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ABSTRACT

Background:
Many professional violin players develop pain complaints in neck and shoulder regions as a result

of prolonged practices containing highly repetitive motions and awkward postures. These
complaints are often diagnosed as overuse syndrome, where physical changes are not apparent
and of which the etiology is not yet understood. Mechanical overload might be part of the
equation. Only limited research has been done to evaluate whether the biomechanics of violin
playing differ between violinists with and without overuse syndrome. Muscle activity has been
reported to differ between violinists with and without pain, but findings were often inconsistent.
This study aims to evaluate the biomechanics of the musculoskeletal system in the neck and left
shoulder region in violin players with and without pain complaints while playing different musical
excerpts.

Method:

Twenty violinists, 10 with and 10 without pain complaints, were playing three musical pieces
containing different wrist and bow motions. These were measured using motion capture and chin-
violin force measurements. An upper body model was created by combining a neck model with a
shoulder model in OpenSim, which was then used to calculate joint angles and moments of the
neck and left shoulder. Differences in the kinematics and kinetics of violin playing were assessed
by investigating mean values as well as the variability around these average values. The mean
values of the joint angles and joint moments were compared over time during selections of
bowing cycles and cycles of wrist movement. The kinematic variability was assessed with the
standard deviations of the mean in each playing condition.

Findings:

Kinematic and kinetic differences were found between symptomatic and pain-free violinists during
fast bowing motions. The axial rotation of the glenohumeral joint was significantly more external
in violinists with overuse syndrome compared to controls. Additionally, joint moments in several
degrees of freedom of the scapulothoracic and glenohumeral joints were larger in the
symptomatic group compared to the asymptomatic group. Lastly, the kinematic variability of
symptomatic violinists was lower than that of asymptomatic violinists.

Conclusion

These found kinematic and kinetic differences could mean that violinists with overuse syndrome
play the violin with less optimal motor control, resulting in larger loads on the joints and
surrounding tissues. The lower variability of kinematics in violinists with pain may indicate an
increase in stiffness. Overall, these findings suggest that biomechanical differences exist
between violinists with and without overuse syndrome.



INTRODUCTION

Many professional musicians develop playing-related musculoskeletal disorders, with prevalence
ranging between 41 —93% over a timespan of a year (Kok et al., 2016b). Complaints can be long-
lasting and worsen when playing is continued, which is especially a problem for income-
dependent professional musicians (Kok et al., 2016a). Problems arise especially often in string
musicians, where 64.1-90 % suffer from musculoskeletal disorders and most commonly affect the
neck, shoulders and upper extremities (Engquist et al., 2004; Kochem & Silva, 2018).

Most often, these musculoskeletal complaints are classified as overuse syndrome which is also
known as repetitive strain disorder or cumulative trauma disorder (Bejjani et al., 1996; Lee et al.,
2013). Patients suffer from complaints of pain, tenderness and loss of function but without
pathology-related physical changes. The pain is often not localized and there is no objective
diagnosis, but it is believed that overuse or misuse of body parts results in microtrauma in the
tissues of muscles, tendons, nerves or bone (Bejjani et al., 1996; Buckle & Devereux, 2002;
Mclnnis, 2020). The etiology however remains unknown and the onset of the disease is believed
to be a result of a combination of influences (Armstrong et al., 1993; Buckle & Devereux, 2002;
Mclnnis, 2020). Risk factors include highly repetitive motions, prolonged static loading, and
extreme non-neutral postures, but influences from anxiety or ion concentrations may also play a
role (Larsson et al., 2007; Mclnnis, 2020; Punnett & Wegman, 2004).

It is believed that professional string players such as violinists develop these complaints as a
result of playing-related demands (Bejjani et al., 1996; Lee et al., 2013). In order to hold the violin
in position, it needs to be clenched between the chin and left shoulder (Lee et al., 2013). The left
hand needs to move freely over the violin neck to shift positions while fingers are pressing down
the strings to play different notes and while the right arm is simultaneously stroking the bow over
the strings.

It was found that violin playing kinematics and forces vary among individuals and may change
with alterations in playing difficulty and with strings played (Kok et al., 2018; Kok et al., 2019;
Obata & Kinoshita, 2012; Okner et al., 1997; Shan et al., 2003; Shan et al., 2007; Turner-Stokes
& Reid, 1999; Wolf et al., 2019). Playing conditions of increasing difficulty even appear to
significantly increase muscle activity and chin forces (Kok et al., 2018). After repeatedly practicing
for many hours, many professional violinists develop musculoskeletal complaints, but not all (Kok
et al., 2016b). In order to better understand the origination of these complaints, high string
musicians with overuse syndrome have been compared to high string musicians without
complaints. Activity of different neck and shoulder muscles was often reported to be increased in
violinists with overuse syndrome (Kok et al., 2018; Mdller et al., 2018; Park et al., 2012; Philipson
et al., 1990; Steinmetz et al., 2016). Activity of the sternocleidomastoid muscle was repeatedly
found to be higher in the complaint group, while findings regarding other muscles were not
consistent among studies and deep muscles were not measured (Siemelink, 2020). Furthermore,
research investigating kinematic and force differences between these groups is limited. Kok et al.
(2018) examined and found no differences in the exerted force on the chin rest used to stabilize
the violin between groups, while muscular activity in the neck was increased. Additionally, only
one study compared kinematics between sitting violinists with and without neck complaints and
found that neck rotation and lateral flexion angles were increased in the pain group as well as
muscle activity (Park et al., 2012). In Park et al. (2012), ultrasonic motion analysis was used to
assess cervical motion while violin players played a musical piece of medium difficulty. However,
only one triple active marker was used, and no reference marker appears to have been used. It is
therefore unclear if the measured angles represent neck motion or motion of the spine.

Comparisons between violinists with and without complaints have been made to discover
whether the biomechanics of violin playing in symptomatic violinists are more harmful for tissues
than in pain-free violinists. Since these studies were limited and findings were not always
consistent, it is not yet clear whether these findings reflect functional differences between groups.



It may also still be possible that the reasons that some violinists develop complaints and others
do not, have nothing to do with their violin playing techniques. The general violin playing
technique contains risk factors for overuse syndrome such as asymmetric postures and static
loading, but these risk factors are also present in pain-free violinists. Additionally, many
influences appear to play a role in the complex origination of overuse syndrome. Daily posture
during other activities or influences from stress or anxiety could for instance also explain why
some violinists develop overuse syndrome and others do not.

In addition, the previously used biomechanical methods may not have been sensitive enough to
discover differences, which may explain the inconsistent findings. For instance, surface
electromyography (EMG) signals have often been used to measure muscle activity. This is
however not the most precise measurement technique since signals easily get distorted and only
superficial muscles are measured (Chowdhury, 2013; Konrad, 2006). More accurate methods are
required and should also be used to study the kinematics of violin playing, since posture plays an
important role in the onset of overuse syndrome but has barely been compared. A biomechanical
simulation developed using software such as OpenSim (Delp et al., 2007; Seth et al., 2018) or
AnyBody (Damsgaard et al., 2006), may be sensitive enough to discover kinematic and kinetic
differences between groups when using accurate measurements as input. Discovering such
differences may help identify the onset of the disease, explain previous findings and ultimately
help to inform preventive measures and treatment of overuse syndrome. The aim of this study is
therefore to determine whether biomechanical differences exist between violinists with and
without neck and shoulder complaints.

Since non-neutral postures are considered to be risk factors for overuse syndrome and treatment
is focused on posture improvement, it is reasoned that asymptomatic violinists are better at
maintaining neutral posture while playing than symptomatic violinists. Neutral posture is
considered as a resting position of the body where muscles and joints experience minimal
tension and pressure (Andreoni et al., 2000; ErgoCenter at UConn Health Center, 2016; Tengwall
et al., 1982). Mechanical loads on the neck may for example increase during neck flexion due to
increased gravitational forces on the less well supported head (Neupane et al., 2017;
Edmondston et al., 2011). Suboptimal postures may therefore increase muscle forces and joint
moments, which could be injurious on surrounding tissues.

At the same time, it should be considered that movements are altered as a result of pain (Hodges
et al., 2009). One theory argues that motor function is altered in order to protect injured tissues by
limiting movement of the affected area’s (Hodges et al., 2009; Hodges & Tucker, 2011). It is
therefore also reasoned that the amount and size of movements will be lower in symptomatic
violinists compared to asymptomatic violinists.

The following hypotheses will therefore be tested using a biomechanical model:
1. Neck and left shoulder positions from violinists with pain will be further from neutral
position than in the posture of violinists without pain.

2. Neck and left shoulder joint moments from violinists with pain will be larger than joint
moments of violinists without pain.

3. Kinematic variability in violinists with pain will be lower than in violinists without pain.



METHOD

Original experiment

Previously collected motion and force data of twenty subjects playing the violin were used (Kok et
al., 2018, 2019). Motion capture, force and electromyography were measured while violinists
were playing in different playing conditions and with different shoulder rest set-ups (Figure 1).
The five playing conditions involved different musical pieces of varying difficulty. The twenty
participants also filled in a questionnaire and were selected for the experimental group when
reporting to experience complaints in neck and/or shoulder region at the time of measurement.
The Neck Disability Index (NDI) and the Disabilities of the Arm, Shoulder and Hand (DASH) were
also included in the questionnaire as an additional measure of pain. Forces applied by the head
on the violin were measured with a 6-axis force and torque sensor incorporated into a chin rest
(Kok et al., 2018). The inherently noisy x, y and z force components resulting from these
measurements were corrected for offset and filtered with a second order Butterworth filter with a
cutoff frequency of 3Hz.

iy

Figure 1. Original measurement setup.

Skeletal model

An upper body skeletal model was created for kinematic and kinetic analyses using OpenSim 4.1
software (Figure 2). The model was constructed by combining a head and neck model
(Mortensen et al., 2018) with a scapulothoracic model (Seth et al., 2016, 2019).

Figure 2. The upper body skeletal model in OpenSim. The model is a reflection of the general violin playing posture,
since the model only contains the right scapula while measurements were done with the left shoulder.



The scapulothoracic model incorporates a right scapulothoracic joint which describes shoulder
kinematics accurately enough to enable the differentiation between pain group and controls. The
scapulothoracic joint includes the rotations and translations of the scapula with respect to the
thoracic surface and has four degrees of freedom (Seth at al., 2016). Glenohumeral joint rotations
were based on ISB-recommendations for joint coordinates systems, allowing three degrees of
freedom (Seth at al., 2016; Wu et al., 2005). The model is a mirror image of the violin player,
since only the right shoulder joint was included, while measurements were done with the opposite
left shoulder. The existing head and neck model includes inertial properties and includes all
cervical joints originating from two earlier cervical models, permitting more realistic dynamic
analyses. Due to functional differences in the vertebrae of the cervical spine, movements of the
superior vertebrae (Atlas and Axis) and the inferior vertebrae were separated. The motions of the
cervical joints in each of these two groups were coupled which reduces the degrees of freedom of
the neck to six (Mortensen et al., 2018).

The neck model was scaled to fit with the dimensions and mass of the scapulothoracic model.
Afterwards, the scaled head, vertebral bodies and joints were added to the scapulothoracic model
to make up the generic model with twenty-three degrees of freedom. The generic model includes
bodies of the spine, thorax, cervical spine, head and the right scapula, clavicle and arm. Motion
ranges of the joints were decreased to more realistic maximal values and joint constraints were
adjusted to make relationships linear. Rotations of the cervical spine were coupled, constraining
intersegmental rotations.

Data preparation

Motion capture and force data from the original measurements were applied to our model. Data
was selected from three of the playing conditions when no shoulder rest was used. The playing
conditions ‘first position’, ‘shifting’ and ‘virtuosic’ required different wrist and bowing techniques
and are of increasing playing difficulty (Table 1).

Table 1. Playing conditions. Three different musical pieces were played in the three playing conditions ‘first position’,
‘shifting’ and ‘virtuosic’. The table describes the motions of the three included playing conditions and whether or not a
metronome was used in order to keep pace while playing.

Playing condition Motions Metronome
used?
First position Left hand remains in first position while fingering Yes

(changing the placement of the fingers on the
strings). The right arm is bowing in highly frequent
motions with short strides.

Shifting Right arm is bowing in low frequent motions with Yes
long strides. Motions also include shifting. During
shifting, the left hand moves over the neck of the
violin and shifts between positions.

Virtuosic Motions include shifting of the left hand, low No
frequent bowing motions with long strides, as well
as high-frequent short strides, fingering and vibrato.
During vibrato, pitch oscillations are created by
vibrating movements of arm, wrist or fingers.
Violinists were instructed to play expressively.

The ¢3d files containing motion capture and force data were accessed using BodyMech 4.0
software and functions from the OpenSim API. Motion tracking markers on the left arm (lateral
epicondyle, processus styloideus ulnae), left shoulder (acromion and two additional markers in
cluster at fixed distance), spine (C7, Th10 and sternum jugular notch) and head (chin and three
markers on a head band) were implemented (Figure 3). The motion capture data of these playing
conditions also contains three markers placed on the violin. The marker data were rotated to
transform the coordinates to the model coordinate system of OpenSim in MATLAB (MATLAB
r2020b, The MathWorks, Inc., Natick, United States). The marker data were then reflected in the



y-axis, since the generic model contains a scapulothoracic joint of the right scapula while the
movements of the static left shoulder had been tracked. This reflection relocates the markers of
the left side of the body to the opposite right side of the body, allowing the use of the
experimental markers of the left shoulder on the right scapulothoracic joint.

Additionally, the orientations over time of the scapula were calculated from the mirrored locations
of the three scapula markers. The positions of two markers were used to define an axis in the
plane of the scapula and two perpendicular axes were calculated using the third marker as well.
These vectors were then converted to quaternions.

Figure 3. Experimental and virtual markers used for scaling. The marker data and violin motions are mirrored and
therefore the markers are shown on the opposite side of the torso. The experimental marker set (pink) includes two
markers on the arm (lateral epicondyle and processus styloideus ulnae), three on the left shoulder (acromion and two
additional markers in cluster at fixed distance), three on the spine (C7, Th10 and sternum jugular notch) and four on the
head (chin and three markers on a head band). These pink experimental markers were used for the calculation of the
inverse kinematics. Additionally, an experimental marker on the right shoulder (purple) was used for scaling as well as
two virtual markers (blue).

The filtered force data was rotated to adhere to OpenSim’s coordinate system as well. The force
data applied by the chin was used to represent the force applied by the violin on the shoulder.
The opposite force directions were used to represent the reaction force of the violin on the chin.
An additional c3d file was included containing motion tracking markers placed on the violin and
on the chin rest. This file contains three markers placed on the violin on the same locations as in
the experimental data and contains three additional markers surrounding the chin rest with the
force sensor. The marker data were used to calculate the location of the force sensor on the
model, after it was first also rotated to the coordinate system of the model in OpenSim and
reflected in the y-axis. Then, the distance was calculated from the centre of the three violin
markers to the centre of the three chin rest markers. Additionally, the three violin markers were
used to calculate the orientation matrix which describes the orientation of the violin frame with
respect to the global coordinate system. The inverse of this orientation matrix was used to
calculate the distance between violin and force sensor in the global system. The three violin
markers in all the experimental data files were then also used to calculate orientation matrices for
all time samples. These time-varying orientation matrices were used to calculate the distance
between the violin and force sensor in the local coordinate system of the violin in the
experimental conditions (equation 1).



dexperimental,t = Rexperimental,t ' m'v(Rcalibration) ' dcalibration (1)

Where d is the distance between the violin and the force sensor, R are the rotation matrices from the experimental and
calibration violins, and t are the time samples

This distance was added to the centre of the violin markers in the experimental files to find the
location of the force sensor on the model (figure 4).

Figure 4. The upper part of the skeletal model with the location of the force sensor depicted in green.

Scaling

The generic model was scaled to the anthropometry and weight of the subjects by using the
OpenSim ScaleTool. Distances between marker pairs on known anatomical landmarks were
calculated and used to adjust the dimensions of the generic model to the individual. The x, y and
z axes of the thorax, clavicle and scapula were scaled with separate scale factors which were
calculated using experimental and virtual markers placed on the thorax (Figure 3). The scale
factors applied to the remaining bodies were implemented the same on all three axes. Inertial
properties of the scapulothoracic model had been based on the cadaver study by Klein Breteler
et al. (1999), where the cadaver has a total mass of 67kg (Nikooyan et al., 2010). The proportion
of the model’s mass from the total mass of the cadaver was calculated in percentages. This mass
percentage was multiplied with the subjects’ total weight in order to find the mass of the scaled
models.

Inverse Kinematics

The IMU Inverse Kinematics Tool (OpenSense) was used to calculate joint angles of the
scapulothoracic joint from the orientation quaternions. These calculated angles were then
implemented in the Inverse Kinematics (IK) Tool together with the optical motion capture marker
locations to calculate the joint angles of the skeletal model. Only the locations of the experimental
markers on the left arm, left shoulder, spine and head were used (Figure 3). The IK Tool
calculates joint angles by solving for the weighted least squares problem in equation 2. The
scapulothoracic joint angles calculated from the orientation quaternions were included here as
experimental coordinate values. The minimal error is calculated for each time step. Both the
summed difference between experimental markers and model markers as well as the summed
difference between experimental coordinate values and IK-calculated coordinate values are taken
into account. The orientation-based angles for the scapula were weighted equally as the motion
capture locations. The remaining markers were all weighted equally as well, since the joints that
are being studied did not contain markers on anatomical landmarks.

. 2 2
mC;n Ziemarkers Wi ”xiexp - X (Q)” + Zjeunprescribed coords (1)] (q]exp - q]) | (2)

Where q is de vector of generalized coordinates, w; are the marker weights, xex are the experimental positions of
markers i and xj(q) are the marker positions of the model. w; are the coordinate weights and gex are the orientation-
derived angles.



Inverse kinematics results were evaluated in two ways. Firstly, the mean joint angles were
compared to results from existing literature and had to remain within two standard deviations of
previous reported values (Hicks et al., 2015). Secondly, marker errors calculated in the least
squares equation were assessed. These differences between experimental and model markers
were evaluated to have RMS values smaller than 2 centimeters and maximal errors smaller than
2-4 centimeters (Getting Started with Inverse Kinematics, n.d.).

Inverse Dynamics

The Inverse Dynamics (ID) Tool was used to calculate joint moments of the created
biomechanical model. The ID tool calculates net joint moments by solving the equations of motion
in equation 3. The generalized positions, velocities and accelerations were determined from the
previously calculated joint angles. These joint angles were first filtered with a second order low
pass Butterworth filter with a cutoff frequency at 2Hz. Reaction forces from the violin on the chin
were applied as external forces on the jaw. An equal and opposing force was applied on the
scapula to represent the force exerted by the violin on the shoulder.

T= M(q)§—G(q) —C(q,9) —Aq,4,t,x) 3)
Where position, velocity and acceleration vectors q,q and § are determined from the kinematic input. T are the

generalized forces which are calculated, M is the Mass matrix, C the Coriolis and Centrifugal forces, G the system
gravity and A are the applied loads.

It is recommended to evaluate ID results by comparing the calculated joint moments to results
from existing literature (Hicks et al., 2015). An additional recommended assessment of the
dynamic consistency could not be applied to our model since ground reaction forces were not
included and our model is not connected to ground.

Post-processing
Joint angles and moments of the scapulothoracic, glenohumeral and the cervical joints were used
in our analyses (Table 2).

Table 2. Included joint angles of the scapulothoracic, glenohumeral and cervical joints.
Scapulothoracic Genohumeral Cervical
Abduction Plane elevation Flexion
Elevation Elevation Lateral flexion
Upwards rotation Axial rotation Rotation
“Winging” / Internal rotation

The cervical spine in the model contains seven cervical vertebrae and their joint angles and
moments were summed together for each degree of freedom to represent the angles of the entire
cervical spine. Then, the joint angles and moments of the twenty subjects were aligned over time
using a Dynamic Time Warping (DTW) algorithm (MATLAB and Signal Processing Toolbox
r2020b, The MathWorks, Inc., Natick, United States). This algorithm aligns the time duration of
the samples from the different subjects. There were large differences in time duration in the
virtuosic condition, but differences were also present in other conditions where a metronome was
used. Two samples are optimally matched by finding the indices that minimize the Euclidean
distance d in Equation 4. The distances of forward bow marker motions from the samples of all
subjects were compared and optimally matched with the sample of the subject with the longest
time duration in each condition (Appendix: Figures A1-A4). The data from the motion tracking
markers on the bow were used because these contained the clearest patterns over time. The
indices calculated for these matches were then also used to match the joint angles and moments
for that same condition.

— K

d=Ym €ix \/Zk=1(xk,m - yk,n) ' (xk,m - Yk,n) (4)
neiy

where d is the Euclidean distance, x are the samples of the subjects, y is the sample of the subject with the longest time

duration in that condition, ix and iy are the indices and m and n the time samples.
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The neck angle directions of the model depict the coordinates of neck extension and right lateral
flexion as positive numbers. The signs of these coordinates were therefore changed to more
typical conventions where positive angles represent neck flexion, left lateral flexion and left
rotation.

Selection ‘submotions’

Since many simultaneous movements are involved in violin playing, different aspects of playing
movements or ‘submotions’ needed to be separated. This was also necessary because different
musical pieces, varying in tempo and technical difficulty, appeared to affect playing biomechanics
(Berque & Gray, 2002; Kok et al., 2018; Obata & Kinoshita, 2012; Okner et al., 1997).

In the three included playing conditions violinists were playing three different musical fragments
which contained different motions and techniques of the bow and wrist (Table 1). Movement
patterns were most clearly visible in the motion tracking markers of the bow and arm (Appendix:
Figures A1-A4). Therefore, after dynamic time warping, these were used to select different
submotions from the playing conditions after which were used for further analysis (Table 3).

Table 3. Selected submotions from the different playing conditions. In the three playing conditions three different musical
pieces were played (Table 1). These musical pieces required different techniques of fingering, bowing, shifting and
vibrato. This table shows the different submotions that were selected from the three playing conditions and included
bowing and shifting cycles. During shifting, the wrist moves over the neck of the violin and shifts between positions. The
mean joint angles and moments during these submotions were compared between symptomatic and asymptomatic
violinists.

Playing condition | Submotions

First position Fast and short bowing cycle

Shifting Slow and long bowing cycle

Shifting cycle
Virtuosic Variable bowing cycle

In each condition a bowing “cycle” was selected, where the bow first moves downwards and then
back upwards (Figure 5). Additionally, a wrist shifting “cycle” was selected in the playing condition
‘shifting’, where the wrist first moves to the left of the violin neck and then back to the right (Figure
6). The bowing and wrist motions in the ‘virtuosic’ condition were however not repetitive, but a
sub selection of the bowing motion was also included. Since this playing condition was technically
demanding, studying the kinematics and kinetics during such a sub selection may still be of
value.

(a) Position optical marker on bow during one bowing cycle () Position optical marker on bow during one bowing cycle (c) Position optical marker on bow during subselection of bowing
laying condition: First position Playing condition: Shifting x Playing condition: Virtuosic

own - Up (mm)

>
Down

151 152 153 154 156 157 158 10 1" 12 3 14 15 16 5 6 7 8

13 10
Time (s) Time (s)

Time (s)

Figure 5. Selected bowing submotions from different playing conditions. A selection of a bowing cycle in the playing
conditions ‘First position’ (a) and ‘Shifting’ (b) are shown. In the ‘Virtuosic’ playing condition, no repetitive motions were
present, but a bowing sub selection was used (c).
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Position optical marker on wrist during one wrist shift cycle
Playing condition: Shifting

Time (s)

Figure 6. Selected wrist submotion from playing condition ‘Shifting’.

The cycles were selected by finding peak values in the dynamically time-warped bow and wrist
marker data (Appendix: Figures A1-A4). The starting point of a “cycle” is selected by finding the
maximum in a short time period of the data. The same number of time samples are included in a
“cycle” for all subjects starting from the slightly different starting points. Multiple cycles, selected
from different time periods, were compared for each submotion.

Data analysis
The three hypotheses were compared in different ways using different parameters:

1. The average joint angles of the neck and left shoulder were compared between the
symptomatic group and the control group. Mean values were compared over time during all
selected submotions. Since mean angles could be more positive or more negative, a two-
tailed test was used.

2. Similar as with joint angles, the group means of neck and shoulder joint moments were
compared between symptomatic and asymptomatic violinists. Comparisons were made over
time during the selected submotions and since joint moments can differ in both directions, a
two-tailed test was required.

3. The kinematic variability of all the joints in the model were compared between groups for
each excerpt. For each subject the standard deviations of the joint angles were calculated as
a measure of variability. The kinematic variability of all the model’s degrees of freedom were
considered. In addition to the previously mentioned neck and shoulder rotations, the model
includes rotations of the elbow, clavicle and rotations and translations of the thorax with
respect to the ground. Forearm pronation was however not be considered since only one
wrist marker was applied during measurements and this degree of freedom could therefore
not be measured. The magnitude of the translation vector was used to describe the
translations of the thorax with respect to ground. Standard deviations were calculated from
the time-varying joint angles of the entire musical fragment. The standard deviations of
symptomatic subjects were compared to the standard deviations of control subjects in a one-
tailed test.

The Statistical Parametric Mapping software SPM1D 0.4 was used in MATLAB for statistical
analysis. SPM1D can be used for hypothesis testing of one-dimensional measurements and is
suitable for making statistical inferences of time-varying measurements (Pataky, 2010). One-
dimensional tests were applied on the hypotheses of the time-varying mean joint angles and
moments, while zero-dimensional tests were used for the standard deviation values. The two
populations were compared using parametric two sample t-tests. If, however the assumptions of
this parametric test were not met, median values were compared using the nonparametric Mann-
Whitney U test instead. The significance level was set at a<0.05.

12



RESULTS

Validation Inverse Kinematics
The calculated joint angles were compared to previous literature in order to validate them. Figure
7 depicts the joint angles of one subject in the playing condition ‘First position’.

Bowing motions S18 i Joint Angles $18: Scapular Abduction

10 15 20 30 5
Time (s) T

Joint Angles S18: Scapular Elevation Joint Angles $18: Scapular Upward Rotation Joint Angles $18: Scapular Winging

Time (s)

Joint Angles S18: Neck Flexion Joint Angles S18: Neck Lateral Flexion . Joint Angles S18: Neck Rotation

Time
Joint Angles S18: Glenohumeral Plane Elevation Joint Angles $18: Glenohumeral Elevation Joint Angles $18: Glenohumeral Axial Rotation

Figure 7. The bow motion and joint angles of one subject during the playing condition ‘First position’. The figure shows
the upwards and downwards motions of the optical marker placed on the bow. In addition, the joint angles over time of
the cervical, scapulothoracic and glenohumeral joints are depicted.

The mean joint angles of the neck were compared to previously reported values in the literature

measured during violin playing motions (Table 4a-b). The mean cervical joint angles of all three
conditions were within two standard deviations of the reported values from Park et al. (2012).
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Table 4a. Mean cervical joint angles and standard deviations (in degrees) of control and pain group during different
playing conditions. The table shows the found results of the group averages () and standard deviations (o) from the
flexion, lateral flexion and rotation angles in the playing conditions ffirst position’, ‘shifting’ and ‘virtuosic’. The average
and standard deviation values in the ‘virtuosic’ condition are calculated from the time samples between 3 and 16
seconds which were included in the data analysis.

Controls Symptomatic
Flexion Lateral flexion  Rotation Flexion Lateral flexion Rotation
CONDITION I} o u o I} o I} o u o u o
First position | 13.2 4.8 -4.9 7.2 12.9 12 12.5 7.5 -3.9 7.1 14.9 12.8
17.6 6 -0.4 7.4 5.1 14.8 15.2 9.4 -3.1 7.3 12 14.8
Virtuosic 15.8 8.1 -2.8 8.5 114 176 13.7 9.8 -2.8 9.8 14.2 15.4
Table 4b. Previously reported mean cervical joint angles (in degrees) of control and pain group. The table shows flexion,

lateral flexion and rotation angle ranges reported by other articles. New findings should fall within joint angle ranges of
two standard deviations (o) from the mean value (1) of previous findings.

Controls Symptomatic
Flexion Lateral flexion Rotation Flexion Lateral flexion Rotation
CONDITION u o u o U o U o u o u o
Parketal. (2012) | 1462 539 137 546 487 449 | 935 546 584 241 1047 5.07

No values had been reported for scapulothoracic joint angles of the left shoulder. Shan & Visentin
(2003) did report glenohumeral joint angles of the left shoulder, but these were not comparable
since different definitions for the joint coordinate system were used. Bowing kinematics of the
right shoulder were described more often in literature but were not comparable due to the
different involved kinematics (Ancillao et al., 2017, Duprey et al., 2021, Shan et al., 2007; Turner-
Stokes & Reid, 1999).

Additionally, differences between model and experimental markers during kinematics were
verified to remain low. The maximal errors were lower than 4 centimeters and RMS values were
lower than 2 centimeters for all subjects in the playing conditions ‘first position’ and ‘shifting’ as
recommended (Table 5). In the virtuosic condition these thresholds were exceeded for some
subjects at certain moments in time. At these times, markers were misplaced, or measurement
data was missing. It was assumed by me that these reported marker values were not correctly
being measured by the system, as a result of occlusion of the markers and tracking problems.
These data samples of the virtuosic condition were excluded from the time samples used in data
analysis and the remaining marker errors were mostly below thresholds. The data samples
between 3 and 16 seconds remained and were used for further analysis (Appendix: Figure A4).
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Table 5. RMS and maximal marker errors during scaling and inverse kinematics. The table shows the RMS and
maximal values of differences between the model markers and experimental markers of all 20 subjects. Marker
error values of scaling as well as inverse kinematics of the playing conditions ‘first position’, ‘shifting’ and
‘virtuosic’ are shown. Scaling and inverse kinematics estimates were validated by examining if marker errors are
low enough. RMS values should be lower than 0.02m and maximal values should be lower than 0.04m. The
orange-colored values exceeded these thresholds.

Condition First Position Shifting Virtuosic
Scaling Inverse Kinematics Inverse Kinematics Inverse Kinematics
RMS(m) Max(m) | RMS(m) Max(m) | RMS(m) Max(m) | RMS(m) Max(m)
Subject 1 0.008 0.012 0.013 0.029 0.014 0.032 0.014 0.029
Subject 2 0.01 0.016 0.013 0.033 0.013 0.03 0.012 0.027
Subject 3 0.008 0.014 0.013 0.028 0.014 0.028 0.014 0.025
Subject 4 0.01 0.018 0.01 0.025 0.01 0.022 0.009 0.021
Subject 5 0.009 0.015 0.01 0.021 0.009 0.019 0.016 0.043
Subject 6 0.009 0.017 0.01 0.021 0.012 0.025 0.010 0.022
Subject 7 0.009 0.018 0.01 0.018 0.011 0.019 0.010 0.020
Subject 8 0.008 0.014 0.009 0.021 0.01 0.021 0.011 0.024
Subject 9 0.01 0.019 0.015 0.038 0.011 0.022 0.013 0.032
Subject 10 0.01 0.018 0.01 0.02 0.01 0.019 0.010 0.021
Subject 11| 0.007 0.013 0.011 0.024 0.009 0.016 0.010 0.018
Subject 12| 0.008 0.013 0.012 0.028 0.013 0.028 0.011 0.025
Subject 13| 0.008 0.018 0.012 0.026 0.009 0.017 0.010 0.018
Subject 14| 0.009 0.015 0.012 0.028 0.012 0.03 0.011 0.020
Subject 15| 0.009 0.013 0.011 0.024 0.01 0.021 0.010 0.019
Subject 16| 0.009 0.018 0.011 0.022 0.012 0.024 0.012 0.022
Subject 17| 0.008 0.014 0.015 0.031 0.015 0.032 0.014 0.030
Subject 18 0.01 0.02 0.006 0.014 0.007 0.017 0.006 0.015
Subject 19| 0.009 0.016 0.009 0.019 0.009 0.018 0.009 0.016
Subject 20| 0.008 0.013 0.011 0.02 0.011 0.022 0.014 0.027
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Validation Inverse Dynamics
The joint moments of one subject in the playing condition ‘First position’ are shown in figure 8.
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Figure 8. The bow motion and joint moments of one subject during the playing condition ‘First position’. The figure
shows the upwards and downwards motions of the optical marker placed on the bow. In addition, the joint moments over

time of the cervical, scapulothoracic and glenohumeral joints are depicted.

It was recommended to assess the validity of the joint moments by comparing our results to
previously reported findings. Not many previous studies have however examined the kinetics of
violin playing. Only one research group has measured joint moments of the shoulders in violin
playing (Shan et al. 2004; Shan et al., 2007; Visentin & Shan, 2003). However, since the shoulder
was regarded as a single joint with one degree of freedom and often only included the right
shoulder in their studies, these values could not properly be compared to our findings. There was
therefore no applicable way to validate our ID results.
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Joint angles

The mean joint angles of glenohumeral external rotation differed significantly between
symptomatic and asymptomatic violinists during bowing cycles of the playing condition ‘First
Position’ (Table 6). There were no other no significant differences in the mean joint angles of
violinists with and without complaints in the scapulothoracic, glenohumeral and cervical joints
during any of the other selected submotions.

Table 6. Significant differences in mean joint angles (in degrees) during the selected motion cycles at 15.1-15.8s of
condition ‘first position’. The table shows the averaged joint angles over a bowing cycle of the symptomatic (sympt.) and
control (contr.) groups (while statistical testing was done across the time-interval). In addition, the effect size is
expressed as the difference between group means and and the p-values at a significance level of <0.05 are shown. Only
the mean joint angles of glenohumeral axial rotations differed significantly between groups during small bowing cycles of
the playing condition first position’.

Motion P - value | Mean Contr. | Mean Sympt. Effect size
(deg) (deg) (Contr. - Sympt.)
First position: Glenohumeral axial rot. 0.029 -34.28 -45.77 11.48 deg
Bowing cycle

Glenohumeral external rotation angles were significantly more external in symptomatic violinists
over the whole bowing cycle, compared to controls (Figures 9 & 10).

Mean and SD Joint Angles: Hypothesis test:
- Glenohumeral Axial Rotation (1 bow) Glenohumeral Axial Rotation (1 bow)
Position optical marker on bow during subselection of bowing

— __ Playing condition: First position P=0029

1900 2
1850 -30

1800

Up (mm)

2 1750

Down
Exteral - Intemal (deg)

1700

1650 45
1600

1550 : L n A—
15.1 152 153 154 155 156 157 158 _‘PW‘W‘
Time (s) - Pain

-55 3 L " .
15.15 152 1525 153 15.35 154 1545 151 15.15 152 1525 153 1535 154
Time (5) Time (s)

Figure 9. Mean glenohumeral axial rotation joint angles during one bowing cycle at 15.1-15.8s of playing condition ‘First
position’. The selected bowing cycles of all 20 subjects are shown on the left. The mean joint angles of symptomatic
violinists (red) and asymptomatic violinists (blue) during this bowing cycle are shown in the middle figure. The standard
deviation (SD) is represented with the shaded area. The statistical test in spm1d (right) shows that the glenohumeral
axial rotation angles differ significantly between groups during this subselection.
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. Control
. Symptomatic

Figure 10. Differences in the glenohumeral axial rotation joint angles between symptomatic and asymptomatic violinists.
The figure shows exaggerations of the found differences of glenohumeral axial rotation joint angles during small bowing
cycles of playing condition ‘First position’. The symptomatic posture is depicted in red, and the asymptomatic posture is
depicted in blue. The figure on the right shows the overlap between symptomatic and asymptomatic postures. The
arrows depict the rotational change of the symptomatic posture with respect to the asymptomatic posture.

This difference in glenohumeral axial rotation joint angles between symptomatic and
asymptomatic violinists is unrelated to the selected time sample. Ten bowing cycles were
selected at different points in time and the same effect was found every time. The joint angles of
glenohumeral external rotations were significantly larger in symptomatic violinists in all ten cycles.

Also in the other conditions, multiple cycles were selected for analysis. In the condition ‘shifting’,
three bowing and shifting cycles were compared but no differences in joint angles between
groups were found in any of these cycles. It was however not possible to compare more than one
sub selection in the condition ‘virtuosic’, due to the limited number of remaining data samples.
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In addition, it should be noted that similar differences in the glenohumeral axial rotation joint
angles are present between symptomatic and asymptomatic groups during the entire playing
condition as during the selected bowing cycle, though these are not significantly different (Figure
11).

Mean and SD Joint Angles: Hypothesis test:
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Figure 11. Mean glenohumeral axial rotation joint angles during the entire duration of playing condition ‘First position’.
The mean joint angles of symptomatic violinists (red) and asymptomatic violinists (blue) are shown in the left figure. The
standard deviation (SD) is represented with the shaded area. The statistical test in spm1d (right) shows that the
glenohumeral axial rotation angles are not significantly different. This was similar to other degrees of freedom in this
playing condition.

Lastly, it can be observed that inter-subject variation of joint angles within each group is large, as
can be seen in figure 12. The inter-subject variation of joint angles is large in all joints in all
playing conditions.

Joint Angles: Control subjects Joint Angles: Pain subjects

-20

Angles (deg)
Angles (deg)
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Figure 12. Glenohumeral axial rotation joint angles of all 20 subjects during the entire duration of playing condition ‘First
position’. The joint angles of the ten asymptomatic violinists are shown in the left figure and the joint angles of the ten
symptomatic violinists are shown in the right figure. This was similar to other degrees of freedom.

Joint moments

Significant differences in mean joint moments were found between symptomatic and
asymptomatic violinists during bowing cycles of the playing condition ‘First Position’ (Table 7).
The mean joint moments of scapular upward rotation, scapular elevation, scapular winging and
glenohumeral plane elevation differed significantly between groups. No differences were found in
the other playing conditions.
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Table 7. Significant differences in mean joint moments (in Nm/kg) during the selected motion cycles at 15.1-15.8s of
condition ‘first position’. The table shows the averaged joint moments over a bowing cycle of the symptomatic (sympt.)
and control (contr.) groups (while statistical testing was done across the time-interval). In addition, the effect size is
expressed as the difference between group means and and the p-values at a significance level of <0.05 are shown. The
mean joint moments of scapular elevation, scapular upwards rotation, scapular winging and glenohumeral plane
elevation differed significantly between groups.

Motion P - value | Mean Contr. | Mean Sympt. Effect size
(Nm/Kkg) (Nm/Kkg) (Contr. - Sympt.)
First position: Scapular elevation 0.001 5.11 6.66 -1.55 Nm/kg
Bowing cycle Scapular upw. rotation 0.007 -0.69 -4.19 3.50 Nm/kg
Scapular winging 0.042 -1.07 -0.13 - 0.94 Nm/kg
Glenohum. plane elev. 0.013 -3.45 -6.40 2.95 Nm/kg

Joint moments of scapular upward rotations were more downwards, while scapular elevation was
more elevated in symptomatic violinists compared to controls (Figure 13). In addition, scapular
winging joint moments were less external (relatively more internal) and glenohumeral plane
elevation was more posterior. These differences in joint moments would push the joints towards
different postures as is visualized in figures 14 and 15. NOTE that these two figures only visualize
in which degrees of freedom differences in joint moments were found and do NOT represent
actual kinematic differences.
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Figure 13. Mean joint moments of scapular elevation, scapular upwards rotation, scapular “winging” or internal rotation
and glenohumeral plane elevation during one bowing cycle at 15.1-15.8s of playing condition ‘First position’. The
selected bowing cycles of all 20 subjects are shown on the left. The figure shows the mean joint moment values of
symptomatic violinists (red) and asymptomatic violinists (blue) during this bowing cycle in the figures on the right
together with the statistical tests. The standard deviation (SD) is represented with the shaded area. The statistical tests
in spm1d show that scapular elevation, scapular upward rotation, scapular winging and glenohumeral plane elevation
moments differ significantly between groups during this subselection.
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Figure 14. Differences in the joint moments between symptomatic and asymptomatic violinists — visualized as
differences in posture. Scapular elevation, scapular upwards rotation, scapular “winging” or internal rotation and
glenohumeral plane elevation joint moments differed between groups during small bowing cycles of the playing condition
‘First position’. The differences in mean joint moments that were found WOULD direct the joints towards the different
postures that are depicted. The figure shows exaggerations of these consequential differences in postures between
symptomatic and asymptomatic violinists in order to visualize the directions of the joint moments. The symptomatic
posture is depicted in red, and the asymptomatic posture is depicted in blue. The figure on the right shows the overlap of
symptomatic and asymptomatic postures. In the figure on the right the joints are colored in purple when structures of the
symptomatic and asymptomatic groups overlap.
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Figure 15. Differences in the separate joint moments between symptomatic and asymptomatic violinists — visualized as
differences in posture. Glenohumeral plane elevation, scapular elevation, scapular upwards rotation and scapular
“winging” or internal rotation joint moments differed between groups during small bowing cycles of the playing condition
‘First position’. The differences in mean joint moments that were found WOULD direct the joints towards the different
postures that are depicted. The figure shows exaggerations of these consequential differences in postures between
symptomatic and asymptomatic violinists in order to visualize the directions of the joint moments. In order to clarify the
directions of the four joint moments, the four degrees of freedom are depicted separately. The arrows illustrate the
direction of movement from the asymptomatic posture towards the symptomatic posture. In each figure, the posture of
the symptomatic group (red) is shown together with the posture of the asymptomatic group (blue).

To ensure that these effects were related to the selected bowing motions, ten separate bowing
cycles were studied. Significant group differences in scapular elevation, scapular upwards
rotation and glenohumeral plane elevation joint moments were found in all ten cases. Group
differences in scapular winging joint moments were significant in seven cycles. Three separate
bowing cycles were studied in the playing condition ‘shifting’ and only one cycle in the condition
‘virtuosic’, but findings were not significant in any of these cases.

Similar to the differences in joint angles, the differences in the joint moments during the entire
playing condition are comparable to those of the selected bowing cycles but are not significantly
different (Figure 16).
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Figure 16. Mean scapular elevation joint moments during the entire duration of playing condition ‘First position’. The
mean joint moments of symptomatic violinists (red) and asymptomatic violinists (blue) are shown in the left figure. The
standard deviation (SD) is represented with the shaded area. The statistical test in spm1d (right) shows that scapular
elevation joint moments are not significantly different. This was similar to other degrees of freedom in this playing
condition.

Much inter-subject variation is also present in the joint moments of the symptomatic and

asymptomatic groups. Figure 17 shows this inter-subject variation for scapular elevation joint
moments.
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Figure 17. Scapular elevation joint moments of all 20 subjects during the entire duration of the playing condition ‘First
position’. The joint moments over time of the ten asymptomatic violinists are shown in the left figure and the joint
moments over time of the ten symptomatic violinists are shown in the right figure. This was similar to other degrees of
freedom.

Kinematic variability

Standard deviations of ground-thorax, glenohumeral and cervical joint angles were significantly
lower in the symptomatic group compared to the controls in the playing conditions “first position’
and ‘shifting’. Such a difference in standard deviations of the group averages can be observed in
figure 18, where the group averages of ground-thorax translations are displayed during ‘shifting’.
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Figure 18. Average ground-thorax translations of symptomatic and asymptomatic violinists in the playing condition
‘shifting’. The figure depicts the magnitude of the x-, y-, and z-translations of the thorax with respect to ground. It can be
seen that the deviations from the mean are larger in the control group (blue) compared to the symptomatic group (red).

The standard deviation values, statistical findings and effect sizes of the joint angles in all three
playing conditions are shown in table 8. Values are depicted in green when standard deviation
values of symptomatic violinists are significantly lower than those of asymptomatic violinists.
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Table 8. Standard deviations of the joint angles in the three playing conditions. The table shows the group means of the
standard deviations (STD) from the symptomatic (sympt.) and control (contr.) groups in degrees (deg) or meters (m). In
addition, the effect size is expressed as the difference between group means and the p-values at a significance level of
<0.05 are shown. Significant differences (**) between symptomatic and controls are depicted in green. Findings were
significant when the standard deviations of the joint angles from symptomatic violinists were significantly lower than

those from asym,

ptomatic violinists. No significant differences were found in the ‘virtuosic’ condition

Playing condition Motion P- value STD Contr. STD Sympt. Effect size
(deg) (deg) (Contr. - Sympt.)
First position Scapular Abduction 0.385 0.92 0.86 0.06 deg
Scapular Elevation 0.473 0.31 0.30 0.01 deg
Scapular Upward Rotation 0.535 1.68 1.71 -0.03 deg
Scapular Winging 0.610 0.40 0.43 -0.03 deg
Neck Flexion 0.113 1.79 1.38 0.40 deg
Neck lateral flexion ** 0.019 1.95 1.22 0.73 deg
Neck Rotation 0.227 210 1.82 0.28 deg
Glenohumeral Plane El. 0.763 1.61 1.86 -0.25 deg
Glenohumeral elevation ** 0.027 6.82 4.90 1.92 deg
Glenohumeral axial rot. ** 0.034 6.58 4.55 2.038 deg
Ground-thorax rot. x-ax ** 0.020 2.25 0.95 1.31 deg
Ground-thorax rot. y-ax ** 0.008 2.92 1.55 1.37 deg
Ground-thorax rot. z-ax ** 0.026 3.20 1.83 1.37 deg
Ground-thorax transl. ** 0.006 0.025 m 0.009 m 0.016 m
Clavicle protraction 0.404 0.77 0.74 0.03 deg
Clavicle elevation 0.554 0.53 0.55 -0.02 deg
Elbow flexion 0.941 1.12 1.39 -0.3 deg
Shifting Scapular Abduction 0.482 0.75 0.74 0.01 deg
Scapular Elevation 0.198 0.26 0.21 0.05 deg
Scapular Upward Rotation 0.322 1.23 1.08 0.14 deg
Scapular Winging 0.388 0.31 0.28 0.03 deg
Neck Flexion 0.073 2.46 1.70 0.77 deg
Neck lateral flexion ** 0.002 2.34 1.20 1.14 deg
Neck Rotation 0.161 2.97 2.30 0.68 deg
Glenohumeral Plane El. 0.228 2.63 2.38 0.25 deg
Glenohumeral elevation ** 0.015 12.79 8.99 3.80 deg
Glenohumeral axial rot. ** 0.010 11.79 7.79 4.00 deg
Ground-thorax rot. x-ax 0.055 1.67 0.98 0.69 deg
Ground-thorax rot. y-ax ** 0.017 2.75 1.44 1.31 deg
Ground-thorax rot. z-ax 0.120 2.00 1.29 0.71 deg
Ground-thorax transl. ** 0.001 0.018 m 0.005m 0.014 m
Clavicle protraction 0.156 0.65 0.54 0.11 deg
Clavicle elevation 0.608 0.34 0.37 -0.03 deg
Elbow flexion 0.966 4.68 5.51 -0.83 deg
Virtuosic Scapular Abduction 0.482 0.87 0.85 0.023 deg
Scapular Elevation 0.923 0.27 0.41 -0.14 deg
Scapular Upward Rotation 0.686 1.90 2.13 -0.24 deg
Scapular Winging 0.568 0.48 0.50 -0.02 deg
Neck Flexion 0.25 2.86 2.34 0.52 deg
Neck lateral flexion 0.623 2.47 2.76 -0.29 deg
Neck Rotation 0.636 3.37 3.91 -0.55 deg
Glenohumeral Plane El. 0.820 3.01 3.74 -0.73 deg
Glenohumeral elevation 0.115 4.30 3.45 0.85 deg
Glenohumeral axial rot. 0.144 5.28 4.36 0.92 deg
Ground-thorax rot. x-ax 0.094 2.25 1.59 0.66 deg
Ground-thorax rot. y-ax 0.397 4.14 3.86 0.28 deg
Ground-thorax rot. z-ax 0.220 3.39 2.69 0.70 deg
Ground-thorax transl. 0.440 0.021 m 0.020 m 0.001 m
Clavicle protraction 0.743 0.69 0.89 -0.20 deg
Clavicle elevation 0.775 0.66 0.83 -0.17 deg
Elbow flexion 0.391 7.30 7.15 0.16 deg
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DISCUSSION

The aim of this study was to elucidate biomechanical differences between violinists with and
without neck and shoulder complaints. This was done by comparing joint angles, joint moments
and kinematic variability of the neck and left shoulder between violinists with and without neck
and shoulder complaints during different violin playing motions.

Interpretation of the findings: Average joint angles and moments

Significant differences were found in the average joint angles and joint moments between groups
during one short bowing motion in the playing condition first position’. The joint angles of
glenohumeral axial rotations were significantly larger and more externally rotated in symptomatic
violinists compared to asymptomatic violinists. Joint moments of scapular upward rotation,
scapular elevation, scapular winging and glenohumeral plane elevation were significantly larger in
symptomatic violinists compared to controls. These same group differences were repeatedly
found in ten different selections of short bowing cycles and were therefore not dependent on one
specific small bowing cycle. The consistency of these findings reinforces the notion that this effect
is present in the population.

The average joint angles and joint moments from the entire duration of the playing condition
differed in a similar way between groups but were not significantly different due to large
variability. This may be related to differences in the compared movements of the subjects. The
bowing motions from the different subjects were not well-aligned and were not the same. Due to
these discrepancies and misalignments, the data could not reliably be compared over the entire
time frame, since the compared time samples could involve different motions. However, when ten
different selections of short bowing cycles of this playing condition were compared, group
averages differed significantly during all selected bowing cycles. These ten bowing cycles were
selected at different points in time and did not include the exact same time samples for each
subject. The bowing motions included in these selections were better aligned and more
comparable between subjects. Joint angles and joint moments during these sub selections of
bowing motions may therefore have been more meaningful to compare than during the entire
playing condition. This could explain why group differences were much clearer and were
significant during the selected bowing cycles and not during the entire playing condition.

Furthermore, no differences were found in the mean joint angles and moments between groups
in the other two playing conditions, which mainly involved slow and large motions of the bow.
Differences in joint angles and moments between the symptomatic group and the controls were
only found during short and fast bowing motion cycles. Even though the position of the bow on
the violin differed in these selected bowing cycles, findings were similar and significant. The
found effects are therefore probably not dependent on the position of the right bowing arm but
likely are dependent on the short and fast motions of the bow.

These results therefore indicate that differences exist in the posture and mechanical loading of
the left shoulder between symptomatic and asymptomatic violinists during fast bowing motions.
This could mean that some violinists develop neck and shoulder complaints because they play
the violin with a less neutral posture and endure more mechanical load on their shoulder joints
than violinists without such complaints.

Interpretation of the findings: Joint angle variability

Kinematic variability was significantly lower in symptomatic violinists compared to asymptomatic
violinists. Lower variability of lateral neck flexions, glenohumeral elevations, glenohumeral axial
rotations, ground-thorax rotations and ground-thorax translations were found in the playing
conditions ‘first position’ and ‘shifting’. In the virtuosic condition, no differences in kinematic
variability between groups were found. This may be related to the instructions that violinists
received in the virtuosic condition. Violinists were instructed to play expressively, which may have
resulted in larger and more joint motions in all violinists.
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These findings indicate that violinists with complaints are moving their neck and left shoulder
joints as well as their thorax less than violinists without complaints. Our model does not include
any lower body joints or thoracic, lumbar, and sacral joints. The found differences in the motions
of the thorax with respect to ground may therefore also include motions of the spine, hips, and
legs. Since differences in rotation of the thorax were also found, it is not unlikely that motions of
the lower spine are involved.

A possible explanation for this decrease in moveability is an increased stiffness of joints in the left
shoulder and spine in violinists experiencing pain in order to protect painful regions. According to
the pain adaptation model, activity of agonistic and antagonistic muscles is altered to reduce pain
and protect injured structures (Hodges & Tucker, 2011; Lund et al., 1991). At the same time, it is
believed that co-contraction of antagonistic muscles increases muscular and joint stiffness
(Hodges et al., 2009; Thelen et al., 1995; Stokes et al., 2006). This may in turn improve stability
and resistance against perturbations or compensate for dysfunctional muscular control.

It is however also possible that symptomatic violinists develop complaints as a result of
decreased joint movement. This may for instance indicate that symptomatic violinists have more
tension in the spine and shoulders to begin with.

Comparison to earlier findings

In contrast to the findings from Park et al. (2012), the average joint angles of the cervical joints
did not differ significantly between violinists with and without neck and shoulder complaints.
These differences in findings may be a result of differences in data analysis. Park et al. (2012)
used time-averaged joint angles which included different violin playing motions in their study. In
this study, different playing aspects were separated and examined over time. Additionally, Park et
al. (2012) appear to have included the rotation angles of the entire spine instead of only of the
cervical spine. This could also mean that rotational differences exist between groups in other
sections of the spine. Since our model however did not contain thoracic, lumbar, or sacral joints
and motions of the spine had not been measured, no conclusions can be drawn on kinematic
differences of other parts of the spine.

In previous studies, the muscular activity of the neck and shoulders was compared and was often
reported to be increased in violinists with neck and shoulder complaints compared to
asymptomatic violinists (Kok et al., 2018; Méller et al., 2018; Park et al., 2012; Philipson et al.,
1990; Steinmetz et al., 2016).

Such increases in neck and shoulder muscle activity may represent increases in muscle force.
Since kinematic and kinetic differences were found between groups in this study, it is possible
that this increased muscle activity in symptomatic violinists signifies increases in rotational
movements. On the other hand, our findings also suggest that differences exist in the amount of
kinematic variability of symptomatic violinists compared to asymptomatic violinists. Violinists that
are enduring pain exhibit increased stiffness. In this case, higher muscular activity may signify
increased co-contraction of antagonistic muscles, which opposes agonistic muscle function and is
believed to increase muscular and joint stiffness (Hodges et al., 2009; Thelen et al., 1995; Stokes
et al., 2006). This agrees with earlier findings that showed a consistent increase of the activity in
both sternocleidomastoid muscles and high correlations between the activity of both
sternocleidomastoid muscles (Kok et al., 2018; Park et al., 2012; Steinmetz et al., 2016).
However, it should also be kept in mind that increased muscle activity does not necessarily imply
an increase in muscle contractions. The measured myographic signals represent electric
potentials of motor units, but the resulting applied forces also depend on several properties of the
motor units (Enoka & Duchateau, 2015). It is for instance also possible that the same electrical
stimulation elicits a less effective contractile response in the muscles of symptomatic violinists
and that muscle activity needs to increase to obtain the same contraction force.

Lastly, the variation of joint angles and moments between subjects was high for all joints in this

study. In earlier studies, large inter-subject differences were also discovered in motions of the
bowing arm (Yagisan et al., 2009; Michaud et al., 2021). This would indicate that different violin
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playing strategies exist and also that they are not solely related to pain complaints since these
interindividual differences existed in both groups.

Limitations

It needs to be considered that the data samples in the selected submotions that were compared
may not coincide completely between individuals. The start of the bowing cycle was not the exact
same datapoint in time for each subject since the starting point was selected as the maximum
value in a short time period of the data. While this tactic makes the compared cycles more
comparabile, it is not certain that the selected submotions of all ten subjects were the exact same
part of the song. However, since the small bowing cycles were selected within a time frame of
0.6s and one cycle has a duration of 0.3s, such discrepancies remain limited.

Additionally, the compared submotions were selected from playing conditions involving other
simultaneous motions. During the condition “shifting” violinists were making large but slow bowing
motions but were simultaneously shifting their wrist back and forth over the violin neck. It was not
possible to separate these simultaneous movements completely and these may therefore have
been confounding.

An additional limitation of this study is that the experimental group included violinists with both
neck and/or (bi)lateral shoulder complaints of varying severity. No distinctions were made
between the location and the severity of the complaints within the experimental group. However,
it is possible that the etiology of neck complaints differs from the etiology of shoulder complaints.
The regression analysis of Kok et al. (2018) showed a significant positive correlation between the
chin force and the severity of shoulder complaints, while correlations between the chin force and
pain complaints were not significant. This could indicate that differences in complaint types may
give different results.

Furthermore, it should be kept in mind that even though the differences between experimental
and model markers were below recommended values, RMS errors were still quite large. This
introduces uncertainty in our findings. The number of possible solutions to the least squares
equations decrease as RMS errors decrease. As a result, the chance of finding the most accurate
solution increases as well as the likelihood that our simulations represent the true situation.

Lastly, the interactions between pain and movements need to be considered. While pain is a
symptom of overuse syndrome, pain is also believed to alter movements. A person experiencing
pain may adapt or avoid movements in a variety of ways and it is therefore unclear if differences
in movement are part of the cause or the effect of pain (Hodges & Smeets, 2015). In this study,
the kinematics of violinists were investigated, who were already experiencing pain at the time of
measurement. It is not known whether the measured kinematics are the same kinematics that
initiated pain complaints. The found kinematic and kinetic differences between groups may
therefore signify causes of overuse syndrome as well as adaptations to pain.

Conclusion:

This was the first study comparing the kinematics and kinetics of violin playing between violinists
with and without overuse syndrome using a biomechanical model. The kinematics and kinetics of
the left shoulder from symptomatic violinists differed from pain-free violinists during fast bowing
motions. This could indicate that symptomatic violinists play the violin with a less neutral posture
and with larger joint loads on the left shoulder than asymptomatic violinists. However, since our
findings include uncertainties, the possibility that these findings may reflect errors in
measurements should also be considered. In addition, the kinematic variability of symptomatic
violinists was lower than in pain-free violinists, which may indicate an increase in stiffness around
the joints. Overall, our findings suggest that biomechanical differences exist between violinists
with and without neck and shoulder complaints, but more research is needed to be able to verify
and fully understand their meaning.
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Future studies:

Future studies should aim to localize the origin and involved structures of the complaints, to
separate causes of pain from its’ effects, and to eliminate confounders as much as possible.
While our findings suggest that the playing kinematics and kinetics of violinists with overuse
syndrome are different from those of pain-free violinists, uncertainties in these findings remain.
Confirming these findings in future studies would be useful and should involve more targeted
research.

Such studies should involve more comparable motions. Only one specific motion should be
measured at a time, which should be repeated multiple times for each subject. Considering only
one motion will eliminate influences from confounding motions and increase the likelihood that
signals from different subjects coincide and align. Repeating these measurements will decrease
the intrasubject variability and improve signal to noise ratio. Furthermore, it should be
investigated if the large inter-subject variability can be explained and if it can be decreased by
making subjects within a group more comparable. The sizing of subjects should be considered,
since differences in length, neck length and shoulder width are likely to have an influence on
playing kinematics. Additionally, subjects that are experiencing pain in the left shoulder, right
shoulder and neck should be investigated separately since different tissues may be involved.
Lastly, it would also be interesting to investigate and compare the kinematics and kinetics of
joints in the spine, the bowing shoulder, and upper extremities since these are also often affected
in overuse syndrome.

Alternatively, prospective studies can be used to investigate how complaints develop. This way,
causes can be separated from its’ effects, although such studies may not be practical to
implement. Finally, studies at a cellular level will improve our biological understanding of overuse
syndrome. These can be used to test theories regarding adaptations in the sensory nervous
system and the motor system, such as adaptations in nociception or in motor unit characteristics.

Altogether, these studies could help us to discover if and how the biomechanics of violin playing

can be improved. This may improve our understanding of overuse syndrome and may help to
prevent it.
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APPENDIX
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Figure A1. Bowing motion during condition ‘first position’. Figure shows the upwards motions of the bow during
fast and short bowing from the twenty subjects after dynamic time warping was performed.
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Figure A2. Bowing motions during condition ‘shifting. Figure shows the upwards motions of the bow during slow

bowing and wrist shifting. The motions of the twenty subjects are displayed after dynamic time warping was
performed.
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Position optical marker on wrist
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Figure A3. Wrist motions during condition ‘shifting. Figure shows the sideways motions of the wrist during slow
bowing and wrist shifting. The motions of the twenty subjects are displayed after dynamic time warping was
performed.
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Figure A4. Bowing motions during condition ‘virtuosic. Figure shows the upwards motions of the bow during
virtuosic playing of the twenty subjects after dynamic time warping.
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