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INTRODUCTION
The human shoulder exhibits a high degree of mobility due
to the form of the glenohumeral joint and the ability of the
scapula to move over the surface of the thorax [1]. A healthy
shoulder provides a stable base for elevation of the arm, al-
lowing the performance of a variety of tasks involving the
hand. The shallow glenoid means that passive stability of the
joint is limited, and active maintenance of glenohumeral (GH)
stability is achieved by coordinated activation of the muscles
around the joint. Stability of the arm and shoulder can be com-
promised in a number of conditions where this coordination is
disrupted, such as nerve injury, rotator cuff tears, spinal cord
injury and stroke.

The aim of this study was to quantify the stability of the gleno-
humeral joint under a wide range of conditions in terms of the
joint reaction force vector in the glenoid. The approach was
to measure upper limb kinetics and muscular activity during
hand positioning tasks and to estimate glenohumeral reaction
forces using a musculoskeletal model of the upper limb [2].
This modelling approach has been used to study GH forces
and stability by a number of previous authors under different
conditions [3–5]. In the current study, the force was mea-
sured using a force transducer embedded in a moving robotic
arm, requiring the participant to stabilise their hand in space
(Fig. 1). In addition, measured muscle activations were in-
cluded as a constraint to the estimated muscle forces in the
inverse-dynamics procedure.

METHODS
Measurements of upper limb kinetics
A robot arm (Haptic Master, Moog FCS, Nieuw Vennep, NL)
with a manipulandum was used to apply forces to the hand of
the participant during upper limb postural stability tasks. A
virtual reality environment (written in GameStudio) was used
to present the task to the subject. An image of the subject’s
arm was presented on a computer screen, and a target ap-
peared at a predetermined (but randomised) location. The par-
ticipant was asked to move their hand to the target location and
resist the force applied through the handle, attempting to keep
the hand as close to the target as possible. Forces were ap-
plied at nine locations (the centre and corners of a 20cm cube
directly in front of the participant), in two directions along
three axes (push/pull, left/right and up/down) and at two lev-
els (5 and 10N). This gave a total of 108 conditions, for which
the order was randomised. The duration of force application
was 5 seconds for each condition, with a 5 second rest before
the next condition to allow for movement to the new location.
The session was split into two minute trials, with two minutes
of rest between each trial. The interaction force between the
robot arm and the participant’s hand was recorded throughout
the trial at a frequency of 50Hz.

A pilot study was performed using two groups of subjects, one
with healthy shoulders with no known musculoskeletal prob-
lems and one with people with previous injury or dislocation.

Figure 1 – Laboratory setup showing the measurement of arm kine-
matics and hand forces during positioning tasks. Visual feedback of
arm position and target location is presented to the user via a com-
puter monitor during the experiments.

Kinematics of the upper limb and shoulder girdle were
recorded at 50Hz throughout the trials using a CODA active-
marker motion analysis system (Codamotion, Charnwood Dy-
namics, UK). Marker clusters were attached to the forearm,
upper arm and thorax of the participant and used to calculate
elbow and thoraco-humeral angles. Scapular orientation was
estimated by means of regression equations defined for each
subject based on prior static measurements and scapular pal-
pation. These angles were used as input to the model.

The electromyograms (EMG) of selected shoulder muscles
were recorded simultaneously with kinematics and endpoint
forces, and used to constrain the inverse-dynamic optimisa-
tion of muscle forces during the model-based estimation of
GH forces. Surface EMGs were recorded from biceps brachii,
triceps long head, anterior, middle and posterior deltoids,
pectoralis major and infraspinatus muscles (Biometrics Ltd.,
Newport, Wales, UK). Sensor placement was carried out ac-
cording to SENIAM guidelines as far as possible. All EMG
data were normalised to MVCs taken for each muscle prior to
the recording of the trials. EMG data were recorded at 1000Hz
using pre-amplifiers with 15-450Hz band-pass filters. EMG
envelopes were subsequently calculated by rectifying and low
pass filtering at 10Hz.

Model-based estimation of GH forces
A large-scale model of the shoulder and elbow (Delft Shoul-
der and Elbow Model, DSEM) [2, 6] was used to estimate
the muscle and joint forces at the shoulder during the posi-
tioning tasks. The model comprises 3-DOF sternoclavicular,
acromioclavicular and glenohumeral joints, 2-DOF at the el-
bow, and a scapulothoracic gliding plane describing the mo-
tion of the scapula over the thorax. The muscles of the up-
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Table 1 – External moments (Nm) acting on the GH
joint during a single loading condition, and the asso-
ciated GH stability value. Shoulder flexion, internal
rotation and abduction moments are positive. Means
and standard deviations in parentheses are given.

Value Subject 1 Subject 2

Flex/ext moment -4.17 (0.16) -4.68 (0.24)
Int/ext rot moment 0.61 (0.12) 0.13 (0.22)
Abd/add moment -2.78 (0.10) -1.83 (0.30)

GH stability -0.99 (0.01) -0.92* (0.03)
* Significant difference (p<0.001), Wilcoxon rank-sum test.

per limb are divided into 139 elements and wrapping objects
such as spheres and cylinders are defined to model their lines
of action. Solution of the load-sharing problem is achieved by
minimisation of a cost function representing energy consump-
tion in the muscles [7]. The muscle force optimisation was
constrained by requiring the relative force (estimated force di-
vided by maximum isometric force at that length) to lie within
±5% of the recorded EMG value, where that was present.

The reaction force in the glenohumeral joint was subsequently
calculated and the functional stability of the joint estimated
by calculating the direction of the force vector in the glenoid
during the performance of a range of tasks. The stability of
the glenohumeral joint in this case was a function of the angle
of the resultant force in the glenoid. The value is -1 when the
force is in the centre of the glenoid and 0 at the maximum
angle that can be reached before dislocation of the joint.

RESULTS AND DISCUSSION
Preliminary data from two subjects are presented here. Sub-
ject 1 had no history of shoulder pain or injury, and subject 2
had had multiple subluxations of the glenohumeral joint, al-
though not for several years. Figure 2 shows the average mus-
cle activations for each subject during one example condition,
and the inset figure shows the location of the glenohumeral
joint reaction force vector in the glenoid. The example shown
has the hand in the back-right-lower corner of the cube, and
a 10N force is applied posteriorly to the hand. Table 1 shows
the moments applied to the glenohumeral joint as a result of
the external force and the weight of the arm. In both cases,
there is an applied shoulder extension moment and an adduc-
tion moment.

The muscle forces shown are estimated by the inverse-
dynamic model simulations, with the force values of certain
muscles constrained by the relative activation obtained from
EMG measurements. As expected, significant forces are seen
in the deltoids, supraspinatus and biceps muscles to balance
the extension and adduction moments at the shoulder. In the
infraspinatus muscle, the force is much higher in one subject
than the other (EMG was recorded from this muscle), and this
is balanced by increased force in the subscapularis. This in-
crease in rotator cuff forces in Subject 1 leads to an increased
glenohumeral reaction force, and a slight (but significant) in-
crease in the GH stability (centralisation of the force).
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Figure 2 – The plot shows model-estimated forces in selected mus-
cles for two subjects during a single force condition; the hand was
positioned at the lower-right-near location and the force applied was
10N. The inset plot shows the intersection of the joint reaction force
vector with the glenoid surface, indicating joint stability.

CONCLUSIONS
We have presented preliminary data on estimates of gleno-
humeral stability and individual muscle forces for two sub-
jects performing a hand positioning task against load. We
have used a musculoskeletal modelling approach to estimate
biomechanical variables that cannot easily be measured, and
used measures of muscle activation to refine our approach.
Including measured muscle activation patterns in the model-
based estimation of forces allows us to use the technique for
conditions where those patterns are disrupted, for example
in stroke or following injury. Differences were observed in
the muscle forces and glenohumeral stability between the two
subjects, one of whom had a history of shoulder problems.
We cannot, of course, draw any conclusions from these pre-
liminary data, but our results illustrate the use of the approach.
Further measurements are ongoing and additional data will be
presented in due course.
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