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OPEN A biomechanical model for

concomitant functioning of neck
and shoulder: a pilot study

AlexandraYurova'™’, Andrey Gladkov®*, Eugene Kalinsky?, Alexey Lychagin?,
Anatoly Shipilov? & Yuri Vassilevskil%3

A combination of pain syndromes in the neck and shoulder joints creates a significant burden on the
healthcare system and has important social and economic significance. Treatment of these pathologies
is often inefficient and can reduce the quality of life for patients. Studying of the relationship between
pathological changes in the cervical spine and diseases of the shoulder area is crucial for developing
more efficient treatment methods. Biomechanical modeling can be a valuable tool in this research,

as assessing muscle function in patients is not always feasible. To our knowledge, there are no open-
source biomechanical models for concomitant functioning of neck and shoulder. The aim of this
research is to construct a biomechanical model for neck and shoulder concomitant functioning and to
investigate numerically the work of neck and shoulder muscles during head and arm movements.

According to the International Association for the Study of Pain (IASP), 20 to 50% of the world’s population
suffers from pain in the neck and shoulder joints, while a combination of these pain syndromes is observed
in 10% of cases'?. The high prevalence (15-30%) of pain in the cervical-brachial complex among the working
population aged 30-50 years creates a significant burden on the healthcare system and has important social and
economic significance™.

The shoulder joint is a crucial part of the upper limb movement mechanism, formed by the head of
the humerus and the glenoid of the scapula. It is also a part of a shoulder girdle complex that includes the
glenohumeral, acromioclavicular, sternoclavicular, and scapulothoracic joints™®. Together, these joints ensure
precise and efficient movements of the upper limb. Another important motor unit of the upper half of the human
body is the cervical spine. It provides support and movement for the head while protecting the spinal cord, spinal
nerves, and the vertebral arteries that supply blood to the brain”®. However, due to its anatomical features, the
cervical spine is extremely vulnerable. Weakness in the neck muscles increases the risk of cervical spine injury®.

Pathology of the proximal part of the shoulder, the shoulder joint itself, and the shoulder girdle is a common
and serious problem in orthopedics and traumatology'®. It is well known that there is a close biomechanical
connection between the spine and the upper limb girdle. In the vast majority of cases, patients with symptoms
originating from both these locations simultaneously, are observed!!~!%. Treatment of this pathology is often
inefficient and can reduce significantly the quality of life for patients. The current evidence is insufficient to state
clearly the relationship between pathological changes in the cervical spine and the consequences of injuries and
diseases of the shoulder area. Studying of this relationship is crucial for developing more efficient treatment
methods'*!">. The cervical spine and the shoulder girdle are closely connected anatomically and functionally,
with dysfunction in one area often leading to compensatory changes in the other. Pathological changes in the
cervical spine can often manifest as symptoms in the shoulder girdle, and vice versa. For example, a herniated disc
in the cervical spine may lead to referred pain in the shoulder or arm, while shoulder impingement syndrome
can cause neck pain and stiffness. By understanding how these structures interact with and influence each other,
healthcare providers can better diagnose and treat patients with complex musculoskeletal issues.

Furthermore, research of the relationship between the cervical spine and shoulder girdle can help to identify
common patterns of dysfunction that may be present in certain patient populations. This knowledge can inform
the development of targeted rehabilitation programs that address both areas simultaneously, leading to more
comprehensive and successful outcomes for patients. Studying this relationship can also have implications for
injury prevention and performance optimization, particularly in athletes and individuals engaged in physical
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activities. By identifying risk factors associated with dysfunction in the cervical spine and shoulder girdle,
healthcare providers can develop strategies to mitigate these risks and improve overall musculoskeletal health. By
unraveling the complex interplay between the cervical spine and the shoulder girdle, researchers and healthcare
providers can enhance diagnostic accuracy, treatment efficacy, and overall quality of life for individuals with
musculoskeletal conditions.

Biomechanical modeling can serve as an additional research tool. Currently, there are freely available
biomechanical models that include independent representations of the neck!®~!® and shoulder'®-?2. To our
knowledge, there are no open-source biomechanical models for concomitant functioning of neck and shoulder.
In our study, we focus on traumatic causes of cervical-shoulder syndrome (domestic, sports, road traffic), which
can be primarily represented in the biomechanical model through such structures as bones and muscles. Soft
tissues and skin may not require such detailed consideration in this instance. The aim of this research is to
construct a biomechanical model for neck and shoulder concomitant functioning and to investigate numerically
the work of neck and shoulder muscles during head and arm movements. The proposed model was developed
using data from a healthy volunteer; however, it can be adapted for other patients by adjusting the anthropometric
and muscular parameters. The model can be used for forward modeling with the aim of pathology research. We
impose certain restrictions for patients whose pathologies may be reproduced by such model: adult patients
of working age with no prior history of pain or dysfunction in the neck, shoulder girdle, or upper limb before
the injury. Patients with prior diseases of the cervical spine and upper limbs that required targeted specialized
treatment do not meet our inclusion criteria.

Methods

The main steps of this study are as follows: construction of the biomechanical model for neck and shoulder
concomitant functioning, carrying out a motion capture experiment for head and arm movements, adjustment
of model parameters and computation of muscle contribution to the movements. The developed biomechanical
model was created based on the core principles of multibody systems, which are widely used for modeling of
rigid bodies interactions?*. The basic components of the multibody systems are:

« Rigid bodies with mass and inertia properties (bones);

« Connections that constrain relative motion between bodies (joints);

o Force elements (springs, dampers, actuators that apply forces);

« Kinematic constraints (mathematical relationships defining allowable motions).

The interactions between bodies can involve both kinematic (motion-related) and dynamic (force-related)
analyses. In our research, we focus on both kinematics (to reproduce the necessary neck and shoulder motions
in the model) and dynamics (to examine the forces and moments that lead to motion). Details on the principles
of kinematic analysis are presented in Section "Motion capture experiment”, description of a muscle function as
a force element is provided in Section "Adjustment of model parameters", and methods for performing dynamic
analysis are described in Section "Computation of muscle contribution to the movements".

Construction of the biomechanical model for neck and shoulder concomitant functioning

To construct the biomechanical model with the required design, we used the open-source platform
OpenSim?4~%6, developed for biomechanical modeling of various systems and processes, such as
shoulder, neck, knee, and ankle joints!®?22728 a5 well as assistive devices?. To simplify the process of
model construction, some elements of the model were borrowed from existing freely available models:
the thoracolumbar spine and ribcage model'’, shoulder model with an accurate scapulothoracic joint??,
musculoskeletal model of head and neck®’. The thoracolumbar spine and ribcage model includes a fully
articulated thoracolumbar spine, with 3 rotational degrees-of-freedom at each inter-vertebral joint, and
a ribcage. The model also contains muscle representations, which parameters were adjusted to match a
community-based sample of 125 datasets obtained from in vivo computed tomography scans. The shoulder
model includes the major muscles of the ribcage and scapula, specifying kinematics of the latter. The
neck model was developed by incorporating hyoid muscles to existing neck models to reproduce realistic
movement in all directions. We used some components from these models to construct the model for neck
and shoulder concomitant functioning. Firstly, the masses, inertia properties and movement constraints
for vertebrae C1-C7 were taken from the neck model to replace a unified body with separate vertebrae.
Secondly, the representations of the acromioclavicular and sternoclavicular joints were borrowed from
the shoulder model, since they are presented in more detail and better describe scapular and clavicular
kinematics. For our research, it is particularly important that implementation of this joint allows us to
perform modeling of such movements as shoulder elevation, abduction, and flexion while maintaining
scapular movement close to reality. The shoulder model assumes the movement of a specific point on
the scapula along an ellipsoidal surface. The joint frame origin of the scapula on the ellipsoid fixed to the
parent thorax body is determined through a sequence of abduction (adduction) and elevation (depression)
movements. Subsequently, the scapula undergoes rotational adjustments upward or downward around
the normal to the surface, represented by the scapula Z-axis. Additionally, internal rotation, commonly
known as “winging” is implemented as a positive rotation about the Y-axis within the scapular plane,
maintaining tangency to the thoracic surface. The representation of scapulothoracic joint was included
in the left and right sides of the model?2. Thirdly, in addition to the muscles of the thoracolumbar spine
and ribcage model (trapezius, serratus anterior, deltoid, supraspinatus, infraspinatus, subscapularis, teres
minor, teres major, sternocleidomastoideus, longissimus, scalenus, longus colli), the muscles rhomboid,
levator scapulae, obliqus capitis, rectus capitis (rf. Fig. 1) and latissimus dorsi were inserted to the model.
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Fig. 1. New muscles added to the model: (a) Rhomboid; (b) Levator scapulae; (c) Obliqus capitis; (d) Rectus
capitis.

Fig. 2. The latissimus dorsi muscle during shoulder abduction (representation in the model).

The muscle shapes and attachment points have been determined in collaboration with orthopedists from
Sechenov University. Basing on the anatomical similarity of the muscles, we adopted parameters for the
new muscles from the thoracolumbar spine and ribcage model. Analogously, parameters for rhomboid
and latissimus dorsi components were borrowed from trapezius, parameters for obliqus capitis and rectus
capitis were taken from hyoid.

The latissimus dorsi muscle has a complex shape. The muscle architecture contains 12 components’!. In
addition to the origin and insertion points, the supplementary points are required to define the muscle’s shape
precisely and to avoid the use of wrapping objects*’, which slow down computations®®. Figure 2 demonstrates
the latissimus dorsi muscle during shoulder abduction.

The values of the tendon slack length and pennation angle for superior, middle and inferior components were
borrowed from?2. The correction of the deltoid muscle attachment point has been performed to prevent bone
intersection during shoulder flexion (Fig. 3a,b).
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Fig. 3. (a) Deltoid muscle intersecting humerus bone during shoulder flexion. (b) Deltoid muscle moving
correctly during shoulder flexion.

a.

Fig. 4. (a) Locations of experimental markers on the back of the subject. (b) Locations of the model markers.

Finally, all generalized coordinates, which do not relate to the motion of neck and shoulder, were frozen.
The constructed model includes all main functional elements for studying the concomitant functioning of the
shoulder and neck.

Motion capture experiment

The series of motion capture experiments has been carried out to record movements of head and arm. These
experiments are necessary to obtain the dependence of generalized coordinates on time. The participant for the
experiment was recruited during the period from 08.12.2022 to 18.09.2023 in accordance with the approval of
the local ethics committee of Sechenov University. The participant provided verbal informed consent, which was
witnessed by other participants of the study who are co-authors of this article. The subject is a healthy 25-year-
old male with mass 66 kg and height 180 cm. A special marker positioning protocol was developed in accordance
with the recommendations of the International Society of Biomechanics®. Figure 4a demonstrates the position
of markers on the subject’s back.

During the experiment, skin markers were placed on a thin volunteer with an asthenic body type, low body
weight, and well-defined muscles. Markers were set on the prominent parts of the bones, with multiple markers
placed on the same bone. This determined the accuracy of bone movement reproduction in the biomechanical
model.

The total number of markers is 40. The recording of marker coordinates over time was conducted for
shoulder flexion/extension, shoulder abduction/adduction, as well as head left turn and forward/backward/right
tilt. The experiments were conducted for the movements of the right hand. During this work, we conducted
multiple motion capture experiments to record the same movements. The volunteer is not able to reproduce the
same movement absolutely accurately across different trials, but the general movement patterns are typically
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well replicated. The potential discrepancies among the results from motion capture experiments for the same
movements are difficult to quantify, as the same movement may be performed over different time intervals in
different trials, complicating the comparison of marker locations at various time steps. However, reproducing
the overall motion pattern appears to be more important. We applied smoothing algorithms to all data collected
from the motion capture experiments. The obtained data was analyzed in a system of coordinates associated with
the human body with the origin in the center of mass of four relatively stable markers (C7, T8, I], PX). They are
placed on spine and sternum and are almost motionless during the experiment (rf. Fig.5). This can be seen from
small standard deviations of their coordinates.
Given this data, we perform the following stages for personalization of the biomechanical model:

- Scaling,

- Adjustment of scapulothoracic joint ellipsoid parameters.The scaling procedure was performed iteratively in
the OpenSim GUI, to fit the model geometry to the subject sizes. Scaling implies changing the size of each
body of the multibody system representing the subject’s skeleton, along the axes X, Y, Z by a certain coefficient
such that the model markers closely match the experimental ones. A proportional adjustment of masses, in-
ertia tensors, and muscle attachment points of the scaled model is carried out. The original non-scaled model
has a set of markers located in the same anatomical positions as the experimental markers (Fig. 4b).

To ensure the accurate representation of the scapulothoracic joint after scaling, it was necessary to adjust the
parameters of the ellipsoid which restricts motion of the scapula. To determine the lengths of ellipsoid’s semi-
axes a, b, cand its barycenter xo, Yo, 20, we used the gradient descent method that minimizes residuals associated
with the ellipsoid equation at each time step:

f(xo,yo,zo,a,b,c):z <L:SEO> +<Lb—yo) +<z(t)7—zo> — 1| — min,

t

where x(t), y(t), z(t) are the coordinates of some scapula point at time ¢ found experimentally.

Further, the Opensim Inverse Kinematics tool was applied. The values of generalized coordinates which place
the geometrical model in a pose optimally corresponding to the experimental markers for each time step were
determined. Achieving the “best match” involves solving the weighted least squares problem:

min | 7wl - x|
qa

i€markers

where q is the vector of generalized coordinates being solved for, x{™" is the position of marker i measured
during the experiment, x;(q) is the position of the corresponding model marker. During head movements, the
marker weights w; were chosen to be equal, while during arm movements, a higher weight was assigned to the
scapula markers. Specifically, the weights assigned to the scapula markers were set to 2,3,6, to the elbow markers
to 2, while those assigned to the other markers were set to 1.

Fig. 5. Markers C7, T8, IJ, PX used to compute the origin of the coordinate system associated with the human
body.

Scientific Reports |

(2024) 14:31818 | https://doi.org/10.1038/s41598-024-83075-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

°
®

Normalized Force
°
B3

04

Adjustment of model parameters
Adjusting parameters is one of the key stages in constructing of a biomechanical model. In this study, parameter
setting was performed for the resting position, attempting to simulate the basic postural tone, i.e. the minimal
continuous muscle activity required to maintain the subject’s posture at the standing position. This muscle
activity is essential for providing stability and preventing the body from collapsing®. The basic postural tone is
expressed in terms of muscle model parameters. The Hill-type muscle model used in OpenSim is described in*.
Muscles are presented as a set of fibers which attach to tendon at pennation angle .. The muscle fiber consists of
two elements: a contractile element and a parallel elastic element in series with an elastic tendon. The contractile
element and the parallel elastic element correspond to active and passive muscle forces. The schematic view of
the pasive, active and total force-length curves corresponding to the Hill-type models is shown in Fig. 6a. The
active force length curve of the Millard muscle model is demonstrated in Fig. 6b.

The tendon slack length and the pennation angle parameters for each muscle were determined by adjustment
(after scaling) of the muscle parameters in the initial model. The muscle fiber length [* in the standing position
is

_ ZJMT _ lg

l]\/[

cos

where M7 is the length of the muscle-tendon complex, 7 is the tendon slack length, « is the pennation angle.
The optimal fiber length parameter is defined by

l]\/f

lopt = =
pt ’
liack

where k is the coefficient determining the initial muscle tension, M . is the maximum active normalized fiber
length equal to 1.8123 in Millard muscle model®”.

The above parameter determination establishes small initial tensions in the neck and shoulder muscles which
correspond to the basic postural tone. We automated the parameter adjustment using Python-version of the
OpenSim library.

Computation of muscle contribution to the movements

Once the muscle parameters are adjusted and the generalized coordinates g are determined for each particular
movement, one can find individual muscle forces and muscle activations which bring the model to the desired
positions at any time moment, for each particular movement. Each movement is governed by the multibody
dynamics equation

M(q)d = C(q,q) + G(q) + F, ey
where q(¢),q(t),q(t) are generalized coordinates, velocity and acceleration, correspondingly, C(q, q) is the
Coriolis and centrifugal forces term, G(q) is the gravity force, and F denotes other forces applied to the model.

The OpenSim Static Optimization Tool exploits known movement of the model and the solution of equation (1)
in order to determine unknown generalized forces (such as joint torques) by minimizing the objective function

J = Z a2, — min 2)
m=1

Muscle Model Force-Length Curves i Active Force Length Curve
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Fig. 6. (a) The schematic view of the pasive, active and total force-length curves corresponding to the Hill-type
models. (b) The active force length curve of the Millard muscle model.
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under the constraint:

[amf (Fpy by vm)] P = 75

m=1

Here for the j joint axis 7, ; is the moment arm of muscle m about the axis and 7; is the generalized force acting
about the axis; # is the number of muscles involved in the model, a,n = a., (t) is the activation level of muscle
m at discrete time step, F, m is the max1mum 1s0metr1c force of muscle m, lm is the length of muscle m, v, is the
shortening velocity of muscle m, fgg'o Sy vm) = F L) £V (0! is a force-length-velocity surface of
muscle m, where £ (1) and f¥( v ) are the active- force length and force-velocity curves.

With chosen muscle parameters, the solution of the static optimization problem may fail for some movements,
as the model is not entirely anatomically accurate. For the sake of robustness of the solution, we included into
the model coordinate actuators for each unlocked coordinate following?®. The primary role of the coordinate
actuator is to compute and apply forces f(t) = f°P*¢(t) and their moments to the associated bodies based
on its control function £(¢) and the model’s current state. The optimal actuator force f°P* is a user-defined
parameter. Actuator action is essential to compensate inaccuracies in motion capture measurements, muscle
structure, and parameter selection. However, during movement execution, the action of actuators should be
reduced. To avoid excessive usage of actuators during motion execution, it is crucial to minimize the optimal
actuator force f°P*: higher values f°P* can exert a significant impact even with low values of £(¢). At the same
time, the action of the actuators should be sufficient to enable the execution of the movement. We attempted to
find the minimum value of optimal actuator force at which the Static Optimization problem could be solved. For
the head movements we set f°?* = 0.1 N, for the arm movements we set f°?* = 1.0 N.

Results

Model construction and movement reproduction

The obtained results of scaling procedure match the error range presented in the results evaluation guide®®
the root mean square error is 1.5 cm, the maximum error is 2.6 cm, where error is the distance between an
experimental marker and the corresponding marker on the model. Changes in anthropometric properties are
illustrated in Fig. 7.

The final model for neck and shoulder concomitant functioning contains 23 muscles (Fig. 8).

We recorded movements of the head and the right arm of the subject using the motion capture technology
for subsequent reproduction by the model. Due to the large number of markers, achieving accuracy within the
specified error range from?® for all markers was challenging. Generalized coordinates bringing the model into
the specified position at each time moment were determined using the Inverse Kinematics algorithm?®. The
reproduced movements are shown in Fig. 9. All the muscles did not intersect the bones during all the examined
movements.

Table 1 presents the errors of the Inverse Kinematics algorithm for the investigated movements. According
to*®, maximum marker error should generally be less than 2-4 cm and the RMS under 2 cm.

Model sensitivity analysis

We analyzed the model’s sensitivity to the parameter k, which determines the initial tension in the muscles. We
performed experiments with the parameter value decreased and increased by 5 percent relative to the main
experiment. In Fig. 10 we provide force computation results for different neck and head muscle components,
including both the left and right muscles, for turning head to the left.

In Fig. 11 we provide force computation results for the same neck and head muscle components, for shoulder
flexion. The model appears to be relatively robust to parameter changes, but shows increased sensitivity to the
parameter k for periods of intense muscle activation.

Fig. 7. Initial model (left) and model after scaling (right).
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Fig. 8. Front (a) and back (b) views of the model (some muscles are hidden).

We also performed the model sensitivity analysis regarding muscle maximal isometric force Fo,, varying its
values by 5 percent relative to the initial experiment. The results are presented in Figs. 12 and 13. The results for
the model sensitivity analysis regarding tendon slack length {7, varying its values by 5 percent relative to the
initial experiment are presented in Figs. 14 and 15. The sensitivity to parameters F, and IZ appears to be low.

Muscles contributions to the movements
For each movement the work of a muscle is given by:

ty M
W:/ Fe
. dt
0

where o, ¢ are the start and the end time of the movement, F is the muscle force along the tendon and ™M s
the muscle fiber length. Computed changes of force and length for the trapezius muscle component attached to
clavicle during the arm abduction are presented in Fig. 16.

Basing on the computed work for each muscle, we generated a pie chart illustrating the contribution of muscles
during each movement. The computed contributions of muscles to the head movements (turning the head to the
left and the forward/backward/right head tilt) are presented in Fig. 17, the computed contributions of muscles to
the shoulder movements (flexion/extension, abduction and shrug) are illustrated in Fig. 18.

Table 2 demonstrates computed positive work (in Joules) of different muscles during flexion.

Discussion

In this paper we presented the new biomechanical model for neck and shoulder concomitant functioning. The
model contains 23 muscles and 142 muscle components. In Table 3 we summarize the key features of the model
which enable realistic reproduction of neck and shoulder movements for further investigations. To the best of
our knowledge, there is currently no open-access biomechanical model that provides a detailed representation
of the functionalities of the neck and shoulder girdle.

Data of the motion capture analysis and personalization of the biomechanical model provide estimation
of muscle contributions to the movements of interest. The primary objective of our study at this stage was a
qualitative reproduction of the muscle functionality in the model. Validation of the computed contribution is
hampered by the lack of instruments estimating forces and activations of deep muscles during movement. To
our knowledge, only a few studies reproduce arm movements using biomechanical modeling and provide results
on the muscle contribution.

The computed muscle contributions obtained for head movements as well as for shoulder flexion qualitatively
align with anatomical data and information from medical practice. In each of the four movements, both shoulder
and neck muscles are involved. The computed muscle contributions for the shoulder shrug, flexion and abduction
can be compared with?2. Both studies demonstrate significant role of the trapezius and deltoid muscles in flexion
and abduction, as well as of the levator scapulae in shrugging. However, our study demonstrated major impact
of shoulder muscles infraspinatus and supraspinatus in flexion and abduction. The differences can be explained
by differences in model architectures, in particular in muscle modeling approaches (attachment points locations,
muscle structure, parameters), e.g. trapezius muscle in our model is presented using more muscle components,
which do not intersect scapula. The model?? contains mainly shoulder and back muscles, whereas in our model
we introduce many neck muscles. Table 2 demonstrates that the muscle work performed during shoulder flexion
is distributed among a greater number of muscles than in?? and also done by neck and back muscles. The total
work in our model is lower in our study, which may be attributed to the fact that only the arm lifting phase was
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Fig. 9. Movements recorded during motion capture experiment: (a) Shoulder abduction. (b) Shoulder
extension. (c) Shoulder shrug. (d) Turning head to the left. (e) Head tilt to the left. (f) Shoulder flexion. (g)
Backward head tilt. (h) Forward head tilt.

considered, as well as potential differences in flexion speed in both studies. In study??, OpenSim Computed
Muscle Control algorithm was used to compute muscle forces during movements.

On the other hand, the computed muscle contributions for flexion and extension deviate from expected
outcomes stemming from the anatomical knowledge. This difference is the consequence of limitations of this
study:

- The motion capture markers are placed on the skin and may capture movements of the skin, rather than
movements of the bones beneath it. This limitation is particularly evident when one tries to capture motion of
the scapula, the most actively moving bone during shoulder movements. Alternative algorithms are required
for better detection of movements for some bones such as scapula;

- The static optimization computes the active fiber force along the tendon under assumption that tendons are
rigid and do not include contribution from muscles’ parallel elastic element. To obtain more realistic results,
it is necessary to use alternative algorithms for calculating muscle forces, e.g. the OpenSim Computed Muscle
Control Algorithm;

- Representation of muscle attachment points and muscle parameters, including initial tensions in the stand-
ing pose, is not precise. These parameters are highly personalized and their estimation is prone to have er-
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Movement RMS, m | max, m
Turning head to the left | 0.015 0.026
Forward head tilt 0.014 0.026
Backward head tilt 0.015 0.025

Head tilt to the right 0.014 0.026
Shoulder flexion 0.023 0.040
Shoulder extension 0.017 0.037

Shoulder abduction 0.021 0.039
Shoulder shrug 0.020 0.039

Table 1. RMS and max errors of the Inverse Kinematics algorithm for different movements.
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Fig. 10. Results of force computation for neck and head muscles with different initial tension for turning
head to the left: (a) Scalenus medius. (b) Rectus capitis posterior major. (c) Obliquus capitis superior. (d)
Sternohyoid. (e) Trapezius muscle, upper fibers. (f) Sternocleidomastoideus.

rors.Quantifying the impact of these limitations is challenging. A separate study is necessary to investigate the
influence of algorithmic errors in inverse kinematics and the positioning of attachment points on calculation
results. By now, there are only a few studies providing quantitative estimations of the differences in results
from OpenSim Computed Muscle Control and Static Optimization algorithms. For instance, in*, such results
for the lower extremity are presented. To our knowledge, there are no analogous data for the muscles of the
neck, back, and head.
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Fig. 11. Results of force computation for neck and head muscles with different initial tension for shoulder
flexion: (a) Scalenus medius. (b) Rectus capitis posterior major. (c) Obliquus capitis superior. (d) Sternohyoid.
(e) Trapezius muscle, upper fibers. (f) Sternocleidomastoideus.

We note that the existing open-access data primarily involves numerical analysis of muscle forces produced during
shoulder movements, which has mostly been conducted on simpler models and considers fewer movements?2.
In contrast, our analysis explores multiple movements on the basis of a more elaborated model, providing a novel
contribution. We evaluate the results based on the accurate reproduction of kinematics, anatomically consistent
parameter settings, and the model’s robustness with respect to crucial parameters.

Conclusion
In this study, the biomechanical model for concomitant neck and shoulder normal functioning was presented.
The novelty of this research is as follows:

- A model for the concomitant functioning of the neck and shoulder has been developed, which includes the
necessary functionality for realistic reproduction of neck and shoulder movements, as well as numerical anal-
ysis of movement characteristics;

- The movements of turning the head to the left, head tilt to the left, backward and forward head tilt, shoulder
abduction, shoulder flexion and extension, and shoulder shrug were recorded using motion capture technol-
ogy and reproduced on the developed model with accuracy that meets accepted standards;

- Muscle contributions to the recorded neck and shoulder movements have been computed.

The proposed model was developed using data from a healthy volunteer; however, it can be adapted for other
patients by adjusting the anthropometric and muscular parameters. The model can be used for forward modeling
with the aim of pathology research.
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Fig. 12. Results of force computation for neck and head muscles with different maximal isometric forces for
turning head to the left: (a) Scalenus medius. (b) Rectus capitis posterior major. (c) Obliquus capitis superior.
(d) Sternohyoid. (e) Trapezius muscle, upper fibers. (f) Sternocleidomastoideus.
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Fig. 13. Results of force computation for neck and head muscles with different maximal isometric forces for
shoulder flexion: (a) Scalenus medius. (b) Rectus capitis posterior major. (¢) Obliquus capitis superior. (d)
Sternohyoid. (e) Trapezius muscle, upper fibers. (f) Sternocleidomastoideus.
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Fig. 14. Results of force computation for neck and head muscles with different tendon slack lengths for
turning head to the left: (a) Scalenus medius. (b) Rectus capitis posterior major. (c) Obliquus capitis superior.
(d) Sternohyoid. (e) Trapezius muscle, upper fibers. (f) Sternocleidomastoideus.
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Fig. 15. Results of force computation for neck and head muscles with different tendon slack lengths for
shoulder flexion: (a) Scalenus medius. (b) Rectus capitis posterior major. (¢) Obliquus capitis superior. (d)

Sternohyoid. (e) Trapezius muscle, upper fibers. (f) Sternocleidomastoideus.
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Fig. 18. Muscle work contribution for the right arm movements: (a) Shoulder flexion. (b) Shoulder extension.

(c) Shoulder abduction. (d) Shoulder shrug.

Supraspinatus 2.844
Infraspinatus 1.793
Trapezius 1.531
Teres minor 1.238
Deltoid 0.945
Rhomboid 0.415
Levator scapulae | 0.132

Table 2. Positive work (J) done by the muscles during shoulder flexion.
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Implemented feature Function

Separated vertebrae with constraints on the relative movement Model allows to represent the motions of the neck with 6 degrees of freedom for vertebrae
Sternoclavicular joint (movements of the clavicle relative to the sternum)

Acromioclavicular joint (movements of the clavicle relative to the acromion) Allow for elevation, depression, protraction, retraction, and rotation

Scapulothoracic joint (movement of the scapula over the rib cage)

Neck muscles (levator scapulae, sternocleidomastoideus, sternohyoideus, omohyoideus,
rectus capitis lateralis, rectus capitis posterior major, rectus capitis posterior minor,
obliquus capitis superior, obliquus capitis inferior, obliquus capitis inferior, obliquus
capitis superior, scalenus posterior, scalenus medius, scalenus anterior, longissimus
cervicis, longissimus capitis, longus capitis, longus colli )

Provide stability and control for neck motion, supporting head position and facilitating
movements in multiple directions

Shoulder muscles (serratus anterior, rhomboideus, deltoideus, teres major, Enable a wide range of shoulder movements, including flexion, extension, abduction, and
infraspinatus, teres minor, subscapularis, supraspinatus) rotation of the arm

Back muscles (trapezius, latissimus dorsi)

Assist in movements of the shoulders and arms

Allow for scaling the model to account for the anthropometric data of individual subjects

Markers and reproducing the subjects’ movements on the model based on motion capture
experiments data; the markers are aligned with commonly accepted international protocols
Actuators Allow for compensating model inaccuracies, enabling the reproduction of real movements

Table 3. Key features of the developed biomechanical model for concomitant functioning of neck and
shoulder.

Data availability
The biomechanical model for neck and shoulder concomitant functioning and motion capture data are freely
available for download at https://simtk.org/projects/neck_shoulder.
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