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The shoulder’s large range of motion is due to the low congruency of the glenohumeral joint, whose stability
relies mainly on rotator cuff muscle activity. The effect of joint congruence on shoulder biomechanics remains
unclear. We used a sphere-on-sphere glenohumeral model combined with a Force-Dependent Kinematics algo-
rithm to simulate muscle and joint forces while considering humeral head displacements. Our innovative sim-
ulations showed an increase in humeral head displacements and rotator cuff muscle forces when joint conformity

decreased. Our model aligns with in vivo observations and highlights the importance of joint congruence on
stability. It provides insights to improve our understanding of shoulder biomechanics.

1. Introduction

The shoulder’s wide range of motion stems from scapula gliding on
the thorax and the low congruency between the glenoid and humerus,
with rotator cuff muscles providing active joint stabilization (Veeger and
van der Helm, 2007). While in vivo studies report up to 12.4 mm su-
perior humeral head migration during abduction (Dal Maso et al., 2014),
most musculoskeletal models use ball-and-socket joints with three
rotational degrees of freedom (DoF), underestimating rotator cuff
muscle activation (Favre et al., 2009). To effectively address clinical
questions, models must consider humeral head displacements
(Bolsterlee et al., 2013) and joint instability metrics (Gerber et al.,
2014).

Two methods enable humeral head displacements in musculoskeletal
shoulder models: the sphere-on-sphere (SoS) model and force-
dependent kinematics (FDK) algorithm. The SoS model mimics the
anatomical glenohumeral displacements (El Habachi et al., 2015), by
modeling the difference between glenoid (32.2 + 7.6 mm) and humeral
head (22.9 + 2.9 mm) curvatures (McPherson et al., 1997). The ratio
between humeral head and glenoid curvature radii—termed as the
conformity index—ranges from 0.6 + 0.1 for dry bones to 0.9 + 0.07 with
intact labrum and cartilage (Kelkar et al., 2001; Zumstein et al., 2014). It

reflects the joint congruence which influences joint stability, with poor
congruence correlating to greater humeral head displacement (Kelkar
et al., 2001) and increased dislocation risk (Moroder et al., 2019; Peltz
et al., 2015). The SoS model was implemented in a musculoskeletal
model with only a passive contact element to prevent humeral head-
glenoid penetration (Quental et al., 2016). Humeral head movement
during abduction was minimal (<0.5 mm; close to a ball-and-socket
joint) because they chose a high conformity (0.97). The effect of con-
formity on SoS model kinematics remains unstudied.

The FDK algorithm computes joint displacements iteratively to
achieve static equilibrium (Andersen et al., 2017). Applications to
shoulder models, both prosthetic (Sins et al., 2015; Strzelczak, 2021)
and non-prosthetic (Aurbach et al., 2020; Menze et al., 2025), achieved
~ 6 mm displacements during < 90° abduction. Both methods required
passive stabilizing elements with challenging-to-define properties.
Combining the kinematic constraint (El Habachi et al., 2015) with the
FDK algorithm could eliminate this need. Given the limited research on
congruence’s effect on muscle recruitment (Karduna et al., 1996), this
study aims to develop a shoulder model with physiological gleno-
humeral displacement and assess conformity index effects during over-
the-shoulder abduction. We hypothesize that a SoS model with FDK-
driven displacements can simulate in vivo humeral head
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displacements and muscle activity patterns without passive elements.
2. Methods

2.1. Sphere-on-sphere glenohumeral musculoskeletal model

Our model relies on the AnyBody Managed Model Repository
shoulder model (version 2.4.4) (Lund et al., 2023), replacing the ball-
and-socket glenohumeral joint with a sphere-on-sphere joint (El Haba-
chi et al., 2015). The scapular girdle uses a closed loop (thorax-clavicle-
scapula-thorax), with two spheres representing the humeral head
(smaller sphere; Fig. 1) and glenoid curvature (larger sphere). Radii of
spheres vary to represent different plausible conformity indices of the
glenohumeral joint. A kinematic constraint, a connecting rod of constant
length between the sphere centers representing the glenoid and the
humeral head (El Habachi et al., 2015), ensures the contact between the
two bones. The glenohumeral joint has five DoFs: three in rotation, and
two in translation driven by the FDK algorithm (Andersen et al., 2017).
Displacements are iteratively optimized for quasi-static equilibrium
within 0.1 N tolerance, without passive elements to favor stabilizing
muscle activation. The model includes 104 Hill-type muscle fibers
(Zajac, 1989), using unscaled Dutch Shoulder Group parameters (Van
der Helm et al., 1992). Most fibers use via-point constraints, except for
deltoid fibers (n = 12) using multi-ellipsoids (Strzelczak, 2021). The SoS
model is available on GitHub: https://github.com/margauxpeixoto
/GH_contact_spheres.

2.2. Simulation

Scapular plane abductions (10-130°), driven by humero-thoracic
elevation angle, were simulated using the Anybody Modelling System
(version 7.4.4). Scapulohumeral rhythm is implemented following de
Groot and Brand (2001) equations. Joint torques were calculated using
inverse dynamics, with muscle forces optimized to minimize i) the
maximum of all the muscle forces and ii) the sum of the quadratic ac-
tivations, a function that enhances co-activation (Rasmussen et al.,
2001). The humeral head position is optimized iteratively thanks to the
FDK algorithm (Andersen et al., 2017) by adding a force in the direction
of the connecting rod to achieve a dynamic equilibrium. This force
corresponds anatomically to the articular force of the glenoid on the
humeral head. Glenohumeral joint compression and shear forces were
then calculated. Instability was quantified using the instability ratio
(Gerber et al., 2014): the ratio of shear forces to compression forces
(Fshear/Fcompression). Humeral head displacements were measured in
the glenoid reference frame, with positive values indicating posterior,
superior, and medial directions.
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2.3. Sensitivity study of the model to congruence variations

We assessed how joint congruence affects muscle and joint reaction
forces using conformity indices of 0.6 (poorly congruent), 0.8, and 1.0
(perfect congruence/ball-and-socket), spanning literature-reported
values (McPherson et al., 1997; Niu et al., 2023). After confirming
that only the conformity index impacts outputs, we maintained a con-
stant 20-mm glenoid radius (McPherson et al., 1997) and adjusted only
the humeral head radius (Fig. 2, Appendix). The SoS implementation
was verified by comparing r = 1 outputs with the original ball-and-
socket model.

3. Results
3.1. Effect of congruence on humeral head displacement

As the conformity index decreased (0.8—0.6), humeral head dis-
placements increased. In the posterior and medial directions, the dis-
placements were less than 2 mm (Table 1). The largest displacements
were observed in the superior direction. They increased in the initial
phase of abduction, with the maximum displacement reached at 45°
(3.24 and 8.7 mm for r = 0.8 and 0.6, respectively). Beyond 45°
abduction, the displacement decreased to less than 1 mm at 130°
abduction for all conformity indices.

3.2. Effect of congruence on muscle forces

A decrease in the conformity index affected the forces generated by
the different parts of the deltoid and the rotator cuff muscles (especially
the infraspinatus and subscapularis, little effect on the supraspinatus,
and none on the teres minor; Fig. 3). Decreasing the conformity index
led to an increase in the main stabilizing muscles of the joint: posterior
deltoid, subscapularis, and infraspinatus forces. More specifically, the
posterior deltoid played a greater role in compression after 45° of
abduction. Reduced congruence increased the amplitude of the stabi-
lizing forces generated by the infraspinatus and

Table 1

Effect of conformity index on humeral head displacement in three dimensions.
Maximum displacements are shown in bold. The forces correspond to the total
forces, i.e, both active and passive forces.

Conformity indices r=0.8 r=0.6

Abduction angle(°) 10 45 90 130 10 45 90 130

Posterior 0.2 0.4 0.4 -0.2 1.3 1.3 1.1 -0.6
displacement (mm)

Superior 23 32 16 -03 39 87 38 -07

displacement (mm)
Medial displacement 0.1 0.3 0.0 02 04 1.0 -038 0.4
(mm)

Fig. 1. Sphere-on-sphere glenohumeral joint with the humeral head represented by a blue sphere and the curvature of the glenoid by a green sphere. C and R
represent the center of the sphere and the radius, respectively, with indices ¢ and y, for the glenoid cavity and humeral head, respectively.
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Fig. 3. Muscle forces during abduction at 10, 50, 90 and 130° for conformity indices of r = 1, r = 0.8 and r = 0.6.

subscapularis—specifically enhancing shear forces in the inferior and
posterior directions and compressive forces—without altering their lines
of action. The infraspinatus contributed primarily to compression and
inferior shear force, while the subscapularis produced greater force in
the posterior and inferior directions at the start of the movement (10°
abduction).

On the contrary, increasing the conformity indices resulted in a
decrease in the main abductor muscle forces, namely, the lateral deltoid
and supraspinatus. The lateral deltoid produced the highest force
(mostly compression but also superior shear forces) at 45° of abduction
and the supraspinatus activated at the beginning of the abduction. The
supraspinatus no longer generated force beyond 45° of abduction. The
force generated by the teres minor, teres major, coracobrachialis, short
head of biceps was not sensitive to congruence variations (5 N variations
or less).

3.3. Effect of congruence on the instability ratio

The instability ratio was affected only in the first phase of the
movement (below 45°), with the ratio increasing as the conformity
index decreased (Fig. 4). The lower the conformity index, the higher the
instability ratio. Above 45°, the instability ratio decreased for all con-
formity indices, reaching almost perfect stability at 130° of abduction.

4. Discussion

We developed a shoulder model that combines sphere-on-sphere
(SoS) and force-dependent kinematics (FDK) algorithms (SoS-FDK) to
simulate humeral head displacement and investigate the impact of
congruence (instability ratio) on shoulder muscle activation. Our inno-
vative model was sensitive to variations in congruence, where decreased
congruence led to increased instability, humeral head displacement, and
greater activation of the cuff muscles.

In vivo, differences in acquisition methods and inter-subject vari-
ability result in a wide range of glenohumeral displacements. Moreover,
the methods used to measure displacement vary across studies
(Moissenet et al., 2024), complicating comparisons. Briefly, in-vivo
displacements are mostly in the superior (up to 12.4 mm (Dal Maso
et al., 2014)) and posterior (a few millimeters (Giphart et al., 2013))
directions. Peak displacement occurs in the middle of an arm abduction
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Fig. 4. Evolution of the instability ratio as a function of the abduction angle,
for different conformity indices.

and decreases, with the humeral head centered at the end of abduction
(Giphart et al., 2013). Our SoS-FDK model shows that, as congruence
decreases, humeral head displacement increases—particularly in the
superior and posterior directions—reproducing plausible kinematics
with initial displacement followed by humeral head lowering. Because
the objective function minimizes first and foremost the largest muscles
force, the FDK algorithm optimizes the humeral position to improve the
moment arm of the prime mover (i.e., lateral deltoid). After 45° of
abduction, the FDK optimization lowers the humeral head to maximize
the mechanical advantage of the lateral deltoid (Fig. 5, Appendix). This
aligns with in vivo studies and the cadaveric study by (Kelkar et al.,
2001). By reproducing these findings, our SoS-FDK model simulates
more realistic kinematics than a ball-and-socket model.

Congruence has been identified as a key parameter in joint stability
(Peltz et al., 2015). The lack of congruence between the humeral head
and glenoid allows humeral head displacement, which is counteracted
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by the activation of the cuff muscles (Veeger & van der Helm, 2007).
However, muscle recruitment cannot be assessed in cadaveric studies,
and in silico studies using a ball-and-socket model are inherently
perfectly congruent. During the initial phase of movement, the lateral
deltoid generates most muscle forces, pulling the humeral head upwards
and explaining the superior migration of the humeral head. The supra-
spinatus in our model was activated, as reported by Escamilla et al.
(2009) and Reed et al. (2013), but produced minimal force. This
underactivation results from the quadratic term in the optimization
function, which favors deltoid activation due to its larger moment arm.
Reducing the weight of the quadratic term increases supraspinatus
activation but introduces discontinuities (non-reported results). Future
work should focus on optimizing via points and wrapping objects to
enhance the supraspinatus moment arm.

From 45° abduction, and with reduced congruence, the infra-
spinatus, subscapularis, and posterior deltoid gradually produced more
force, to lower the humeral head until it was centered at the end of the
movement. Releasing DoFs in the SoS-FDK model allowed for a more
physiological muscle activation pattern. It decreased the deltoid force,
by improving its moment arm, while increasing the subscapularis and
infraspinatus forces at mid-range abduction, as observed by Hawkes
et al. (2019) and Escamilla et al. (2009).

Our SoS-FDK model simulated a more plausible representation of
shoulder kinematics than ball-and-socket models, even though supra-
spinatus forces remained lower than expected. It allowed us to study the
role of congruence in the activation of shoulder muscles responsible for
joint stability. In our model, the instability ratio replicated the pattern
seen by Gerber et al. (2014) on a shoulder simulator. However, the
instability ratio in the SoS-FDK model was higher (the peak was between
0.7 and 0.8 depending on the conformity index vs. 0.4 for the simulator).
We suggest that this higher ratio may be explained by the lower acti-
vation level of the supraspinatus during the initial phase of movement.
We observed that the instability ratio was impacted only at the begin-
ning of the movement, below 55° abduction. With greater abduction,
increased force from the cuff muscles and posterior deltoid stabilized the
joint, similar to a ball-and-socket model.

4.1. Limitations

The biggest challenge for any model is validation. We compared the
outputs of this model with results from other studies. Since muscle forces
cannot be measured directly in vivo, we compared the muscle force
range calculated by the SoS-FDK model with activation patterns esti-
mated from EMG measurements, assuming a link between forces and
activation, though this relationship remains debated (Liu et al., 1997;
Woods & Bigland-Ritchie, 1983). The SoS-FDK model simplifies the
glenoid representation as a sphere with uniform curvature radius,
despite McPherson et al. (1997) reporting different conformity indices
(r = 0.72 anteroposterior, r = 0.63 mediolateral) and Zumstein et al.
(2014) finding plane-specific glenoid curvature radii. A sphere-on-
ellipsoid model could improve this. The model also excludes soft tis-
sues such as ligaments, cartilage, and labrum, which are crucial for joint
stability (Halder et al., 2001; Lippitt et al., 1993). An exhaustive
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validation incorporating gold-standard kinematics, EMG data, and
sensitivity analyses (e.g., muscle insertion locations; Chopp-Hurley
et al., 2014) is required (Hicks et al., 2015). To quantitatively assess the
SoS-FDK model predictions, we will compare predicted muscle activa-
tion patterns with intramuscular EMG data and humeral head trans-
lations with kinematics measured using intra-cortical pins (Dal Maso
et al., 2014). Model parameters will be scaled to subject-specific anat-
omy to enable direct quantitative comparison with experimental data.
Once validated, the SoS-FDK model will allow investigations of how
humeral and scapular morphology influence joint stability, representing
a significant improvement over ball-and-socket models that assume
perfect congruence and fail to accurately represent the stabilizing role of
muscles (Hill et al., 2008).

5. Conclusion

We developed a shoulder model that combined a sphere-on-sphere
model with a force-dependent kinematics algorithm (SoS-FDK) to
simulate humeral head translations without adding passive elements.
Compared to the ball-and-socket model, the combination SoS and FDK
model simulated plausible kinematics, muscle activation patterns, and
resultant forces. Furthermore, this SoS-FDK model allowed us to study
the influence of congruence on joint stability and shoulder muscle
activation.
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Appendix

Journal of Biomechanics 190 (2025) 112885

Fig. 2. Sphere-on-Sphere model represents congruences, from left to right: r = 1; r = 0.8 and r = 0.6. For clarity, only the supraspinatus is shown.
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