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Abstract

Human shoulder joints exhibit stable but highly active characteristics due to a large amount of soft tissue. Finite
element (FE) modelling plays an important role in enhancing our understanding of the mechanism of shoulder dis-
orders. However, the previous FE shoulder models largely neglected the three-dimensional (3D) volume of soft tissues
and their sophisticated interactions with the skeletons. This study develops a 3D model of the rotator cuff and deltoid
muscles and tendons. It also includes cartilage and, for the first time, main ligaments around the joint to provide a
better computational representation of the delicate interaction of the soft tissues. This model has potential value for
studying the force transfer mechanism and overall joint stability variation caused by 3D pathological changes of rotator
cuff tendons. Motion analysis systems and magnetic resonance (MR) scans were used to collect shoulder movement
and geometric data from a young healthy subject, respectively. Based on MR images, a FE model with detailed rep-
resentations of the musculoskeletal components was constructed. A multi-body model and the measured motion data
were utilised to estimate the loading and boundary conditions. Quasi-static FE analyses simulated four instants of the
measured scapular abduction. Simultaneously determined glenohumeral motion, stress/strain distribution in soft tis-
sues, contact area, and mean/peak contact pressure were found to increase monotonically from 0° to 30° of abduction.
The results of muscle forces, bone-on-bone contact force, and superior-inferior movement of the humeral centre during
motion were consistent with previous experimental and numerical results. It is concluded that the constructed FE
shoulder model can accurately estimate the biomechanics in the investigated range of motion and may be further used

for the comprehensive study of shoulder musculoskeletal disorders.

Keywords: shoulder complex; biomechanics; finite element; glenohumeral joint; subject-specific

1 Introduction

The glenohumeral (GH) joint is the most mobile joint in the body [1]. Its stability is maintained mainly by soft
tissues, especially the rotator cuff muscles [2]. Anterior shoulder dislocation, rotator cuff tears, bone fracture, and
osteoarthritis are common shoulder disorders. However, the evaluation and diagnosis of these disorders remain chal-
lenging [3]. A better understanding of internal biomechanical conditions, such as joint contact forces, pressures, and

areas, and the stress distribution in the muscle tendons, could help study shoulder pathologies. To obtain these internal
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biomechanical conditions, computational simulation seems to be the most profound solution due to the limitation in
measuring techniques and ethical considerations in traditional biomechanical measurements [4].

Previous computational shoulder models can be roughly classified into two broad categories: multi-body models
based on rigid-body dynamics and finite element (FE) models based on continuum mechanics [5]. Multi-body models
are commonly used to estimate muscle forces in-vivo [6]. However, the major simplifications of multi-body models
preclude the acquisition of sophisticated deformations and stress distributions [5]. In contrast, the FE method is be-
lieved to be a powerful tool to assess these internal loading conditions of the shoulder [7]. In the last two decades, many
FE shoulder models have been constructed based on various geometric configurations, material properties, and loading
and boundary conditions. Early FE models of the shoulder focused on the supraspinatus tendon by using simplified
two-dimensional geometry [8, 9]. Recent advanced medical imaging techniques have enabled three-dimensional (3D)
geometric representation of the shoulder components [10, 11]. A comparison of recent studies with earlier studies
reveals an increasing trend in accuracy and complexity that has proven beneficial [8-10, 12-14]. Recent studies mostly
involved modelling 3D geometry of the bone and/or certain part of soft tissues to simulate a cadaveric experiment and
validate predictions accordingly [11, 12]. However, shoulder joint stability is an overall performance of each muscu-
loskeletal component, and most previous computational shoulder musculoskeletal models fail to use 3D sub-
ject-specific tissue geometry to represent this comprehensiveness.. This also hinders the definition of physiological
loading and boundary conditions, although a number of different loading and boundary conditions have been used [10,
13, 15].

Subject-specific musculoskeletal modelling that allows the inclusion of individual musculoskeletal anatomy and
properties can be clinically useful. Recent studies have increasingly tended to construct integrated biomechanical
models using subject-specific measurements in the foot and femur modelling [16, 17]. These studies succeeded in
simulating the internal conditions and in advancing our understanding of the biomechanical function of the muscu-
loskeletal system. Technically, subject-specific modelling can ensure individualised characteristics and allow rea-
sonable integration of different modelling and measuring techniques. Therefore, subject-specific modelling can enable
the transfer of the data from multi-body and FE modelling as well as the 3D motion measurements, as all data are from
the same subject; thus, it is suitable for computational modelling of the shoulder.

This study aims to develop a valid approach to incorporate 3D rotator cuff tendons and their delicate interactions

with the humeral head in a FE shoulder model to better represent the mobile yet stable nature of the glenohumeral joint
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computationally. The FE model allows simultaneous determination of GH motion, bone-on-bone contact force
(BOBF: defined as the actual forces across the articulating surfaces that include the effects of muscles and ligaments
[18]) and contact area, mean and peak contact pressure, and location of the peak pressure of the GH joint as well as the
stress distribution in the rotator cuff tendons. These results were validated against experimental and numerical results.
Besides, sensitivity studies of the material property definitions of the muscles and ligaments were tested against the

results of the BOBF and peak pressure on the glenoid cartilage.

2 Materials and methods

2.1 Finite Element Modelling

The right shoulder of one healthy young male subject (age, 26 years old; height, 172 cm; weight, 66 kg) with no
chronic or acute pain or injury was used through the whole study. The experiment was approved by Manchester
University’s Institutional Review Board, and the subject filled out the informed consent before the experiment. The
geometric data were acquired using a 3.0T magnetic resonance imaging (MRI) scanner (Achieva, Philips Medical
System, The Netherlands) when the subject was in the supine position with the arm in neutral rotation and adducted
(thumbs-up) position. To facilitate the reconstruction, two sequences were performed: (1) T1-weighted axial scanning
of the upper right body for the coverage of the whole right shoulder girdle (1.4 mm thick, 0.7-mm slice gap) and (2)
proton density sagittal oblique scanning of the GH joint for the detailed tissue recognition (0.82 mm thick, 0.41-mm
slice gap). The scanned images from both sequences were imported into Mimics software (Materialise NV, Leuven,
Belgium), where most of the bones, muscles, tendons, ligaments, and cartilages were reconstructed geometrically.
These reconstructed geometries were further constructed in SolidWorks (Dassault Systémes, Waltham, MA, USA) for
3D solid-model generation. The humeral and the glenoid cartilages of the GH joint were considered as a thin layer
lying on the subchondral bone defined as a uniform thickness of 0.6 mm and 1 mm (derived from the MR images),
respectively [19]. A total of 13 tissue structures were constructed, including three bones: scapula, humerus, and clav-
icle; two cartilages: humeral and glenoid cartilage; four rotator cuff muscles: supraspinatus, infraspinatus, subscapu-
laris, and teres minor; four ligaments: coracohumeral ligament, superior glenohumeral ligament, middle glenohumeral
ligament, and inferior glenohumeral ligament. Finally, these 3D solid structures were imported, assembled, and
meshed with 3D quadratic tetrahedral elements in Abaqus (v6.13 Simulia, Dassault Systémes, USA). The total element
number was 666,587 (see Fig. 1). A mesh convergence study showed that decreasing the element sizes of each com-

ponent by half (increasing the element number to 2,758,946) improved the accuracy of the results of the BOBF and
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peak pressure on the glenoid only by less than 5%. The material properties and element type used for modelling are
listed in Table I. Tendon and muscles were considered as one musculotendon unit, accounting only for the passive
behaviour [11]. As shown in Table I, the material property definition for most of the tissues involved was simplified as
linear elastic followed previous studies. Since this study focus on the overall joint performance and force-transmitting
mechanism evaluation, the chosen material properties definition is a compromise between accuracy and efficiency.
The insertion and origin surfaces of the rotator cuff muscles were firmly attached to their relative bone surfaces at the
proximal humerus and scapula. The contact between cartilages was defined as frictionless sliding. Similarly, the
posterior rotator cuff tendons proximal to the insertion sites were defined to be frictionless sliding around the humeral
head. Finally, the centre of the humeral head was determined as the centroid of a sphere fitted to the central part of the
articular surface of the humeral head [20]. Also, the surface area of the glenoid cartilages (without labrum) was found

to be 416 mm?.
2.2 Scapular Abduction Measurement and Muscle Force Calculation

To obtain the physiological loading and boundary condition for the FE model, 3D motion capture, and muscle
force prediction of the shoulder scapular abduction were conducted first (Fig. 2). For scapular abduction, arm elevation
in the scapular plane was performed from neutral position to humerothoracic angle of 120° and adducted back, while
keeping the elbow fully extended and the arm externally rotated (thumbs-up position) at a rate of approximately 5
seconds per cycle [21]. During measurement, the 3D locations of the reflective markers attached to each segment of the
shoulder joint were determined using six infrared cameras of the 3D motion capture system (Vicon, Oxford, UK).
Reflective markers were attached to the anatomical landmarks according to the recommendations of the International
Society of Biomechanics (see Fig. S1, Fig. S2 and Table S1 in the supplement for details) [22]. In addition, one marker
was attached to the middle point of the clavicle, one boomerang-shape acromion cluster with three markers was at-
tached to the scapula on the flat portion of the acromion, and two rectangular clusters with four markers were attached
to the humerus and forearm [23-25]. Before the abduction trials, a set of calibration procedures was used to locate the
anatomical landmarks [25]. Marker trajectories were measured at a sampling frequency of 200 Hz and filtered by a
fourth-order, zero-lag, low-pass Butterworth filter with a cut-off frequency of 3 Hz [26]. The scapular abduction trials
were repeated 10 times to exclude random errors.

Subsequently, a generic 5-segment, 11-degrees-of-freedom multi-body musculoskeletal model of the upper limb

was employed to calculate the muscle forces during scapular abduction in OpenSim [27, 28]. The 15 muscle bundles
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around the GH joints represented rotator cuff, deltoid, pectoralis, latissimus dorsi, and coracobrachialis muscles.
Markers on the model were placed following the markers’ placement during 3D motion measurements (See section
2.2). Thereafter, mass and inertial properties, as well as the length of the segments and muscle-tendon bundles of this
generic musculoskeletal model, were scaled to the subject’s body measurements. Based on the motion data, the muscle
forces were calculated by using the static optimisation in OpenSim [29]. It should be noted that only the magnitudes of
these muscle forces were implemented in the following FE simulation. The directions of these forces in the FE sim-
ulation were determined by the reconstructed anatomy of the shoulder model. It was assumed that, for the same subject,
the predicted muscle forces magnitudes in OpenSim simulation were equivalent to those in FE simulation.

2.3 Finite element simulation during scapular abduction

Quasi-static FE simulations of the shoulder at four instants of the measured motion, namely 0° (neutral), 10°, 20°,
and 30° of abduction, were performed in Abaqus. Because the MRI data were obtained with the subject in a neutral
adducted arm position, only the FE model in neutral was directly constructed. The geometric representations of the
subject in the remaining abducted-arm positions were estimated based on the deformed geometries of all the compo-
nents from the simulations conducted to reproduce the measured abduction motion to relative arm positions. Specif-
ically, the deformed muscle geometries acquisition simulation were conducted by moving the humerus to the relative
joint angle when fixing scapula [21]. During the rotation and translation, all rotator cuff muscles were manually
pre-stressed to avoid compression occurring in any portion of the muscles and tendon. Thereafter, for each simulation,
the scapula is considered as the fixed base reference segment, whereas the humerus is allowed to move [11, 12]. In this
modelling configuration, the GH joint position and muscle forces obtained from the shoulder measurements can be
applied, enabling investigation of the biomechanical functioning of the GH joint. Specifically, the clavicle and scapula
were fixed, whereas the humerus was defined as free to move without any prescribed artificial control. Deltoid muscle
forces and the rotator cuff muscle forces were implemented by extrinsic and intrinsic means, respectively. It was as-
sumed that the applied muscle forces play a major role in the simulation shoulder movement. Extrinsically, the deltoid
muscle forces (separated into anterior, middle, and posterior bundles) were directly applied by evenly distributed load
acting on the insertion area and pointing to the centroid of their relative origin site (Fig. 3). Intrinsically, to mimic the
muscle contraction, muscle forces of the rotator cuff muscles were applied through defining one-dimensional stress
state (predefined tension) in the muscle belly portion in the initial condition. The direction of the one-dimensional

stress state was set to be along the line connecting the centroids of the origin and insertion sites; the magnitude of the
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one-dimensional stress was determined to reach the magnitude of muscle forces from OpenSim simulation. (The
validation of the muscle forces implementation was conducted in separate muscle model that produced the same
muscle forces as those from the multi-body simulation.) The GH motion, the stress/strain distribution on soft tissues,
the GH contact state including the BOBF, contact area, pressure distribution, and peak pressure on glenoid were
simultaneously determined in the simulation results. The position of the humeral centre in each abduction angle was
calculated by refitting a sphere to the same central part of the articular surface of the humeral as mentioned earlier. The

translation was determined by the changes in the humeral head centre between each joint angle.
2.4 Sensitivity analysis of material property

The sensitivity of BOBF and the peak pressure on the glenoid to the material property definitions of the muscles
and ligaments were investigated in each abduction angle. Simulations were performed with varying £5%, +10%, +20%,

and +40% of the elastic moduli of the muscles, ligaments, and cartilages, respectively.

3 Results

3.1 Muscle force calculation from OpenSim simulations

The muscle forces around the GH joints were calculated for 0° to 30° of scapular abduction. The
predicted muscle forces of the rotator cuff muscles and the deltoid muscle bundles were found to be the
largest among all of the calculated muscle forces in the OpenSim simulation. The magnitudes of muscle
forces of these muscles at 0°, 10°, 20°, and 30° of scapular abduction can be found in Table II.

3.2 Quasi-static FE simulation results of the scapular abduction

With all muscle forces applied, quasi-static FE simulations were conducted at 0°, 10°, 20°, and 30°
of abduction. The predicted Von Mises stress distribution on the soft tissues can be found in Fig. 4. (This
study focuses on the modelling of the shoulder FE model. The Von Mises stress distribution is provided
for demonstration purposes only. The choice of failure modes and results interpretation of the tissues
should be made depending on the situation under investigation) Stresses on the rotator cuff muscles
were found to be increasing over the volume with the increasing abduction angle. In each instant, rela-
tively high-stress regions were found on the rotator cuff tendon section. Specifically, this high-stress

region in the subscapularis tendon can be found around its osseous insertion, and this high-stress region
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increased in stress magnitude and volume with the abduction monotonically. A similar trend was found
in all posterior rotator cuff tendons. The detailed principal stress distribution in the supraspinatus tendon
was plotted in slice views in the sagittal plane through the anterior, middle, and posterior section of the
supraspinatus tendon at 30° abduction (see Fig. 5). It was found that, in the anterior section, the high
stress was in the articular side of the tendon osseous insertion. In the middle section, the high stress was
at the articular side where the supraspinatus wraps around the humeral head. In the posterior section,
some portion of the infraspinatus tendon was included, and the high stress was found in the conjunction
region of the supraspinatus and infraspinatus tendon from the articular to the bursal side.

In Fig. 6, the contact condition of the GH joint is highlighted in the penetrated view of the Von Mises
stress distribution of the whole model, and this contact condition on the glenoid and humeral cartilages
of each abduction angle are shown in the detailed joint-opened view. The variations of the contact
pressure distribution, peak pressure, and position of the peak pressure on the glenoid during abduction
are shown. Table 11l summaries these results with the simultaneous BOBF and superior-inferior
movement of the humeral centre. The BOBF, GH contact area, and the mean and peak pressures on the
glenoid were found to be increasing with the increasing abduction angle. Specifically, from 0° to 30° of
abduction, BOBF, contact area, and the mean and peak pressure on the glenoid increased monotonically
from 8.18 N to 408.07 N, 7.60 mm? to 88.04 mm?, 1.07 MPa to 4.64 MPa, and 1.45 MPa to 7.66 MPa,
respectively. The location of the peak contact pressure on the glenoid was found to be slightly above the
centroid of the glenoid at 0° and 10° of abduction; at 20° of abduction it moved posteroinferiorly yet
remained quite close to the centroid; however, it was found to move more posteriorly and eccentric from
the centroid at 30° of abduction. Finally, in comparison to 0° of abduction, the superior-inferior
movements of the humeral centre with respect to the glenoid at 10°, 20°, and 30° of abduction were
found to be 1.43 mm, 2.08 mm, and 1.47 mm superiorly.

3.3 Sensitivity to material properties

The results of the variation of the BOBF and peak pressure on the glenoid due to the percentage
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variation of modulus of muscle, cartilage and ligament material properties in each abduction angle are
shown in Table IV and V. For most of the simulated results, the sensitivity decreased with the increasing
of the abduction angle. The largest percentage variation is in 0° abduction when the muscle modulus
decreased by 40%; as a result, the BOBF increased by 266.99% (from 8.18 N to 30.02 N), and the peak
pressure increased by 116.55% (1.45 MPa to 3.14 MPa). For the remainder of the abduction angles, the
largest percentage variations also occurred when the muscle modulus decreased by 40% (51.02%,
59.88%, and 20.47% in BOBF in 10°, 20°, and 30° of abduction, respectively). Comparing the sensi-
tivity of different materials, the results were found to be highly sensitive to the variation of the muscle
modulus, quite sensitive to the variation of the cartilage modulus, but only slightly sensitive to the
variation of the ligaments (maximum increase by 12.71% when the modulus of ligament decreased by
40% for BOBF and 5.52% for peak pressure in £40% of the modulus of the ligament). For muscle and
ligament, the simulation results showed an almost negative linear response to the variation of elastic
modulus of the respective soft tissues; i.e., the increase of the elastic modulus caused both results to

decrease, and vice versa. In contrast, there was a positive linear response for cartilage variations.
4 Discussion

This study presents a FE model of a subject-specific shoulder joint by using an experi-
mental-computational framework combining multi-body and FE modelling as well as 3D motion
measurements. This FE model was created using 3D geometries of the major musculoskeletal com-
ponents of the GH joint from high-resolution MR images. The model simplified ligament insertions
representing them as discrete bands of connective tissue rather than a continuous sheet that blended with
the joint capsule. In contrast, previous studies have either based on non-individualised data such as
average anatomy [12], or focused only on a portion of a joint such as the supraspinatus tendon and
humeral head [8, 9], ligaments and bones [10, 13], or labrum and glenoid [14]. Because the GH joint

stabilising mechanism is believed to be an overall performance that requires effective functioning of
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each part of the musculoskeletal structure [2], the comprehensiveness of the current model provides a
basis for investigation of the mobility and stability nature of the GH joint as a whole.

In addition to the accurate 3D geometrical representation of the soft tissues, their delicate interac-
tions with the humeral head were defined. The measured bone kinematics data were used in OpenSim
simulation to inversely determine the dynamics of the model. The calculated muscle forces were applied
in the FE simulation as the sole actuators to drive the model; Finally, the configuration of the loading
and boundary condition of the FE model was set to accurately implement the data from the above two
aspects: fixing scapula and clavicle, and applying muscle loads through muscle contractions and evenly
distributed loads on the insertion site as described. In contrast, most previous studies used prescribed
displacement of certain muscles and/or bones [13, 15], or cadaveric apparatus settings [10]. In this study,
there were no prescribed artificial conditions for the humerus as commonly conducted in literature [8,
11, 12, 30, 31]. Instead, the humerus was actively positioned and stabilised by the calculated muscle
loadings and passively by the surrounding tissue configurations. This definition allowed not only GH
rotation but also translation, in contrast to the commonly defined ball-and-socket joint [32, 33]. It,
therefore, reflected the stable yet mobile nature of the GH joint more realistically and enabled the de-
termination of the GH contact state (Fig. 6) as well as the humeral movement (Fig. 8b). Furthermore,
this feature (i.e., no artificial restriction) is particularly important for studying pathological conditions
involving excessive humeral translation.

To evaluate the results, the predicted muscle forces were compared with three previous multi-body
studies [26, 34, 35]. Among the results of the predicted muscle forces, the muscle force for teres minor
and deltoid posterior proved to be quite small (maximum 6 N), in agreement with the results in the
literature [34, 35]. The predicted muscle forces of the remainder of the muscles—namely, the deltoid
anterior, deltoid middle, supraspinatus, infraspinatus, and subscapularis muscles—are illustrated with
relevant literature data in Fig. 7. Despite some discrepancies, the general trend and magnitude of the

predicted muscle forces demonstrated good agreement with previous literature. A significant difference
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was found in the infraspinatus muscle, where relatively large forces were obtained. This probably
comes from the relatively simple muscle bundle definition in the OpenSim model. Similar patterns
found in infraspinatus muscle in a previous study that compared the influence of the number of muscle
bundles and paths on the muscle force predictions [36].

Another important aspect worth discussing is the measurement noise. Noise mainly come from two
sources which are the intrinsic noise from the measurement system and noise from experimental pro-
tocol [37]. The former noise can result from maker flickering, electronic noise and lens distortion. Since
a high quality commercial optoelectronic stereophotogrammetric system was used in this study, it is
assumed that these noises were acceptable. The latter noise, which the authors believe to be the main
source of measurement error, is due mainly to the movement of the markers relative to the shoulder
skeleton (skin artifacts) as well as from calibration uncertainties.

The results of the BOBF for each abduction angle were compared with the literature as shown in Fig.
8a [6, 34, 35, 38-40]. General good agreement of the magnitude and tendency was found. In particular,
the BOBF of 0°, 10°, and 20° in this study were found to be almost the same as the in-vivo study [38],
whereas the forces of 30° were found to be relatively large. Fig. 8b shows the comparison of superi-
or-inferior movement of the humeral centre with respect to the glenoid during scapular abduction of
three in-vivo kinematics studies [21, 41, 42]. Due to the difference between the measurement method
and the definition of the coordinate system of GH joints, only the relative differences of the superi-
or-inferior translations of between abduction angles were compared. In addition, the literature data
which did not start from 0° abduction were adjusted to the equivalent results of this study. Specifically,
the results of Bey et al. [41], (which started from 10° abduction) were set to start at 1.43 mm (the result
of 10° of abduction in this study), and the results of Kijima et al. [42] (which started from 15° abduction)
were set to start at 1.76 mm (the middle point of the results of 10° and 20° of abduction in this study)
(see Fig. 8b). All the movement magnitude was provided in millimetres. The superior-inferior transla-

tion results of this study are in good agreement with the comparative results of the experimental
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measurements. In particular, the initial superior movement of the humeral head to the point of 20° of
abduction, followed by inferior movement in 30° of abduction from the results of Bey et al [41] were
reproduced. This initial superior movement of the humeral head is consistent with the concept that the
dynamic stabilisers (i.e., rotator cuff muscles) have not been fully activated in the early phase of ab-
duction, due to gravity, the head position is superior to the starting position [21]. Later, with the start of
the abduction, superior migration of the humeral head was observed [43, 44]. These comparisons in-
dicated that the accuracy of the model is close to the previous study in predicating BOBF and at the
same time quite accurate in predicating humeral translation with respect to the glenoid while few pre-
vious models had been able to describe this translation.

The magnitude of the BOBF comparison was found to be increasing monotonically in the abduction.
This is reasonable, as more muscle forces were required to elevate the arm, which caused the increase of
the BOBF to balance them. This result also demonstrated good agreement with previous numerical and
experimental results (Fig. 8a). The determination of the BOBF in this study is a resultant of the contact
state, which is a realistic reflection of the nature of the GH joint. In contrast, nearly all previous studies
determined it the BOBF as the counterforce that restricted GH motion definition such as the
ball-and-socket definition [6, 15, 34, 35, 39, 40].

The results of contact areas, mean and peak contact pressure, were found to be increasing from 0° to
30° of abduction. This increasing trend is logical, in that the BOBF is increasing with the abduction
angle, which indicates that more compressive force is applied to the humeral head; hence the contact
area with the glenoid fossa increased, which is consistent with previous studies [35, 45, 46]. Also, the
location of the peak pressure in 30° of abduction was found in accordance with the previously reported
measurements in both anterior-posterior and inferior-superior directions [47, 48]. The result of 88.04
mm? (which is 21.16% of the cartilage surface area of 416 mm?) of the contact area in 30° of abduction
in this study was compared with two in-vitro measurements; it was found consistent with one study of

the average of 108 mm? (13.1% of the cartilage surface area) but less than the other study of 209 mm?
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(proportion of the cartilage surface area unknown) [46, 47]. The mean contact pressure of 4.63 MPa is
close to the previously reported measurement of 4.35 MPa [47]. It should be noted that the labrum was
not included in this study, which may have resulted in an underestimated contact area. Future work in
this study will focus on integrating the labrum-biceps complex into the model to enable the model to
investigate more complex shoulder biomechanical conditions.

Stresses on the rotator cuff muscles were found to be increasing over the volume with the increasing
abduction angle. This result is reasonable because the muscle force increased and more loads were
transferred from the muscles to the bones, which leads to this increase. Furthermore, the distribution of
the maximum principal stress in the supraspinatus tendon of this study was plotted and compared with
those from a previous study [11]. A similar stress state was found in the anterior and middle sections
(Fig. 5 (a) and (b)). It should be noted that this study included some portions of the infraspinatus tendon,
which was not modelled in the literature. Therefore, although similar high stress was found on the bursal
side in both studies, the stress is actually within the infraspinatus tendon rather than the supraspinatus
tendon (Fig. 5 (c)). This finding was also consistent with the anatomical study that reported the trans-
verse part of the infraspinatus might be closely related to the supraspinatus at their insertions [49].
However, it should be noted that material properties definition differences might bring some uncertainty
to this comparison.

The sensitivity study of the material properties demonstrated that the ligament definitions have little
influence on the BOBF and peak pressure on the glenoid, whereas they were found to be sensitive to
muscle and cartilage material property definitions. This may be due to ligaments loosening in the small
abduction angles. The results of the BOBF and peak pressure on the glenoid cartilages were in linear
response to the variation of Young’s modulus of the muscle and cartilage. This is a reasonable result
since the BOBF and peak pressure on the glenoid were generated as a result of the displacement of the
humerus relative to the glenoid, which is the result of the variation of modulus of the muscle and car-

tilage. Also, 0° abduction is found to be the most sensitive to the variation of the material moduli
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definition, probably because of the considerably small magnitude of the BOBF and peak pressure. The
chosen mesh density is a good compromise between accuracy and efficiency. Based on the mentioned
mesh convergence study in the method section, using relatively denser element sizes (ranged from 1.2
mm to 1.8 mm), the model demonstrated a relatively low discretisation error (5%) while keeping the
computation economically acceptable (the model with half element sizes cost 99 hours for each simu-
lation while the current model cost 40 minutes).

There are several limitations to this study. First, the complexity, which permitted the overall joint
performance and force-transmitting mechanism evaluation, resulted in relatively large computational
cost. Each FE simulation took 40 minutes to complete (24 cores). Second, the material property defi-
nition for most of the tissues involved was simplified as linear elastic, even though most of the soft
tissues are a nonlinear, viscoelastic, inhomogeneous, and transversely isotropic material. Also, the
major limitations of this study are that there was no differentiation between muscles and tendons, nor
the simulation of the structure and orientation of the muscle fibres. It is worth mentioning that nonlinear
muscle definitions have been used in previous studies [11, 31]. Moreover, recent advances in measuring
techniques have enabled the in-vivo muscle material parameter determination [50]. These methods can
be further used to improve the FE shoulder models in individualised material definitions. Third, it
should be kept in mind that only a small range of motion was investigated in this study; this limits its
application in explaining generic biological phenomena in larger ranges of motion. Finally, although
most of the results were comparable to previous studies, direct validation was not performed. This
omission was mainly attributable to technical limitations in direct measurement of the in-vivo condi-
tions, such as the lack of direct in-vivo muscle loading and the GH joint contact measurement tech-
niques in the biomechanics field. Future work is suggested to study the aforementioned aspects to obtain
a more realistic shoulder FE model.

This study presents an important step towards our ultimate goal of quantifying in-vivo biome-

chanical state of the GH joint. This constructed model could find extensive applications. Firstly, the
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simulation results in this paper revealed the contact mechanics and stress/strain distribution in soft
tissues of the GH joint in the investigated range of motion, which provided the basis for the comparison
of abnormal conditions. (Since the results obtained in this study are subject-dependent, the results may
not be directly used for other studies.) The second part of this study showed the application of the model
in investigating rotator cuff tears where simulation results were found to be consistent with the clinical
observations and practices. Secondly, it has the potential to facilitate the development of pre-surgical
planning and implant design/optimisation. Also, by implementing recent advanced discretisation tech-
niques in real-time simulations [51-54], the model is possible to be used for real-time orthopaedic
shoulder surgery simulations. Finally, the modelling techniques can be used for further FE modelling of

the shoulder joint.
5 Conclusion

This study aims to develop a valid approach to include 3D rotator cuff tendons and their delicate
interactions with the humeral head in a FE shoulder model to better represent the mobile yet stable
nature of the glenohumeral joint computationally. The shoulder motion and geometric data of a young,
healthy subject had been collected using a motion analysis system and MR scanning, respectively. A FE
model with detailed representations of the musculoskeletal components was successfully constructed
based on these MR images. Quasi-static FE analyses had been conducted to simulate four instants of the
measured scapular abduction. Simultaneously determined GH motion, stress/strain distribution in soft
tissues, contact area, and mean/peak contact pressure were found to increase monotonically from 0° to
30° of abduction. The results of muscle forces, bone-on-bone contact force, and superior-inferior
movement of the humeral centre during motion were found to agree well with previous experimental
and numerical results. These results revealed the internal biomechanical conditions of the GH joint in
one healthy normal subject. It is concluded that the constructed FE shoulder model can accurately es-

timate the biomechanics in the investigated range of motion, which may be further used to compre-
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hensively investigated shoulder musculoskeletal disorders. Further studies can be conducted based on
the current model to further enhance our understanding of stabilising functions of the shoulder complex
hence providing a theoretical basis for the evaluation and diagnosis of joint stability related shoulder

musculoskeletal disorders.
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Fig. 1. Finite element model of the shoulder complex including three bones (in grey), four musculotendinous units (in red), two cartilages
(in light blue), and four ligaments (in dark blue) in (a) anterior view, (b) anterior view without subscapularis, (c) posterior view, and (d)
posterior view without posterior rotator cuff muscles.

Fig. 2. Three-dimensional motion measurement (left) and relative subject-specific multi-body musculoskeletal model (right). Several most
stable markers for each bone segment (i.e., torso, scapula, clavicle, and humerus) were adopted in the multi-body model. The black boxes
are surface EMG sensors.

Fig. 3. Deltoid muscle force implementation. See text for details.

Fig. 4. Von Mises stress distribution at 0° (neutral), 10°, 20°, and 30° of abduction in anterior, medial, and posterior views.

Fig. 5. Distribution of the principal stress in the supraspinatus tendon at 30° abduction. Slice views of principal stress in the sagittal plane
through the (a) anterior, (b) medial, and (c) posterior section of the supraspinatus tendon. (d) Overview of the supraspinatus and in-
fraspinatus tendons.

Fig. 6. Penetrated views of the Von Mises stress distribution and contact state of the glenohumeral joint at 0°, 10°, 20°, and 30° of ab-
duction.

Fig. 7. Predicted muscle forces of main shoulder muscles at 0°, 10°, 20°, and 30° of abduction in comparison with those in other studies.

Fig. 8. Comparison of (a) the bone-on-bone contact forces and (b) the superior-inferior movement of the humeral centre with respect to the
scapula of the simulation results at 0°, 10°, 20°, and 30° of abduction between this study and previous computational and experimental
results in the literature.
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Table 1 Material properties and element types of the finite element model

Component Material Element type modulus Poisson’s  Reference
(MPa) ratio (v)

Bone rigid tetrahedral (C3D10) s N/A [12]

Cartilage linear elastic tetrahedral (C3D10) 15 0.45 [11]

Muscle linear elastic tetrahedral (C3D10) 168 0.497 [9]

Ligament hypoelastic tetrahedral (C3D10) 10.1* 0.4* [13]

*Baseline modulus and Poisson’s ratio determined from a previous measurement. [55]
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Table 2 Muscle forces of rotator cuff muscles and deltoid bundles in 0° (neutral), 10°, 20°, and 30° of scapular plane abduction

Muscle force in each abduction angle (N)

Muscle

0° 10° 20° 30°
Deltoid anterior 0.75 18.69 30.50 37.88
Deltoid middle 42.73 74.36 90.56 108.40
Deltoid posterior 2.77 0.96 0.91 1.05
Supraspinatus 6.90 12.89 16.86 21.61
Infraspinatus 21.29 44.46 71.75 120.62
Subscapularis 26.21 38.43 46.54 54.23
Teres minor 1.55 0.83 0.86 1.29
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Table 3 The results of bone-on-bone contact force, contact area, peak pressure on the glenoid, and the superior-anterior movement of the
humeral centre with respect to the glenoid at each abduction angle

Abduction angle 0° 10° 20° 30°
Bone-on-bone contact force (N) 8.18 91.45 146.14 408.07
Contact Area (mm?) 7.60 31.89 46.13 88.04
Mean pressure on glenoid (MPa) 1.07 2.86 3.17 4.64
Peak pressure on glenoid (MPa) 1.45 4.63 5.19 7.66
Superior-inferior movement of humeral centre (mm) 0 1.43 2.08 1.47
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Table 4 Simulated bone-on-bone contact force and its percentage change (%) with respect to the variation of moduli of soft tissues in each abduction angle. Results in brackets represent the percentage

change with respect to baseline.

Material BOBF in N (percentage change % with respect to baseline)
Muscle modulus of the muscle in MPa (percentage change w.r.t. baseline)
100.8(-40%) 134.4(-20%) 151.2 (-10%) 159.6(-5%) 168(baseline) 176.4(+5%) 184.8(+10%) 201.6(+20%) 235.2(+40%)
0°  30.02(+266.99) 16.7(+104.16) 11.95(+46.09) 10.00(+22.25) 8.18 6.10(-25.43) 5.65(-30.93) 3.92(-52.08) 1.56(-80.93)
10°  138.11(+51.02) 111.90(+22.36) 101.13(+10.59) 96.17(+5.16) 91.45 87.06(-4.8) 83.15(-9.08) 75.41(-17.54) 62.53(-31.62)
20°  233.65(+59.88) 186.04(+27.30) 165.27(+13.09) 155.61(+6.48) 146.14 137.16(-6.14) 128.67(-11.95) 112.98(-22.69) 85.70(-41.36)
30°  492.38(+20.47) 447.90 (+9.59) 427.92 (+4.70) 418.23 (+2.33) 408.70 399.30(-2.30) 390.23(-4.52) 373.32(-8.66) 343.26(-16.01)
Ligament modulus of the ligament in MPa (percentage change w.r.t. baseline)
6.06(-40%) 8.08(-20%) 9.09(-10%) 9.595(-5%) 10.1(baseline) 10.605(+5%) 11.11(+10%) 12.12(+20%) 14.14(+40%)
0° 9.22(+12.71) 8.67(+5.99) 8.44(+3.18) 8.32(+1.71) 8.18 8.11(-0.86) 8.00(-2.20) 7.79(-4.77) 7.39(-9.66)
10° 91.65(+0.22) 91.61(+0.17) 91.55(+0.11) 91.52(+0.08) 91.45 91.45(0.00) 91.41(-0.04) 91.32(-0.14) 91.12(-0.36)
20°  148.16(+1.38) 147.21(+0.73) 146.66(+0.36) 146.38(+0.16) 146.14 145.83(-0.21) 145.56(-0.4) 145.01(-0.77) 143.96(-1.49)
30° 410.84(+0.52) 409.65(+0.23) 409.22(+0.13) 408.94(+0.06) 408.70 408.46(-0.06) 408.20(-0.12) 407.79(-0.22) 406.85(-0.45)
Cartilage modulus of the cartilage in MPa (percentage change w.r.t. baseline)
9(-40%) 12 (-20%) 13.5(-10%) 14.25(-5%) 15(baseline) 15.75(+5%) 16.5(+10%) 18(+20%) 21(+40%)
0° 5.42(-33.74) 6.88(-15.89) 7.58(-7.33) 7.91(-3.3) 8.18 8.55(+4.52) 8.85(+8.19) 9.44(+15.40) 10.56(+29.10)
10° 70.48(-22.93) 82.14(-10.18) 87.09(-4.77) 89.29(-2.36) 91.45 93.53(+2.27) 95.43(+4.35) 99.09(+8.35) 105.60(+15.47)
20°  118.67(-18.80) 134.17(-8.19) 140.50(-3.86) 143.43(-1.85) 146.14 148.69(+1.74) 151.15(+3.43) 155.79(+6.60) 164.07(+12.27)
30°  340.26(-16.75) 385.88(-5.58) 398.05(-2.61) 403.55(-1.26) 408.70 413.58(+1.19) 418.22(+2.33) 426.74(+4.41) 441.19(+7.95)

Table 5 Simulated peak pressure (MPa) on the glenoid and its percentage change (%) with respect to the variation of moduli of soft tissues in each abduction angle. Results in brackets represent the

percentage change with respect to baseline.

Material

Peak pressure in MPa (percentage change % with respect to baseline)

Muscle

modulus of the muscle in MPa (percentage change w.r.t. baseline)
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100.8(-40%) 134.4(-20%) 151.2 (-10%) 159.6(-5%) 168(baseline) 176.4(+5%)  184.8(+10%) 201.6(+20%) 235.2(+40%)
0° 3.14(+116.55) 2.17(+49.66) 1.78(+22.76) 1.60(+10.34) 1.45 1.19(-17.93)  1.13(-22.07) 0.86(-40.69)  0.46(-68.28)
10° 5.71(+23.33)  5.16(+11.45) 4.89(+5.62)  4.76(+2.81) 4.63 4.51(-2.59)  4.40(-4.97)  4.17(-9.94)  3.78(-18.36)
20°  6.89(+32.76)  5.94(+14.45)  5.53(+6.55) 5.34(+2.89) 5.19 5.03(-3.08) 4.88(-5.97) 4.58(-11.75)  3.99(-23.12)
30° 8.71(+13.71) 8.22 (+7.31) 7.98 (+4.18)  7.82(+2.09) 7.66 7.51(-1.96) 7.35 (-4.05) 7.08 (-7.57) 6.70(-12.53)
Ligament modulus of the ligament in MPa (percentage change w.r.t. baseline)
6.06(-40%) 8.08(-20%) 9.09(-10%) 9.595(-5%) 10.1(baseline)  10.605(+5%) 11.11(+10%) 12.12(+20%) 14.14(+40%)
0°  1.53(+5.52) 1.49(+2.76)  1.47(+1.38)  1.46(+0.69) 1.45 1.43(-1.38)  1.42(-2.07)  1.40(-3.45) 1.37(-5.52)
10°  4.65(+0.43) 4.64(+0.22) 4.64(+0.22) 4.63(0) 4.63 4.63(0) 4.62(-0.22) 4.62(-0.22) 4.61(-0.43)
20°  5.23(+0.77) 5.21(+0.39)  5.20(+0.19) 5.19(0) 5.19 5.18(-0.19)  5.18(-0.19)  5.17(-0.39)  5.15(-0.77)
30° 7.73(+0.91) 7.70 (+0.52)  7.68(+0.26)  7.67 (+0.13) 7.66 7.66 (0) 7.65 (-0.13) 7.64 (-0.26) 7.61(-0.65)
Cartilage modulus of the cartilage in MPa (percentage change w.r.t. baseline)
9(-40%) 12 (-20%) 13.5(-10%) 14.25(-5%) 15(baseline) 15.75(+5%) 16.5(+10%) 18(+20%) 21(+40%)
0° 0.918(-36.69) 1.19(-17.93)  1.32(-8.97) 1.38(-4.83) 1.45 1.51(+4.14)  1.57(+8.28) 1.69(+16.55) 1.93(+33.10)
10°  3.17(-31.53) 3.94(-14.90) 4.29(-7.34) 4.46(-3.67) 4.63 4.80(+3.67) 496(+7.13) 5.27(+13.82) 5.86(+26.57)
20°  3.65(-29.67) 4.46(-14.07) 4.84(-6.74) 5.01(-3.47) 5.19 5.36(+3.28) 5.53(+6.55)  5.85(+12.72) 6.45(+24.28)
30° 5.58(27.15) 6.69(-12.66) 7.19(-6.14) 7.43(-3.00) 7.66 7.90(+3.13) 8.12(+6.01)  8.55(+11.62) 9.38(+22.45)
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