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On the influence of the shoulder kinematic chain on
joint kinematics and musculotendon lengths during
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Kinematics optimization
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Pascale?®, Sauret Christophe!
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75013 Paris, France

% Centre d’Etudes et de Recherche sur I’Appareillage des Handicapés, Institution Nationale des Invalides, 47 Rue
de I'Echat, 94000 Créteil, France

ABSTRACT : Multibody kinematic optimization is frequently used to assess shoulder kinematics during
manual wheelchair (MWC) propulsion but multiple kinematics chains are available. It is hypothesized that these
different kinematic chains affect marker tracking, shoulder kinematics and resulting musculotendon (MT) lengths.
In this study, shoulder kinematics and MT lengths obtained from four shoulder kinematic chains (open-loop
thorax-clavicle-scapula-humerus (M1), closed-loop with contact ellipsoid (M2), scapula rhythm from regression
equations (M3), and a single ball-and- socket joint between the thorax and the humerus (M4) were compared.
Right-side shoulder kinematics from seven subjects were obtained with 34 reflective markers and a scapula
locator using an optoelectronic motion capture system while propelling on a MWC simulator. Data was processed
based on the four models. Results showed the impact of shoulder kinematic chains on all studied variables.
Marker reconstruction errors were found similar between M1 and M2 and lower than for M3 and M4. Few degrees
of freedom (DoF) were noticeably different between M1 and M2, but all shoulder DoFs were significantly affected
between M1 and M4. As a consequence of differences in joint kinematics, MT lengths were affected by the
kinematic chain definition. The contact ellipsoid (M2) was found as a good trade-off between marker tracking and
penetration avoidance of the scapula. The regression-based model (M3) was less efficient due to limited humerus
elevation during MWC propulsion, as well as the ball-and-socket model (M4) which appeared not suitable for
upper limbs activities, including MWC propulsion.

NOMENCLATURE INTRODUCTION

ACJ acromioclavicular joint A manual wheelchair (MWC) allows people
DoF degree of freedom with walking disabilities to recover a part of their
GHJ glenohumeral joint autonomy. However, it has been reported as a
MKO  multibody kinematic optimization constraining form of locomotion inducing upper-
MWC  manual wheelchair limbs pain and injuries [1,2], especially located at
RMSE root mean square error the shoulder [3-5]. Musculoskeletal models are
SCJ sternoclavicular joint often used [6-8]to assess shoulder kinematics
STA  softtissue artefact and kinetics during MWC propulsion. Such
STJ scapulothoracic joint models are tied to the definition of a kinematic
THJ thoraco-humeral joint chain, which consists of an assembly of rigid
WAD  weighted average distance bodies - representing bony segments - connected

by perfect mechanical joints - such as hinge,



universal or ball joints - that constrains the motion
space. On such kinematic chains, virtual markers
located on anatomical landmarks are placed in
order to perform a multibody kinematics
optimization (MKO, also known as inverse
kinematics) [9,10]. This MKO process aims at
minimizing the root mean square error (RMSE)
between experimental and virtual marker
positions, to obtain joints kinematics. The main
advantage of this technique, with respect to
conventional segment kinematics reconstruction,
is to avoid joints dislocation and to compensate
soft-tissue artefacts. Indeed, segmental
kinematics cannot be performed to investigate the
shoulder region [11] because of the large soft
tissue artifacts of scapula [12,13]. Still, MKO does
not necessarily solve the issues linked to motion
reconstruction, because to be efficient, it requires
a kinematic chain that properly represents joints
mobility.

Anatomically, the shoulder is a complex
structure including several joints: sternoclavicular
(STJ), acromioclavicular (ACJ), scapulothoracic
(STJ) and glenohumeral joints (GHJ). Among the
models available in the literature, the model of
Holzbaur et al. [14,15] and the Delft Shoulder and
Elbow model (DSEM) [6,16] were commonly used
to investigate MWC propulsion [7,8,17]. The
model proposed by Holzbaur [14] relied on
coupling regression equations to describe the
motion of the scapula and the clavicle from the
humerus orientation [18]. Three rotational
degrees of freedom (DoF) are defined at the GHJ,
two rotational DoF at the elbow and two rotational
DoF at the wristt The DSEM [6,16] was
characterized by three rotational DoF for the STJ,
ACJ and GHJ and by a gliding contact plane to
represent the STJ, which constrained the medial
border of the scapula to be in contact with the
thorax, modeled by an ellipsoid. Still, modeling
the STJ remained a great challenge, because of
its non-usual contact type [12,19]. Another model,
with an ellipsoid mobilizer to prescribe the STJ
motion [20], was proposed by Seth et al. [21].

This model is close to the DSEM [6,16], and
announced with a low computational cost. It could
therefore be suitable for shoulder kinematics
assessment during MWC propulsion. Besides,
musculoskeletal models associate a muscle set to
their kinematic chain to perform musculoskeletal
analysis. Thus, changes of musculotendon
lengths during a task directly depend on both the
muscle set and the kinematic chain. However, the
equivalence of the different kinematic chains used
in previous MWC studies on joint kinematics and
musculotendon lengths remains to be
demonstrated.

In this objective, four musculoskeletal models
relying on shoulder kinematic chains previously
used to study MWC propulsion were implemented
to process the same data set. The four shoulder
kinematics chains were: open-loop (thorax —
clavicle — scapula — humerus), closed-loop with
an ellipsoid mobilizer for the STJ [21], open-loop
with coupled orientations for clavicle, scapula and
humerus [14] and a single ball-joint between the
humerus and the thorax. In this study, we aimed
at testing the hypothesis of equivalence of these
different models on marker reconstruction errors,
shoulder joint kinematics and musculotendon
lengths.

MATERIALS AND METHODS

Subject information

After the approval by the relevant ethics
committee (CPP Paris VI Pitié Salpétriére, France
no. 2014-A01203-44), seven subjects (2 females,

5 males) with various levels of disability
(poliomyelitis, spinal amyotrophy, congenital
malformation, lower limb  amputation, or

paraplegia) were recruited in the study. Their
characteristics were: age: 33.9 years old (SD: 7.9
y.0.; range: 24-46 y.o); height: 1.66 m (SD: 0.12
m; range: 1.48-1.80m); mass: 66.4 kg (SD: 9.5
kg; range: 49-79 kg) and body mass index: 23.8
kg/m2 (SD: 1.8 kg/m?; range: 21.7-26.7 kg/m?2).



Inclusion criteria were to be using a MWC for at
least one year and to report no upper-limb pain or
injury at the time of the experiments. All the
subjects were previously informed of the protocol
and gave their written informed consent before
the beginning of the experiments.

Experiments and data collection

Subjects propelled a handrim MWC simulator
(Fig. 1) with a friction resistance applied on tires
and self-appreciated by the subject to be close to
actual displacements. All the subjects propelled
on the same MWC simulator. Two acquisitions
were performed: subjects were first asked to
remain static with hands on knees and then to
perform five propulsion cycles at a self-selected
comfortable pace.

Figure 1: Photograph of a trained experimenter maintaining
the scapula locator on the scapula while the subject is
propelling on the MWC simulator.

During the experiments, subjects were
equipped with 34 skin reflective markers placed
on the torso, namely on the manubrium and
xyphoid process, and on both spinous processes
of the seventh cervical and the eighth thoracic
vertebrae; on the head, on the left and right
occiput and temporal bones; and on both upper
limbs, namely on acromion, lateral and medial
epicondyles of the humerus, ulna and radius
styloid processes, second and fifth metacarpal
heads; following the recommendations of the

International Society of Biomechanics [22].
Moreover, technical markers were placed: a rigid
plate with four markers on the humerus, a marker
in the middle of the clavicle and another technical
marker on the radius to facilitate marker labeling.
Furthermore, to minimize soft tissue artifacts in
the scapular region, the right scapula was tracked
dynamically by a scapula locator (Fig. 1) [23,24]
held by a trained experimenter and based on
three palpated anatomical landmarks: angulus
acromialis, trigonum scapulae and margo
medialis. For that purpose, the experimenter
performed multiple training trials to adjust the
tracking to the specific motion of the scapula
according to the task and for each subject.
Finally, the three-dimensional locations of the
reflective markers were recorded at 100 Hz using
an 8-cameras optoelectronic motion capture
system (Vicon® System, ©Oxford Metrics Inc.,
UK).

Models ST) AC) STJ GHJ
M, 2 3 No 3
M, 2 Constrained 4 3
M; Regression  Regression No

M, Locked Locked No 3

Table 1: Degrees of freedom at the shoulder complex for the
4 models used in this study. “No” means no joint is defined
in the kinematic chain implying free motion between the
concerned bones. “Locked” means the joint is similar to a
weld joint, i.e. no motion

Musculoskeletal Models

Musculoskeletal models with four different
kinematic chains were designed and implemented
in OpenSim [25]. Details about the DoF of these
different models are summarized in Table 1. The
first model (M1) was designed based on the
model of Holzbaur et al. [14] which was
symmetrized and extended with the head-and-
neck model of Vasavada et al. [26]. The coupling
equations for SCJ and ACJ were removed and
the model was provided with two rotational DoF at



the SCJ (clavicle protraction-retraction and
elevation-depression) and three rotational DoF at
the ACJ (Fig. 2). The other DoF were identical to
the initial models [14,26]

Figure 2: Representation of the musculoskeletal model built
in OpenSim for this study. Bone geometries are in white,
muscles are in red and ellipsoids are represented in blue.
Common muscle sets built for this study is shown.

Based on this first model, three other models
were implemented by only modifying the
kinematic chain of the shoulder. The second
model (M2) defined the STJ with an ellipsoid
mobilizer [20,21] and a point constraint between a
the ACJ, forming a closed loop. For the third
model (M3), the coupling clavicle and scapula
motion equations of the Holzbaur model [14,15]
were preserved, i.e. regression equations were
used to infer the ACJ and STJ rotations from the
GHJ elevation [18]. Finally, the fourth model (M4)
was implemented by locking both ACJ and SCJ,
resulting in only three rotational DoF at the GHJ
for the whole shoulder complex.

To isolate the influence of the kinematic chain
on musculotendon lengths, the musculotendon
set was the same for all models (Table 2). This
set relied on Holzbaur et al. [14] for the upper arm
musculotendons and Vasavada et al. [26] for
musculotendons involved in scapula and clavicle
motions. The remaining musculotendons involved
in the shoulder complex, such as rhomboid minor,
rhomboid major and serratus anterior were
manually added to the model, based on an
anatomy atlas [27].

Muscles Abbreviation Lme.s of Adapted

action from
Deltoid 3 [14]
Supraspinatus DELT 1 [14]
Infraspinatus SUPSP 1 [14]
Subscapularis INFSP 1 [14]
Teres Minor SUPSC 1 [14]
Teres Major TMIN 1 [14]
Pectoralis Major TMAJ 3 [14]
Latissimus Dorsi PECM 3 [14]
Triceps LAT 3 [14]
Aconeous TRI 3 [14]
Supinator AC 1 [14]
Biceps SUP 2 [14]
Brachialis BIC 1 [14]
Brachioradialis BRA 1 [14]
Extensor carpi radialis BRD 2 [14]
Extensor carpi ulnaris ECR 1 [14]
Flexor carpi radialis ECU 1 [14]
Flexor carpi ulnaris FCR 1 [14]
Pronator Teres FCU 1 [14]
Palmaris Longus PT 1 [14]
Pronator Quadratus PL 1 [14]
Flexor digitorum PQ 2 [14]
superficialis FDS 3 [14]
Extensor digitorum EDC 3 [26]
communis SM 2 [26]
Sternocleidomastoid TP 1 [26]
Trapezius LS 2 [27]
Levator scapulae RH 12 [27]
Rhomboids SA

Serratus anterior

Table 2: Musculotendon set for the 4 models used in this
study. Lines of action are extracted from [14] and [26], or
placed anatomically [27].

To keep the same definitions  of
musculotendon set across the different models,
some adaptations were necessary. Some moving
path points were thus converted into fixed path
points for pectoralis major and latissimus dorsi.
This simplification was possible due to the low
arm elevations reached during MWC propulsion.
Additionally, adaptations were made on a
wrapping geometry, below the surgical neck of
the humerus, to avoid unrealistic muscle paths
and length discontinuities that occurred for MWC
propulsion movements, especially at the
beginning of the push phase.



Data processing

Marker trajectories were smoothed with an
average sliding window (5 values). Marker
trajectory gaps lower than 15 frames were
interpolated using C2-splines. For gaps higher
than 15 frames, a registration procedure from the
static acquisitions was applied based on singular
value decomposition [28].

The beginning of propulsion cycles was
automatically identified based on the positive
velocity of the barycenter of the four markers
placed on the ulna and radius styloid processes,
and the second and fifth metacarpal heads. The
end of the propulsion cycle was defined by the
beginning of a new cycle.

Then, the following process was conducted
with OpenSim (Stanford University, 3.3 version)
[25], for all models (M1 to M4). First, segments of
the four models were scaled to match the
dimensions of subjects on the static acquisition,
using experimental locations of skin markers and
palpated landmarks (using the scapula locator)
for the scapula. This was performed with the
OpenSim “scaling” tool. Afterwards, MKO was
performed [9,10] for propulsion cycles acquisition
through the “inverse kinematics” tool, tracking
both anatomical, technical and scapula locator
markers. Markers placed on both the scapula and
the clavicle were not considered for models M3
and M4.

The reconstructed positions and orientations of
each segment were expressed in the global
coordinate system using the "analyze" tool in
Opensim. Homogenous transformation matrices
[29] were computed for SCJ, ACJ, STJ, GHJ, as
well as the global transformation matrices
between the thorax and the humerus.
Subsequently, angles were identified with a Y-X'-
Z" sequence of rotations for SCJ (Protraction-
Retraction, Elevation-Depression, Internal-
External Rotation), ACJ (Protraction-Retraction,
Posterior-Anterior Tilt, Medial-Lateral Rotation)

and STJ (Protraction-Retraction, Posterior-
Anterior Tilt, Medial-Lateral Rotation), according
to Wu et. al, [22]. The Z-X'-Y" sequence of
rotations was chosen for GHJ and the thoraco-
humeral angles (Flexion-Extension, Adduction-
Abduction, Internal-External Rotation), as it was
reported as more adapted to describe MWC
propulsion [30,31].

Finally, musculotendon lengths were computed
using OpenSim 3.3 “analyze” tool.

Data Analysis

The four models were evaluated for marker

reconstruction errors, joint kinematics and
musculotendon lengths. Average dynamic
reconstruction errors between virtual and

experimental markers during the propulsion
cycles were quantified for the whole marker set
through the root mean square error (RMSE)
weighted by the assigned weight used during
MKO. To refine on the different segments (thorax,
clavicle, scapula, and humerus), a weighted
average distance (WAD) per segment was also
computed [32].

The effect on joint kinematics was evaluated
by comparing joint angles and joint center
locations. Maximum magnitudes of both joint
angles and joint center locations were compared
with a Spearman’s correlation for which M1 was
the reference. M1 was choose as the reference
since this model imposed no restriction on the
mobility of the scapula. Musculotendon lengths
were similarly evaluated through the maximum
magnitudes and Spearman’s correlation with
respect to the results obtained with M1.

Statistical Analysis

Since normality was not ensured by Shapiro-
Wilk’s test, non-parametric Friedman’s test (p-
value<0.05) was applied for each segment to
demonstrate if the model had an influence on the
WAD. Then, Fisher's LSD post-hoc test was



applied to compare models with one another, on
their WAD values.

Also, maximum magnitudes of angles, center
of rotation locations and musculotendon lengths
were tested through Friedman'’s test to investigate
the influence of the kinematic chain and Fisher's
LSD post-hoc was applied to compare models
with respect to M1.

RESULTS
Marker reconstruction errors

The mean RMSE obtained with the four
models for the whole marker set and the seven
subjects are illustrated in Figure 3. For all models,
the RMSE was the lowest in the middle of the
propulsion cycle (end of the push phase and
beginning of the recovery phase). The lowest
values were obtained with models M1 and M2. At
any time of the propulsion cycle, the standard
deviation of the global RMSE was higher for
models M3 and M4 than for models M1 and M2.
Friedman’s test ensured that WAD from different
models were different (p<0.001). M1 and M2
exhibited the lowest WAD for all the segments but
Fishers LSD post-hoc did not highlight any
significant difference between them (Table 3). As
expected, M4 displayed the highest WAD for
almost all segments. No significant difference was
found between M3 and M4 for all segments WAD.

Joint Kinematics

Average kinematics of the seven subjects are
depicted in Figure 4 for all DoF. By definition, for
M4, angles for joint with locked DoF remained
constant. This case occurred specifically for the
SCJ, STJ and ACJ. SCJ angles exhibited similar
time courses for models M1, M2 and M3, but a
shift can be observed on SCJ protraction-
retraction of M2 with respect to M1 and M3. STJ
protraction-retraction and mediolateral angles
showed the same trend (but shifted) for M1 and
M2, but they varied oppositely for M3; which is

supported by negative correlation values. STJ
anteroposterior tilt remained almost constant for
M1 and M2 but varied along the propulsion cycle
for M3. The three angles of the ACJ exhibited
different patterns and no model seemed to
reproduce the same kinematics as M1. The GHJ
and thoraco-humeral angles showed similar time
courses for M1, M2 and M3, with slight
differences in magnitude along the cycle. Even if
curve patterns differed between subjects, the
same Vvariations between models could be
observed. Differences in both flexion-extension
and internal-external rotation of GHJ and thoraco-
humeral joint were observed for M4.

45

0 10 20 30 40 50 60 70 80 90 100
Propulsion cycle (%)

Figure 3: Root mean square error during a propulsion cycle
averaged over the 7 subjects: M1 is depicted in blue, M2 in
red, M3 in yellow and M4 in purple. Shaded areas represent
the standard deviations.

Models Skull Thorax Clavicle Scapula Humerus
M 5.5 7.0 7.5 10 13
! [3.0-6.7] [4.9-8.5] [4.4-10] [7.8-12] [9.6-22]
iy 4.7 7.5 7.6 9.3 14
2 [2.8-7.0] [6.6-9.3] [3.8-11] [6.4-11] [8.3-23]
M 8.9 14 13 42 18
3 [5.2-13)° [10-17]%* [9.0-17]"* [26-60]"* [10-25]'
M 10 11 11 32 29
4 [6.4-15]"* [7.8-15]%% [7.2-14]%* [18-40]"* [11-54]"?

Table 3: Mean Segment weighted average distance (WAD)
and range (in millimeters) for all subjects. Superscripts 1
and 2 indicates the value is significantly different from M1
and M2, respectively (p<0.05). Note that WAD was
calculated with the same weights as M1 and M2 for clavicle



and scapula with M3 and M4 despite they were not

considered in the MKO processing.

M, M, M; M,
. . Magnitude  Magnitude Correlation Magnitude Correlation Magnitude Correlation
Joint Coordinates mean t sd mean t sd . mean t sd . mean t sd .
L e with My e with M, . with My
(in®) (in®) (in°) (in°)
SU protraction (+)/Retraction (-) **  13.1+2.0 10.6+1.8 093+0.04 88+25 0854010 0.0+0.0%** 0.01+0.08
Elevation (+)/Depression (-) *** 8.2+2.0 7.4+2.0 0.83+0.11 3.2+0.9* 0.72+0.24 0.0+0.0*** 0.00%0.10
STU" protraction (+)/Retraction (-) ***  11.3+14 155+1.9 0954001 25+0.8  -0.84+0.09 0.0+0.0** -0.01+0.07
Posterior (+)/Anterior (-) Tilt ** 8.0+£2.8 7.7+2.0 0.73+0.32 12.2+35 0.68+0.37 0.0+0.0* 0.03 +0.08
Medial (+)/Lateral (-) Rotation *** 129+3.1 85+3.2 0.84+0.25 8.0+2.2 -0.83+0.17 0.0+0.0*** -0.02+0.03
AC protraction (+)/Retraction () ***  57+17  50+19  -0.30+055 84+25  027+055 0.0+00* 0.02+0.09
Posterior (+)/Anterior (-) Tilt ** 6.8+25 54+19 0.26+0.63 11.8+3.4 0.56+0.46 0.0+0.0* -0.01+£0.05
Medial (+)/Lateral (-) Rotation *** 11.3+2.2 4.7+2.1% 0.68+0.37 123134 -0.57+0.39 0.0+0.0*** -0.04+0.10
H S5+ 103.2
GHJ Flexion (+)/Extension (-) *** 446+7.1 47.7 £ 8.2 0.97 £0.03 2072* 0.97 £0.01 78.35*** 0.73+0.41
Adduction (+)/Abduction (-) 24.7+6.9 248+7.1 0.88+0.17 30.1+10.5 0.87+0.11 31.0+16.5 0.48+0.56
Int (+)/Ext (-) Rotation 28.8+84 28.7+8.3 0.97+0.02 22639 0.93+0.03 60.4+76.9 0.66x0.26
THJ . . 944 +
Flexion (+)/Extension (-)** 53.3+6.5 54.6+6.5 0.99+0.00 548+4.4 0.97 £0.03 56 5xxk 0.72£0.48
Adduction (+)/Abduction (-) 309+12.1 33.2+11.1 096+0.02 27.2+11.1 0.78+0.28 34.6+12.4 0.74+0.43
Int (+)/Ext (-) Rotation 125+4.4 11.7+4.7 0.87+0.07 15.0x49 0.52+0.45 423+50.6 0.670.32

Table 4: Mean and standard deviation of joint angle magnitudes in degree: sternoclavicular joint (SCJ), scapulothoracic
joint (STJ), acromioclavicular joint (ACJ), glenohumeral joint (GHJ), thoraco-humeral joint (THJ). Significant differences
between models are reported in the first column and significant difference with respect to M1 was also reported with *, **,
*** indicating respective p-values < 0.05, < 0.005, < 0.001. Spearman’s correlation with M1 is reported for M2, M3 and

M4.
M, M, M, M,
. Magnitude Magnitude Correlation Magnitude Correlation Magnitude Correlation
Center of rotation mean * sd mean * sd . mean * sd . mean * sd .
. . with M, . with My . with My
(in mm) (in mm) (in mm) (in mm)
SCJ 89+5.8 9.4+5.2 0.78 £0.18 10.5+3.8 0.29£0.46 14.0+6.3 0.04 £0.34
ACJ 245+59 222+7.3 0.92 +£0.05 219+6.1 0.87 £0.09 18.4+8.1 0.58 £0.41
GHJ 30.2+7.1 27.4+8.9 0.95+0.04 23.2+7.0 0.91£0.07 19.4+8.7 0.54+£0.45

Table 5: Mean and standard deviation of joint angle magnitudes in degree: sternoclavicular joint (SCJ), scapulothoracic
joint (STJ), acromioclavicular joint (ACJ), glenohumeral joint (GHJ), thoraco-humeral joint (THJ). Significant differences
between models are reported in the first column and significant difference with respect to M1 was also reported with *, **,
*** indicating respective p-values < 0.05, < 0.005, < 0.001. Spearman’s correlation with M1 is reported for M2, M3 and

M4.
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Figure 4: Mean joint angles: M1 is depicted in blue, M2 in red, M3 in yellow and M4 in purple.

Mean magnitudes of joint angles during the
propulsion cycle are reported in Table 4.
Comparison between models showed significant
differences in magnitudes of all SCJ, STJ, and
ACJ angles plus GHJ flexion-extension and
thoraco-humeral flexion-extension (p<0.01 or

p<0.001). Significant differences were found for
the joint angle magnitudes of these 10 DoF
between M4 and M1. Significant differences were
also found in SCJ elevation-depression and GHJ
flexion-extension magnitudes between M3 and to
M1 (p<0.05 and p<0.01, respectively). Finally,



only a significant difference was found only in
magnitude of ACJ mediolateral rotation between
M2 and M1 (p<0.05).

Over the whole population, Spearman’s
correlations with respect to M1 were greater for
M2 and M3 than for M4, for all joints. Correlations
were the highest with M2, excepted for ACJ
protraction-retraction and posterior-anterior tilt.
ACJ  protraction-retraction of M2  even
demonstrated a negative average of correlations,
indicating an inverse relationship between M1
and M2. Model M2 was overall the closest to M1
for joint kinematics description, especially for GHJ
and thoraco-humeral angles. Magnitude of joints
centers evolution during the propulsion cycle in
the global coordinate system are presented in
Table 5. No significant difference in these
magnitudes was found between models for every
joint. However, Spearman’s correlation with
respect to M1 was the highest with M2 for both
SCJ, ACJ, and GHJ.

Musculotendon Lengths

Average time courses of the musculotendon
lengths over the seven subjects are reported on
Figure 5. For most of the musculotendons, the
mean evolution along the propulsion cycle was
globally resembling between the different models
even if some shifts can be observed. The most
divergent patterns were obtained for the deltoid
middle, the subscapularis and the three lines of
action of the latissimus dorsi.

Mean magnitudes of musculotendon lengths
during the propulsion cycleare reported in Table
5. Comparison between models showed
significant differences in musculotendon length
magnitude for anterior, deltoid middle, deltoid
posterior, subscapularis, teres minor, pectoralis
clavicular, pectoralis sternal and pectoralis rib,
latissimus dorsi thoracic and latissimus dorsi
lumbar. Significant differences in musculotendon
length magnitudes were found between M1 and
M4 for deltoid anterior, deltoid middle, deltoid

posterior, subscapularis, teres minor, pectoralis
sternal and rib. Significant differences in
musculotendons length magnitudes were also
found between M1 and M3 for deltoid posterior,
subscapularis, pectoralis rib, latissimus dorsi
thoracic and latissimus dorsi lumbar. Finally,
comparison between M1 and M2 showed
significant differences in musculotendon length
magnitudes for deltoid middle, pectoralis
clavicular and pectoralis sternal.

For all musculotendon lengths, Spearman’s
correlations with respect to M1 were greater for
M2 and M3 than for M4. Correlations were the
highest for M2, excepted for the pectoralis
clavicular, which was higher for M3. Depending
on the model, mean differences in musculotendon
lengths with respect to M1 ranged from 2.6 to 32
mm for deltoid; from 1.3 to 20 mm for rotator cuff
muscles; from 6.5 to 41 mm for pectoralis major;
from 2 to 31 mm for triceps longus and biceps
longus and up to 91 mm for latissimus dorsi.

DISCUSSION
Marker reconstruction errors

In the present study, the global RMSE was
highly reduced with models M1 and M2 (about
10-15 mm all along the propulsion cycle) than
with models M3 (17-27 mm in average during the
push phase) and M4 (23-30 mm in average
during the push phase). In addition, the standard
deviation of the RMSE was noticeably higher for
M3 and M4 than for M1 and M2, which denotes
the inability of models M3 and M4 to fit the
various kinematics used by the different subjects.

Regarding the literature on upper limb
kinematics, marker  reconstruction  errors
associated to MKO was generally reported

through the global RMSE for all the markers
[21,33,34] or through on a weighted average
distance (WAD) per segment [32,34] allowing a
more refined analysis. In the present study, the
WAD between experimental and reconstructed
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Figure 5: Time course of musculotendon lengths of one typical subject for the different models: M1 is depicted in blue, M2 in
red, M3 in yellow and M4 in purple. Shaded areas represent the standard deviations.



M, M, M, M,
Muscle line of action m?ei:iiugj xaegar:\iiu;i: Cor_relation '\:12?:]1“?; Cor.relation mZir;iiug(:le Cor.relation
(in mm) (in mm) with My (in mm) with M, (in mm) with My

Deltoid Anterior** 41.8+5.5 44.1+6.8 0.97 £0.02 45.0+6.4 0.97+0.02 60.1+6.8*** 091+0.11
Deltoid Middle*** 225+74 37.5+6.1** 0.95+0.03 18.0+4.9 0.63£0.54 41.2 +13.9* 0.79+£0.29
Deltoid Posterior*** 51.0+5.8 51.6+7.9 0.98 £0.02 70.4 +7.5%* 0.98 £0.01 2;801 f* 0.92 £ 0.09
Supraspinatus 16.1+3.1 154+2.6 0.99£0.01 18.1+2.7 0.97 £0.02 18.4+11.5 0.93+0.10
Infraspinatus 104+3.3 10.7+2.8 0.98 £0.02 13.2+3.9 0.96 £0.03 15.5+12.3 0.65+£0.35
Subscapularis* 58+2.0 6.3+2.1 0.85+0.21 8.0+2.8* 0.58+0.37 15.4+14.0** 0.30+0.54
Teres Minor** 8.6+3.2 7.9%29 0.90 £ 0.08 10.5+2.4 0.85+0.14 19.5 + 15.4* 0.63+0.44
Teres Major 346+6.4 31.4+9.2 0.98 £ 0.02 33.3+6.4 0.95 £ 0.02 31.6+8.3 0.82 £0.27
Pectoralis Clavicular** 43.3+15.1 12908*5* 0.83 £0.19 30.7+4.2 0.88 £0.18 345+8.7 0.86 £ 0.17
Pectoralis Sternal* 57.6+15.9 38.7 £ 12.6* 0.98 £ 0.02 419+4.1 0.96 £0.04 40.6 + 3.6** 0.95 +0.06
Pectoralis Rib* 69.8 £ 16.0 55.3+13.0 0.99 £ 0.00 51.6 £6.5* 0.97 £0.02 48.0 + 4.8** 0.93+0.11
Latissimus dorsi Thoracic*** 41.0+12.0 59.8+14.8 0.90 £ 0.08 16.0 £ 4.6** 0.49 £ 0.58 249+6.5 0.84+£0.13
Latissimus dorsi Lumbar*** 32.7+14.3 51.4+185 0.73+£0.33 18.7 £ 5.0* 0.43 £0.57 26.7+6.9 0.67 £0.33
Latissimus dorsi llliac 28.1+14.4 42.9+20.6 0.41+0.49 23.7+14.1 0.16 £ 0.59 18.2+6.0 0.28 £ 0.56
Triceps Longus 25.2+9.6 229+115 0.96 £ 0.03 27.0+11.7 0.90 £ 0.08 43.3+41.8 0.66 £ 0.34
Biceps Longus 24.5+9.6 25.8+10.0 0.96 £ 0.03 26.1+10.1 0.92+0.10 29.2+10.3 0.87+£0.18

Tableau 6: Mean and standard deviation of musculotendon length magnitudes (in millimeters). Significant differences
between models are reported in the first column and significant difference with respect to M1 was also reported with *, **,
*** indicating respective p-values < 0.05, < 0.005, < 0.001. Spearman’s correlation with M1 is reported for M2, M3 and

M4.

markers was considered as an indicator of the
ability of a model to track the bone motions
independently. The underlying assumption was
that a better kinematic chain would result in
smaller marker reconstruction errors and smaller
WAD values. In light of this indicator and among
the four tested models, models M1 and M2 did
minimize marker reconstruction errors for all
segments, i.e. skull, thorax, clavicle, scapula and
humerus. Compared to [34] the marker
reconstruction errors of the humerus were found
slightly higher in our study (4-8 mm vs 8.3-22
mm). However, this difference may be explained

by the personalization of the kinematic chain,
which in our study was limited to homothetic
ratios for each direction of the segment
coordinate system. For the scapula specifically,
models M1 and M2 were also reported to be less
prone to reconstruction error than models M3 and
M4. It is reminded here that the tracking of the
scapula during the propulsion was performed
through a dynamic tracking with a scapula locator
[23]. This technique was used to limit the effect of
STA, which can reach up to 80 mm [35]. The use
of this scapula locator resulted in marker
reconstruction errors in accordance with results



obtained with intra-cortical pins for the clavicle,
scapula, thorax and skull. Indeed, WAD for the
different segment ranged from 2.8 to 12 mm for
M1 and M2, which are equivalent to [33] (5-14
mm). Hence, the use of this scapula locator
allowed focusing on the ability of the kinematics
chain to reconstruct the bony motions while
limiting bias created by STA.

Hence, if M3 and M4 were found suitable
enough to fit the shoulder kinematics of some
subjects, they can be unable to fit the kinematics
of some others. On the opposite, M1 and M2
allow to adapt to the various shoulder kinematics
used to propel a MWC. Looking specifically on
M1, this model exhibited the lowest reconstruction
errors. However, some penetrations of the
reconstructed scapula in the thorax were
observed with this model. The use of an ellipsoid
mobilizer such as in model M2 may prevent from
this non-physiological scapula penetration without
important losses of accuracy for marker
reconstruction. Indeed, reducing the number of
DoFs, by defining closed loops did not increase
marker reconstruction errors. It may indicate a
higher biofidelity of the model M2 [9].

Joint kinematics

Regarding joint kinematics, this study confirms
that joint angles obtained through MKO are
affected by the kinematic chain [12,19,34,36],
even when studying MWC propulsion. Indeed,
non-negligible differences can be observed in all
DoF between models. However, M1 and M2
provided joint angles with similar patterns for
most of the DoF even if curves were shifted,
Figure 3. These offsets can be explained by the
constraints imposed in M2 (a closed-loop
between the thorax, the clavicle and the scapula),
which limited the compensation of inappropriate
bodies lengths trough the different joints. In
particular, the scaling of the clavicle length was
already shown as crucial for the shoulder
kinematics obtained with MKO [37]. Effort on

ellipsoid parameters identification (radii, center
and orientation) should also be made for more
reliable shoulder kinematics [38]. Hence, subject-
specific approaches should be considered for this
purpose.

In terms of joint angles magnitudes during the
propulsion cycle, models M1 and M2 provide
comparable results for GHJ and thoraco-humeral
angles but differences can be noted in ACJ
mediolateral rotation. Low correlations were also
obtained for STJ postero-anterior tilt and SCJ
angles between these models. Model M3 did not
display similar kinematics with respect to M1 and
M2 for STJ protraction-retraction and ACJ angles.
In this model, the protraction-retraction of the
scapula was obtained from the humerus elevation
through coupled coordinates. Because of the low
humerus elevation during MWC propulsion, this
model is unable to provide such scapula motion.
Hence, even if extensively used in the MWC
literature [39-41], model M3 appeared less
suitable compared to M2 to study shoulder
kinematics during MWC propulsion.

Musculotendon lengths

Some studies already reported the drastic
effect of joint kinematic variations on computed
muscles and joint contact forces [22,33]. Indeed,
when computing muscle activations and forces,
changes in kinematic parameters play a crucial
role because they directly impact musculotendon
lengths, shortening/lenghtening velocities and
moment arms. To the knowledge of the authors,
no study reported the effect of the kinematic chain
definition on musculotendon lengths in the
specific case of MWC propulsion. Even if models
M1 and M2 provided the closest results in terms
of markers reconstruction and joint kinematics,
differences in musculotendon lengths were found
for middle deltoid, pectoralis clavicular, pectoralis
sternal, lumbar and iliac latissimus dorsi.
Interestingly, M3 resulted in opposite evolution for
three subjects with respect to other models for



deltoid middle and latissimus dorsi. Hence, this
study showed the impact of the kinematic chain
on musculotendon parameters such as length
and shortening/lengthening velocity, which would
impact the computed muscle activation
determined in musculoskeletal simulation due to
the force/length and force/velocity relationships.

Study limitations

Some limitations can however be considered
in this study. In particular, due to the absence of
gold standard, it is not possible to strictly
conclude on the most suitable model for the
determination of bone and joint kinematics.
Consequently, the marker reconstruction errors
were considered as the criterion for accuracy in
bone and joint kinematics with the underlying
assumption was that a better kinematic chain
would result in smaller marker reconstruction
errors. However, considering the level of marker
reconstruction errors provided by models M3 and
M4, these models can be assumed less suitable
than models M1 and M2 to describe the shoulder
motion during MWC propulsion. For the same
reason, no reference was provided for
musculotendon lengths and
shortening/lengthening velocities. However, this
does not challenge the conclusion of this study on
the impact of the kinematic chain on
musculotendon parameters.

CONCLUSION

This study aimed at investigating the effect of
four shoulder kinematic chains used to study
MW(C propulsion on marker reconstruction errors,
joint kinematics and musculotendon lengths.
These models relied on (1) an open-loop thorax
— clavicle — scapula — humerus; (2) a closed-
loop with a contact ellipsoid between the scapula
and the thorax; (3) an open-loop with coupled
orientations for clavicle, scapula and humerus;
and (4) an open-loop with a single ball joint
between the humerus and the thorax. Results

showed the non-negligible effect of the shoulder
kinematic chain, rejecting the hypothesis of
equivalence of these models, on all the studied
variables. In particular, modeling the shoulder
complex only by the glenohumeral joint appeared
less suitable than others models allowing
movement of the scapula with respect to the
thorax. Coupled coordinates from regression
equations to assess the orientations of the
scapula and the clavicle[14,15], did not appear to
be the most convenient model to compute
shoulder kinematics in the study of MWC
propulsion. The use of a contact ellipsoid to
describe the contact between the scapula and the
thorax was found more appropriate since it
avoided joint dislocations and body penetrations.
However, the personalization of kinematic chains
remains to be enhanced, with medical imaging or
optimization methods [42,43] to scale the clavicle
length [37], and ellipsoid parameters (center, radii
and orientations) [38].
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