captured with a VICON motion capture system and the individual VICON files were processed with a Bodybuilder model file. This method provided a huge volume of data which included the degrees of rotation about the X, Y & Z axes of the Thorax, Humerus and Forearm from each subject. The data was used to examine how people perform tasks and the range of motion of the shoulder thus making it possible to define a range of ‘normality’. 
According to the model used to process the data the findings of this investigation were that able bodied subjects in the age categories most likely to require a shoulder replacement were could demonstrate glenohumeral motion in the range of between -67˚ and 170˚ for Flexion, between -39˚ and 120˚ for Abduction and between -65˚ and 120˚ for Internal Rotation.
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1.0 Introduction & Background

The purpose of this investigation was to determine a typical range of motion for an able bodied person and hence define ‘normal motion’ for the upper extremity. This could then be used to quantify the difference in motion between people who are considered able bodied, those who have had shoulder replacements and those who suffer from a condition that affects the movements of their upper limbs. This will help the understanding of the improvements that shoulder replacements have to offer prospective patients.
Shoulder replacement procedures may be necessary for a wide variety of reasons, the most common of which are Rheumatoid Arthritis and Osteoarthritis. Although it is much less common than a hip or knee replacement this major surgery is considered a routine procedure in modern medicine. They are effective at providing an improvement to a patient’s condition but they are not an adequate replacement for a normal shoulder as some motion will be lost following the procedure. The range of motion between an able bodied individual, a candidate for shoulder replacement surgery and patient following the procedure will vary but at present this difference has not been quantified.
The procedure’s purpose is to relieve the patient’s discomfort whilst carrying out basic tasks, it is assumed that the discomfort makes the more complicated everyday tasks impossible and it is likely that the patient will lose motion following the procedure so either way the patient is unable to carry out certain tasks. Replacements have a lifetime of fifteen years so it is assumed that the prospective patients are elderly and it is difficult to make a replacement last longer anyway due to the complexities of human anatomy.

The human shoulder complex is comprised of three bones, the clavicle, the scapular and the humerus. The bones are connected at two distinct joints, where the humerus meets the glenoid cavity in the scapular forms the glenohumeral joint and the acromioclavicular joint occurs where the clavicle joins the acromion area of the scapular. There are two other important joints in the complex, the scapulothoracic joint links the scapular to the back of the ribs and the sternoclavicular joint joins the clavicle to the sternum. There are four articulations associated with upper limb motion where each motion is named after the joint where it occurs. These articulations are controlled by thirty muscles and this allows them to control the position of the upper extremity. Fifteen of the muscles control the motion of the scapular, nine muscles control glenohumeral motion and the other six muscles support the scapular on the thorax. glenohumeral motion is the main focus of this investigation and it describes the movement of the humerus in the glenoid cavity and is described in terms of degrees of flexion, extension, abduction, adduction, circumduction, internal and external rotations. Acromioclavicular, sternoclavicular and scapulothoracic articulations have not been investigated as shoulder replacements are concerned with the glenohumeral joint.
Flexion describes the bending of a joint so that the angle between the bones decreases and extension is the straightening of the joint. Hyperextension is an excess of extension of the joint beyond the anatomical position. Abduction describes the motion of a part away from sagittal plane which is the line that splits the body into left and right halves, Adduction is merely the opposite. circumduction is the motion of moving a bone so that one end follows a circular path and the other is fixed. Internal rotations are rotations towards the sagittal plane and External rotations turn away from it. This motions are shown in Figure 1.
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Figure 1

Defining Joint Coordinate systems (JCS) for each part of the upper limb is a task that has been carried out by the Standardisation and Terminology Committee and International Society of Biomechanics (ISB). This JCS should be used when analysing the results to ensure that the results from this investigation are consistent with the set standards. The JCS for the shoulder is created using specific bony landmarks to identify the motion of bones and hence work out the articulations of joints. The system suggests that all motions of the extremity are defined relative to the Thorax. If the reference point is stationary then the motions of the arm are less challenging to determine, it is like analysing the motions of a robotic arm where all motions have to be relative to its mounting point. By using the thorax as a relative stationary point the mathematics of the system are much easier to equate and interpret.
Once the various anatomical landmarks have been identified a system is required to actually capture their motions to determine the position of one landmark to the next throughout the duration of an activity. To capture these motions a VICON motion capture system can be used, this is a system that uses infrared cameras to capture the motions of reflectors. The University’s VICON motion capture system has eight cameras and if it is calibrated correctly then the cameras all know their position in the CREST laboratory relative to the others and if two or more cameras can see the same reflector then its position in space is also known. Reflective markers, which are a 14mm sphere of reflective material on a 3mm high platform, can be used to identify anatomical locations and so the motion of the shoulder can be monitored.
With the VICON system the position of segments made up from markers can be recorded during an activity and segments can be identified. Then with further processing the angles of rotation between each segment can be determined. There are two methods of obtaining these angles the first is to write a model program for VICON’s Bodybuilder program and the other is to use the Newcastle shoulder model which operates uses Matlab. 
2.0 Methodology
Prior to the investigation research was carried out into the methods used by people investigating related topics and a pilot test was also carried out to help with the understanding of the available equipment. The pilot test was also intended to be a starting point for defining the list of daily tasks. Due to time constraints it only served the purpose of familiarisation with the VICON motion capture software and hardware. This pilot test was carried out in the CREST laboratory with the aide of six volunteers who performed a range of designated tasks which were captured. This data was never mathematically analysed it never served the purpose of determining a list of tasks that could identify the full range of motion of the upper limb.
A list of normal range defining tasks still needed to be determined, so a large list of everyday activities was compiled from a basic literature survey, the data from which was used in conjunction with Iain Charlton’s PhD research to compile a list of fifteen repeatable tasks listing in the table below. 
	1
	Raising a block to head

	2
	Raising a block to shoulder

	3
	Reaching to opposite shoulder

	4
	Reaching to opposite side of face

	5
	Answering a phone

	6
	Getting out of a chair

	7
	Throwing over arm

	8
	Throwing underarm

	9
	Eating off a spoon

	10
	Eating out of hand

	11
	Reaching for a shelf

	12
	Reaching for the lower back

	13
	Reaching for the upper back

	14
	Reaching for the back of head

	15
	Drinking from a mug


Fourteen anatomical landmarks were identified which would require reflective markers attached to them in order to monitor the motion of the thorax and right upper limb. The marker set that has been used has be previously established and is shown in Figure 2
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Figure 2: The Upper Limb Marker Set

	Marker No
	Marker Symbol
	Attachment point

	1
	US
	Ulnar Styloid

	2
	RS
	Radial Styloid

	3
	PU
	Proximal Ulna at a palpable point slightly distal to the tip of the olecranon

	4
	BI
	Insertion of Brachioradialis

	5
	BB
	Biceps belly

	6
	DI
	Insertion of the deltoid

	7
	LA
	Left Acromion

	8
	X1
	Xiphoid Process

	9
	MA
	Manubrium

	10
	RA
	Right Acromion

	
	LE
	Lateral Epicondyle

	
	ME
	Medial Epicondyle

	
	C7
	7th cervical vertebrae


Twenty six test subjects spanning different age groups and both genders were recruited for the testing and over the course of three weeks in December these individuals were called into the CREST laboratory and were asked to perform the list of tasks having had the reflective markers attached to them. The reflective markers were attached to the individuals using a combination of Micropore and carpet tape. With the markers secured the subject were asked to perform the fifteen tasks five times where at least three repetitions of each tasks was captured using VICON at 50 Hz. This method resulted in the acquisition of an enormous quantity of data but collecting this much data was necessary to ensure that ample representative data was recorded.
The data was collected as Raw Capture files which had to be converted in VICON motion capture files so each file contained a series of fourteen coordinates moving in 3 dimensions. Each coordinate represented a marker, each file contained three repetitions of each a specified task and every subject had fifteen tasks to complete. Then the makers had to be labelled according to their Anatomical identity so that groups of markers used to create BSCs to each represent a segment of the upper limb.
Following the collection and sorting of data it had to be analysed using the Bodybuilder software. A program or ‘model’ was written to process all of the VICON files and obtain the required angles from each activity of each subject. The model produced a spreadsheet for each task which gave the angles of rotation about each axis for, the Thorax relative to the room, the Humerus relative to the Thorax, the Forearm relative to the Humerus and the Hand relative to the Forearm. These angles were known for each part of the subject motion and so a range normal motion could be defined. 
The writing of this model requires the understanding of the Bodybuilder programming language and knowledge of a coordinates system. As this investigation is primarily concerned with shoulder replacements and Glenohumeral motion the model was written so that the data regarding the Thorax and Humerus would be extracted. However the model was written to extract more than just this particular information from the VICON files, it also ensured that the data for the elbow and wrist were captured too so that it could be examined to corroborate the trends in the results.
Alternatively the VICON files could have been analysed using Matlab and although the files would have had to be saved again as a different file type the advantage of analysing the data using this technique was that it would have made it possible to process the data using the Newcastle model for upper limb motion. However in order to develop a greater understanding of the topic it was decided that using the two pieces of Software that work together was the most practical option.

3.0 Results and Discussion
The volume of data that was collected using the fore mentioned method was so great that it took more than forty hours to filter and sort all of it so that it was ready to be analysed.  Almost 90% of the data was not analysed fully because a lot of it had no relevance, the discarded information was mostly excess motion capture in between actions and where the subject itself was considered irrelevant to this investigation. The data that was processed is summarised in this section as there is still an enormous volume of it because the motion capture software takes fifty images per second and so for every action there are thousands of coordinates. Seeing the lifetime for a shoulder replacement is ten to fifteen years it has been assumed that procedures are predominately designed for patients over the age of fifty and therefore the subject results summarise in this section are of the subject over the age of fifty. Out of the twenty six subjects tested there were ten right handed male people in the age category that is most suitable for a shoulder replacement. The data from these subjects performing four of the fifteen tasks is detailed in this section.

Errors in the model led to the outputs of rotations being mislabelled and in some cases had been inverted so they needed to be processed further in order for the results to be interpreted in terms of clinical definitions. Once the errors had been corrected the Glenohumeral motion for each subject was graphed for each of the chosen tasks. Only eight tests have been graphed in this section to show a sample of the range of motion of the joint in terms of glenohumeral articulation in relation to the thorax.
The 4 graphs and tables in this section act as a summary of all data that has been collected for the ten relevant subjects. The graphs help to illustrate the difference in motion between two identical tasks which are carried out by two different subjects, they are real subjects but who they are is not important so they have been labelled ‘A’ & ‘B’ respectively.
3.1 Reaching to the Back of the head 


[image: image3]
	Range of Flexion
	2˚ to 170˚

	Range of Abduction
	-5˚ to 120˚

	Range Internal Rotation
	-65˚ to 72˚


Figure 4: Above shows the range of motion found doing this activity.

Two different subjects, ‘A’ & ‘B’ both carry out the task of reaching to the backs of their respective heads and figure 3 shows how different the two supposedly identical actions actually are. The table in figure 4 shows the range in motion across all ten subjects in terms of the maximum and minimum rotations captured for the same task.
3.2 Reaching to the opposite side of the face
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	Range of Flexion
	-5˚ to 122˚

	Range of Abduction
	-8˚ to 83˚

	Range Internal Rotation
	-5˚ to 107˚


Figure 6: Above shows the range of motion found doing this activity.

In Figure 5 the difference in glenohumeral motion is highlighted again on a different task, reaching to the opposite side of the face. Again the table acts to show the range of rotations recorded for the group of subjects over an identical task.
3.3 Reaching up the back
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	Range of Flexion
	-67˚ to 62˚

	Range of Abduction
	89˚ to 120˚

	Range Internal Rotation
	-35˚ to 93˚


Figure 8: Above shows the range of motion found doing this activity.

The shapes of the similar coloured lines in similar in Figure 7 are different between two different subject even though they are carrying out the same task of reaching up their backs, they are just doing it differently as the difference in rotations shows. Figure 8 once again highlights the range across the groups and so surely a definition of normal motion exists in this range.
3.4 Reaching for a shelf with an 800g weight
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	Range of Flexion
	-25˚ to 163˚

	Range of Abduction
	-39˚ to 92˚

	Range Internal Rotation
	-5˚ to 120˚


Figure 10: Above shows the range of motion found doing this activity.
The task show by two different subjects in figure 9 shows a large difference between rotations of two different people carrying out the same task. Figure 10 highlights that all of the subjects, when carrying out the task of reaching for a shelf, have range of flexion that lies in the region between 25˚ of hyperflexion and 163˚ of flexion. It also shows that the exhibit a range of abduction that spans less than 131˚ and a range of internal rotation that spans no more than 125˚ when carrying out the specified task.
The tables are the entire tested population of 10 males over the age of 50 and the graphs are 2 out of those 10 subjects.

4.0 Conclusions & Recommendations
The information that has been presented in the results reflects the most relevant data as it is from subjects over the age of fifty who are the ones most likely to require a shoulder replacement. The data shows great variety in the way that identical tasks are carried out, which makes it very difficult to define the ‘normal’ way of undertaking a particular action. 
This investigation has without doubt shown that different individuals carry out similar tasks in different ways. It has also demonstrated that one does not use the shoulder’s full range of motion to complete many simple activities and therefore the ‘normal’ range of motion during everyday life might only occasionally require the shoulder to exhibit its full range of motion. There are too many uncertainties in the results it is difficult to identify trends in the results about whether the motions change just between people, investigating other factor could show trends between age and gender.

There are also several unpredictable uncertainties within the data and method used which has made it difficult to draw any firm conclusions. It is obvious from the graphs that there is a lot of interference with the data since they do not bear the same smoothness that the physical actions do. This could be due to a number of reasons, firstly the software has filled in gaps incorrectly, the model may not be perfect and the markers move away from the bony landmarks as they are on skin or clothing. However the biggest problem with the method chosen for this investigation remains in the selection of tasks. Fifteen tasks were recorded and four of the more repeatable tests that showed the biggest range of motion were analysed fully. However these tasks may not have shown the greatest possible range of motion that the Humerus experiences during any ordinary day. For these subjects ‘normal’ will be defined upon the maximum range of the motion they demonstrated in a test that may not have been testing enough. Therefore this project would have been much more successful had a prior investigation looking at the maximum range of glenohumeral motion taken place. Another investigation would also have been necessary to determine a list of daily activities which would test the full range of shoulder motion. Had these two areas been investigated then more focused data could have been collected. There were also some very obvious errors in the results which tried to claim that the various rotations could exceed the known maximums and this again suggests an inadequate model. This can be seen when the results are compared to the maximums shown in appendix B.
Ideally this report will be used to compare the defined ‘Normal’ motion to the motion of those requiring shoulder replacements and those who have had the procedure. This would make it possible to quantify the gains and losses of motion from shoulder replacement procedures. One of the key factors affecting the way people carry out tasks relates to the way the rest of their body is used, for example when reaching the back of the head some people will tilt their head and thorax forward reducing the amount of necessary arm motion. So in order to complete a more conclusive definition of normal motion markers would be needed on other parts of the body.
This investigation has provided some insight into the way different people carry out the same task in a different way. From seeing the way two people carry out the same operation completely differently could make it possible to suggest that there is no such thing as ‘normal’ motion, everyone’s way of carrying out a task is different. Therefore a much better investigation into normal motion would be to test the full range of motion across age groups look at how they differ.
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Appendix A
The model that was written to obtain the rotations of the joint:
-----------------------------------------------------------------------------------------------

ELBOWCENTRE=(ME+LE)/2

THORAX=[X1, MA-X1, LA-X1, zyx]

%RA=RA/THORAX

%ACROMION={%RA(1),%RA(2),%RA(3)-8}

FACTOR={0.020495,-0.02463,-0.10802}

%ELBOWCENTRE=ELBOWCENTRE/THORAX

ARMSCALAR=DIST(%ELBOWCENTRE, %ACROMION)

SHOULDERVECTOR=ARMSCALAR*FACTOR

%SHOULDERCENTRE=(%ACROMION+SHOULDERVECTOR)

SHOULDERCENTRE=%SHOULDERCENTRE*THORAX

HUMERUS=[SHOULDERCENTRE, SHOULDERCENTRE-ELBOWCENTRE, LE-ME, yzx, THORAX, SHOULDERCENTRE]

WRISTCENTRE=(US+RS)/2

RADIOULNA=[ELBOWCENTRE, ELBOWCENTRE-WRISTCENTRE, RS-US, yzx, HUMERUS, ELBOWCENTRE]

HAND=[WRISTCENTRE, WRISTCENTRE-M3, RS-US, yzx, RADIOULNA, WRISTCENTRE]

Output (WRISTCENTRE, ELBOWCENTRE, SHOULDERCENTRE)

%HUMERUS=HUMERUS/THORAX

%RADIOULNA=RADIOULNA/%HUMERUS

%HAND=HAND/%RADIOULNA

THORAXANGLE=-<THORAX, 1, xyz>

HUMERUSANGLE=-<THORAX, %HUMERUS, xyz>

ELBOWANGLE=-<%HUMERUS, %RADIOULNA, xyz>

WRISTANGLE=-<%RADIOULNA, %HAND, xyz>

Output (THORAXANGLE, HUMERUSANGLE, ELBOWANGLE, WRISTANGLE)
-----------------------------------------------------------------------------------------------

Appendix B

From research the known maximums for glenohumeral rotation are as follows: 
Flexion / extension in the sagittal Plane: 

Axis: medial / lateral

ROM: 180 deg. flexion / extension with 60 deg. hyperextension
Abduction / adduction

Plane: frontal

Axis: anterior / posterior

ROM: 180 deg. abduction with approximately 75 deg hyperadduction
horizontal internal / external rotation

Plane: horizontal

Axis: longitudinal

ROM: 180 deg
circumduction

Plane: oblique

Axis: oblique

ROM:
Figure 3: Glenohumeral Motion when reaching the back of the head
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Figure 5: Glenohumeral Motion when reaching to the opposite side of the face
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Figure 7: Glenohumeral Motion when reaching up the spine
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Figure 9: Glenohumeral Motion when reaching for a shelf
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