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A B S T R A C T

Understanding 3D shoulder girdle kinematics is essential for applications in medicine, sports, and computational 
biomechanics, where reference data help quantify deviations from the standard. Unfortunately, existing datasets 
on shoulder kinematics based on gold-standard measurements are often inconsistent in data collection methods, 
segment definitions, and joint kinematics computation, limiting their relevance. This study reviews and aggre
gates available datasets to establish Spartacus, a comprehensive reference for normal shoulder girdle kinematics. 
We gathered 20 datasets, published between 2000 and 2023, and aligned them, when possible, with the Inter
national Society of Biomechanics recommendations to enable population-wide analysis. Spartacus comprises 
data recorded in vivo (70 %) or ex vivo (30 %) on 245 shoulders using intracortical pins (55 %) or imaging 
(45 %), primarily during active dynamic (65 %) movements. The dataset predominantly covers arm elevation 
records in the scapular (70 %), frontal (50 %), and sagittal (50 %) planes, but also includes internal-external 
rotation and horizontal flexion. Both rotations and translations are represented across all shoulder girdle 
joints, with scapulothoracic rotations being the most frequent (75 %). Our approach corrects or at least com
pensates for six identified deviations in local coordinate system definitions and joint kinematics computation 
methods. Substantial inconsistencies across existing datasets reveal a need for improved standardisation to 
facilitate reliable data comparisons. Spartacus, openly available, will enable researchers to explore normal 
shoulder girdle kinematics, and provides a foundation for future clinical and biomechanical studies.

1. Introduction

The shoulder girdle is the joint complex with the greatest range of 
motion in the human body. It includes four joints: the sternoclavicular, 
acromioclavicular, scapulothoracic, and glenohumeral joints. The 3D 
kinematic analysis of the shoulder girdle is of significant interest in many 
fields. In medicine, shoulder kinematics can be a distinctive feature of 
joint disorders and thus plays a key role in diagnosis, treatment follow-up, 
and assessment of outcomes (Longo et al., 2022). Kinematics can also 
guide the design of orthopaedic implants and the selection of their ge
ometry and setup by means of surgical planning and simulation software 

(Como et al., 2022). In sport, shoulder kinematics is related to the ath
lete’s performance and to the prevention of injuries (Cools et al., 2021). 
In computational biomechanics, shoulder kinematics is often required 
to verify measurement methods affected by soft tissue artefacts 
(e.g., marker-based or markerless motion capture and inertial measure
ment units) (Blache et al., 2017), and to design and validate upper-limb 
multibody models (Duprey et al., 2017). Across these diverse applica
tions, a comprehensive reference dataset for the normal (i.e., asymp
tomatic) shoulder girdle remains unavailable, limiting comparative 
analyses and methodological validations.

Intracortical pins, x-ray radiography, CT-scan, and MRI allow for true 
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joint kinematic measurements (i.e., free of soft tissue artefacts) and are 
recognised as gold-standard measurement methods (Cereatti et al., 
2017). However, these methods often raise ethical and experimental 
challenges, limiting the number of extensive data collections. Nonethe
less, over the years, some noteworthy studies have reported gold- 
standard shoulder girdle joint kinematics. However, no comprehensive 
inventory currently exists. The information provided by these studies 
with highly valuable data is often partial, stemming from their limitations 
in the examined joints and reported degrees-of-freedom (DoF), the vari
ety of motor tasks, and the sample size. A structured aggregation of these 
studies could bridge these gaps, creating a unified, high-quality dataset 
that enhances our understanding of shoulder biomechanics, facilitates 
the validation of alternative measurement methods, and strengthens 
applications in medicine, sports, and computational modelling.

The first objective of this study was to perform a literature review 
and aggregation of available datasets reporting the 3D kinematics of the 
normal shoulder girdle using gold-standard measurement methods. This 
review was intentionally restricted to uniplanar humerus motions 
because other motions such as activities of daily life typically involve 
humeral movement across multiple thoracic planes simultaneously. As a 
result, describing the shoulder rhythm as a function of a single thor
acohumeral angle is not feasible. Specifically, an open dataset (called 
Spartacus) is made available to the community. To aggregate datasets 
effectively, a consistent convention must be applied across all mea
surements to merge and compare them. The ISB recommendations (Wu 
et al., 2005), which served for the past two decades as a reference to 
report joint kinematics, were used here for that purpose. These recom
mendations include 1) the definition of local coordinate systems (LCS) 
(i.e., axes’ orientations, axes’ directions, and origin) and 2) a compu
tational approach aiming to express joint rotations using Euler angles 
and joint translations along proximal LCS axes. Nevertheless, it was 
expected that some datasets did not entirely satisfy the ISB recommen
dations. Thus, the second objective of this study was to highlight dis
crepancies among the original datasets and assess their compliance with 
the ISB recommendations. The resulting observations illustrate the 
current application trends of the ISB recommendations. The last objec
tive of this study was to apply, where possible, a methodology aimed at 
correcting or at least compensating for these deviations. To the best of 
our knowledge, only Gasparutto et al. (2017) and Ortigas Vásquez et al. 
(2023) proposed such methods, although they have been applied 
exclusively to knee kinematics. Another method proposed by Kolz et al. 
(2020) compensates for deviations on scapula LCS axes’ directions but 
has never been applied to compare existing datasets yet.

2. Methods

2.1. Review and aggregation of original datasets

Original sources were identified in the current literature (until 
December 2023) through a search in the Embase, Medline, Scopus, and 
Web of Science databases. Several combinations of the following key
words in the title, abstract, or keywords were used to this end through a 
citation snowballing procedure. These keywords were identified using 
the PICO process (Nishikawa-Pacher, 2022): ‘healthy’, ‘normal’, 
‘asymptomatic’, ‘cadaver*’, ‘in vivo’, ‘ex vivo’, ‘xray’, ‘fluoroscop*’, ‘MRI’, 
‘4DCT’, ‘imaging’, ‘pins’, ‘shoulder’, ‘glenohumeral’, ‘scapulothoracic’, 
‘acromioclavicular’, ‘sternoclavicular’, ‘shoulder girdle’, ‘joint’, ‘kinemat*’, 
‘motion’, ‘movement’,’rotation’, ‘translation’, ‘displacement’. As kinematic 
series (i.e., angle-angle or translation-angle data series measured in 
discrete increments, but not as a function of time such as angle-time data 
series) reported as curves were the primary outcomes of the present 
study, conventional standards for reporting systematic reviews (i.e., the 

Preferred Reporting Items for Systematic review and Meta-Analysis 
(PRISMA) statement (Moher et al., 2009)) were not suitable nor used 
here.

Resulting sources were screened by three authors (FM, PP, and AN) 
to check their eligibility and cross-referenced. Inclusion criteria were 1) 
to report kinematic data related to at least one rotational or translational 
DoF of the shoulder girdle, 2) collected in vivo or ex vivo from an 
asymptomatic population, 3) using a gold-standard measurement 
method, 4) during at least one uniplanar humerus motion (i.e., frontal, 
scapular, and sagittal plane elevations, internal-external rotations at 
0◦ and 90◦ of frontal plane elevation, and horizontal flexion), and 5) 
reported as continuous variables using kinematic series that were 6) 
expressed as a function of a thoracohumeral angle. Ex vivo experiments 
were included not only to enlarge the dataset but also to provide insights 
into the scapulohumeral rhythm without muscle activation. Studies 
reporting kinematic series expressed as a function of the glenohumeral 
angle were excluded, as the thoracohumeral angle was preferred. 
Indeed, the thoracohumeral angle provides a more comprehensive rep
resentation of shoulder complex movement and ensures consistency in 
biomechanical and clinical analyses (Kontaxis et al., 2009).

All authors were contacted to obtain original data and clarify 
experimental and computational choices. When the authors and/or data 
were unavailable, kinematic series were digitised using a manual point 
and axis matching approach in the Engauge Digitizer software (12.1) 
(Mitchell et al., 2020). The data were grouped into datasets if they came 
from measurements carried out by the same group on the same partic
ipants, during the same recording session, using the same experimental 
protocol. Seventy-six features were extracted for each dataset about the 
source (e.g., authors, date, doi), participants (e.g., in vivo or ex vivo, 
sample size), measurement tools (e.g., intracortical pins, biplane x-ray 
fluoroscopy), experimental procedure (e.g., participants posture, hu
merus motions), segment LCS (e.g., origin, X-Y-Z axis definitions), joint 
definitions (e.g., parent body, related Euler sequence), and available 
kinematic series (e.g., related DoFs).

2.2. Identification of deviations from ISB recommendations

As stated in the Introduction, the ISB recommendations (see Sup
plementary material 1) were chosen as a reference for defining the LCS 
as well as for computing joint kinematics.

Six deviations from the ISB recommendations were identified 
(Table 2). The first deviation (D1) refers to the orientation of the LCS 
axes for a bony segment (e.g., Xscapula not following the anteroposterior 
direction and/or pointing posteriorly). The second deviation (D2) is 
about the construction method of at least one LCS axis, either using 
incorrect ISB landmarks or non-ISB landmarks (e.g., Zscapula not con
structed using the acromial angle and the trigonum spinae landmarks). 
The third deviation (D3) concerns the LCS origin of a bony segment. The 
fourth deviation (D4) corresponds to the Euler sequence used to express 
joint rotations. The fifth deviation (D5) corresponds to the coordinate 
system used to express joint translations. The sixth deviation (D6) cor
responds to the thoracohumeral joint angle computation describing 
humerus motion. This last deviation is not recommended by the ISB, but 
states as a common practice allowing data comparison whatever the 
observed range of motion (Haering et al., 2014).

These deviations were identified from dataset features using a Py
thon package (Moissenet et al., 2025) and summarised at both segment 
level (i.e., deviations D1, D2, D3) and joint level (i.e., D4, D5, D6), using 
Circos link plots (Krzywinski et al., 2009). A compliance score was given 
for each joint of each dataset. For both rotations and translations, six 
deviations were chosen from the complete set of nine, spanning the 
parent segment, child segment, and the joint, as documented further in 
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Supplementary material 2. The resulting compliance scores were 
expressed as a percentage, where 100 % corresponds to a dataset 
applying strictly the ISB recommendations.

2.3. Correcting or compensating for deviations from the ISB 
recommendations

Depending on the deviation and available methods, deviations from 
the ISB recommendations were corrected or compensated. Deviation 
correction stands for the complete removal of the deviation, aiming to 
nullify/rectify its impact on the data. Deviation compensation stands for 
the partial correction of the deviation, reducing its effect on the data 
without eliminating it entirely. Left shoulder data were converted to 
right shoulder data, see the Appendix.

Deviations in LCS axes’ orientation (D1) were corrected by applying 
a rotation matrix SISB0 RS, which adjusted the LCS axes’ orientation of the 
segment S (that can be distal D or proximal P) with an intermediate ISB- 
oriented frame. For that, a parsing method was developed to compute 
biomechanical directions based on reported anatomical landmarks. A 
specific terminology was chosen to ensure that each axis points in the 
correct direction, even if it does not strictly adhere to ISB recommen
dations for axis orientation (see deviation D2). For the right side and 
whatever the body segment, X was defined + posteroanterior (pointing 
anteriorly), Y was defined + inferosuperior (pointing superiorly), and Z 
was defined + mediolateral (pointing laterally).

Correcting deviations in LCS axes’ direction (D2) requires the co
ordinates of the relevant ISB anatomical landmarks. When not available, 
a compensation approach was only possible for the scapula LCS, as Kolz 
et al. (2020) provided averaged rotation matrices SISB RSISB0 

to facilitate 
switching from several non-ISB LCS to the ISB LCS (when the averaged 
rotation matrix was unavailable, this transformation defaulted to the 
identity matrix). To summarise, deviations in LCS axes’ orientation (D1) 
and direction (D2) were corrected or compensated using the following 
formula (1): 

PISB RDISB = PISB RPISB0⏟̅̅̅̅̅ ⏞⏞̅̅̅̅̅ ⏟

proximal

D2 correction

or compensation

⋅ PISB0 RP⏟̅̅̅ ⏞⏞̅̅̅ ⏟

proximal

D1 correction

⋅PRD⋅
( DISB0 RD

)T

⏟̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅⏟

distal

D1 correction

⋅
( DISB0 RDISB

)T

⏟̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅⏟

distal

D2 correction

or compensation

(1) 

where PRD represents the original transformation from the proximal to 
the distal LCS as constructed from the original dataset, while PISB RDISB is 
the transformation from the proximal to the distal LCS that strictly ad
heres to ISB recommendations, when possible. Joint kinematics was 
extracted from PISB RDISB . Correcting deviations in LCS origin (D3) re
quires the coordinates of the relevant ISB anatomical landmarks. When 
not available, these deviations were not corrected nor compensated. 
Deviations in Euler sequence (D4) were corrected by computing joint 
angles from the resulting rotation matrix PISB RDISB using the ISB-recom
mended Euler sequence.

Deviations in translations’ coordinate system (D5) were corrected by 
adapting previous transformations to express the translation from 
proximal to distal segment in the proximal LCS as follows: 

PISB tDISB=
PISB RPISB0

⋅diag(1,1, − 1 or 1)T⋅PISB0 RP⋅PtD (2) 

where PtD represents the translation of the distal segment from the 
original proximal LCS, while PISB tDISB adheres to the ISB recommenda
tions, when possible.

Correcting deviations in thoracohumeral joint angle (D6) requires 
the rotation matrices for the thoracohumeral joint to reinterpret angles. 
When not available, these deviations were not corrected nor 
compensated.

3. Results

3.1. Aggregation of original datasets

The search strategy allowed us to identify 20 datasets from 30 
original sources (peer-reviewed original papers, theses, conference 
proceedings). In most cases, the authors answered our emailed questions 
(18 out of 20, 90 %), and original data were obtained in half the cases 
(10 out of 20) while other original data was no longer available. The 
aggregation of original datasets with their 76 features is available to the 
community through an open dataset, called Spartacus, freely available 
(Moissenet et al., 2025).

The primary features of the original datasets are reported in Table 1. 
Datasets have been published regularly over the last two decades (from 
2000 to 2023). They are composed of a large variety in terms of 
experimental conditions, measurement methods, movement types, uni
planar humerus motions, and reported degrees of freedom (Fig. 1). 
Demographic data when available were gathered in the Supplementary 
Material 5.

3.2. Reporting of identified deviations from the ISB recommendations

Despite the ISB recommendations, the original datasets exhibited a 
considerable variety of LCS for each bony segment: 8 for the thorax, 8 for 
the clavicle, 11 for the scapula, and 8 for the humerus (Fig. 2). All these 
LCS have been synthetised, including details on axis construction (see 
Supplementary material 3 and Moissenet et al., 2025).

While 85 % (17 out of 20) of the included datasets are related to 
original sources published after the ISB recommendations for upper limb 
segment and joint coordinate systems (Wu et al., 2005) (i.e., after 2005), 
numerous occurrences of the six reported deviations from the ISB rec
ommendations are observed (Table 2, Fig. 3), with a prevalence of de
viations occurring at the segment level (61 %).

At the segment level (deviations D1, D2, and D3), the ISB recom
mendations were fully respected in only 35 % of cases for the thorax 
(7 out of 20), 22 % for the clavicle (2 out of 9), 35 % for the scapula 
(7 out of 20), and 42 % for the humerus (8 out of 19). It must be noted 
that two types of LCS were observed for the scapula, segment-based LCS 
defining the overall bony segment, and joint-based LCS focusing on the 
glenoid, i.e., the articular surface. Interestingly, 60 % (6 out of 10) 
imaging-based datasets used joint-based LCS. At the joint level, by 
cumulating proximal LCS deviations, distal LCS deviations, and joint- 
related deviations (D4, D5, and D6), the ISB recommendations were 
fully respected in only 25 % of cases for the sternoclavicular joint 
(2 out of 8), 0 % for the acromioclavicular joint (0 out of 5), 33 % for the 
scapulothoracic joint (5 out of 15), and 10 % for the glenohumeral joint 
(1 out of 10).

This results in various compliance scores with the ISB recommen
dations across joints and original datasets, for both rotations and 
translations (Fig. 4). Only 15 % (3 out of 20) of the original datasets 
demonstrated a median compliance score across all DoFs of 100 %. On 
average, the compliance scores were high for the sternoclavicular 
translations (83 %, but with the lowest related number of original 
datasets), medium for glenohumeral rotations (67 %), and low or very 
low for all other DoFs.

3.3. Correcting or compensating for deviations from the ISB 
recommendations

Correction of the deviations in LCS axes’ orientation (D1) resulted in 
39 adjustments distributed across 12 datasets (#1, #2, #4, #7, #8, #9, 
#10, #12, #15, #17, #18, #19). As the coordinates of the relevant ISB 
anatomical landmarks were not made available except in 2 datasets (#6, 
#14), correction of the deviations in LCS axes’ direction (D2) and in LCS 
origin (D3) were not corrected. Compensation of the deviations in LCS 
axes’ direction (D2) resulted in 13 adjustments distributed across 3 
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datasets (#7, #11, #19). Correction of the deviations in Euler sequence 
(D4) and translations’ coordinate system (D5) resulted in 16 corrections 
distributed across 9 datasets (#4, #8, #9, #10, #11, #12, #17, #18, 
#20) and 117 corrections distributed across 1 dataset (#14). As the 
rotation matrices for the thoracohumeral joint to reinterpret angles were 
not made available except in 3 datasets (#1, #6, #14), the deviations in 
thoracohumeral joint angle (D6) were not corrected.

The corrected datasets (where applicable) were used to generate 
kinematic series data that represent normal shoulder girdle kinematics 
during uniplanar humerus motions. All kinematic series can be explored 
through interactive charts (Moissenet et al., 2025). Users can filter the 
plotted kinematic series by joint, uniplanar humerus motions, and 
compliance score. An example is available in Fig. 5 concerning the 
scapulothoracic joint rotations during frontal, sagittal, and scapular 
plane elevations.

4. Discussion

The first aim of this study was to conduct a literature review and 
aggregation of available datasets reporting the 3D kinematics of the 
normal shoulder girdle during uniplanar humerus motions using gold- 
standard measurement methods. The second aim was to highlight dis
crepancies among the original datasets by assessing their compliance 
with the ISB recommendations. The third aim was to develop a meth
odology to correct or at least compensate for these discrepancies before 
aggregation.

We found that existing datasets are individually either too sparse or 
have sample sizes too small to support a comprehensive, population- 
wide analysis of normal shoulder girdle kinematics. Significant dis
crepancies were found across the original datasets, with limited 
compliance with the ISB recommendations, making direct comparisons 

Table 1 
Primary features of the original datasets listed in alphabetical order by author.

ID Authors1 Year2 Sources Data 
type

Experimental 
conditions

Gold-standard 
measurement 
method

Sample size 
(shoulders)

Type of 
movement

Uniplanar 
humerus 
motions

#1 Begon et al. 2014 Blache and Begon, 
2018; Dal Maso 
et al., 2014

Original In vivo Intracortical pins 2 Active 
dynamic

FRE, SAE, IER- 
0◦, IER-90◦

#2 Bourne et al. 2003 Bourne, 2009; 
Bourne et al., 2007

Digitised In vivo Intracortical pins 7 Active 
dynamic

FRE, HFL

#3 Chu et al. 2012 Chu et al., 2012 Digitised In vivo Biplane x-ray 
fluoroscopy

5 Active 
dynamic

FRE, SCE, IER- 
90◦

#4 Fung et al. 2001 Fung et al., 2001 Original Ex vivo Intracortical pins 5 Passive 
dynamic

FRE, SCE, SAE

#5 Gutierrez 
Delgado et al.

2017 Gutierrez Delgado 
et al., 2017

Original Ex vivo Intracortical pins 1 Passive 
dynamic

FRE, SAE

#6a, 
#6b, 
#6c3

Henninger 
et al.

2020 Aliaj et al., 2022, 
2021; Kolz et al., 
2021, 2020

Original In vivo Biplane x-ray 
fluoroscopy

20 Active 
dynamic

FRE, SCE, SAE, 
IER-0◦, IER-90◦

#7 Karduna et al. 2000 Karduna et al., 2000; 
McClure et al., 2001

Original In vivo Intracortical pins 8 Active 
dynamic

SCE, SAE, IER- 
90◦

#8 Kijima et al. 2015 Kijima et al., 2015 Digitised In vivo Single-plane x-ray 
fluoroscopy

7 Active 
dynamic

SCE

#9 Kim et al. 2017 Kim et al., 2017 Digitised In vivo Single-plane x-ray 
fluoroscopy

15 Active 
dynamic

SCE

#10 Kozono et al. 2017 Kozono et al., 2017 Digitised In vivo Single-plane x-ray 
fluoroscopy

10 Active 
dynamic

SCE, IER-0◦

#11 Ludewig et al. 2009 Lawrence et al., 
2014; Ludewig et al., 
2009

Original In vivo Intracortical pins 12 Active 
dynamic

FRE, SCE, SAE

#12 Matsuki et al. 2011 Matsuki et al., 2014, 
2012, 2011

Original In vivo Single-plane x-ray 
fluoroscopy

24 Active 
dynamic

SCE

#13 Matsumura 
et al.

2013 Matsumura et al., 
2013

Digitised Ex vivo Intracortical pins 14 Passive 
dynamic

FRE, SCE, SAE

#14 Moissenet 
et al.

2023 Moissenet, 2023; 
Moissenet et al., 
2023

Original Ex vivo Intracortical pins 10 Passive 
dynamic

SCE, SAE, HFL, 
IER-0◦

#15 Nishinaka 
et al.

2008 Nishinaka et al., 
2008

Digitised In vivo Single-plane x-ray 
fluoroscopy

9 Active 
dynamic

SCE

#16 Oki et al. 2012 Oki et al., 2012 Digitised Ex vivo Intracortical pins 14 Passive 
dynamic

FRE, SAE, HFL

#17 Sahara et al. 2006 Sahara et al., 2007, 
2006

Digitised In vivo MRI 14 Active quasi- 
static

FRE

#18 Sugi et al. 2021 Sugi et al., 2021 Original In vivo Single-plane x-ray 
fluoroscopy

35 Active 
dynamic

SCE

#19 Teece et al. 2008 Teece et al., 2008 Digitised Ex vivo Intracortical pins 13 Passive 
dynamic

SCE

#20 Yoshida et al. 2023 Yoshida et al., 2023 Original In vivo 4DCT 20 Active 
dynamic

SAE

FRE: Frontal plane elevation; HFL: Horizontal flexion; IER-0◦: Internal-external rotation at 0◦ of frontal plane elevation; IER-90◦: Internal-external rotation at 90◦ of 
frontal plane elevation; SAE: Sagittal plane elevation; SCE: Scapular plane elevation.

1 When the dataset was linked to a single source or multiple sources with the same first author, the first author’s name was reported. When the dataset was linked to 
multiple sources with various first authors, the more representative author’s name was reported.

2 In case of multiple sources, the year related to the first publication is reported.
3 The dataset from Henninger et al. is available with three versions of the scapula local coordinate system: #6a follows ISB recommendations, #6b uses inferior 

angle, most dorsal point on the acromioclavicular joint, and trigonum spinae landmarks, and #6c uses inferior angle, glenoid centre, and trigonum spinae landmarks. 
However, datasets #6b and #6c are only provided in Spartacus for comparison purposes and were not considered in the present analyses.
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challenging. To address these discrepancies, we proposed a set of 
mathematical correction methods using a systematic, well-documented 
procedure, allowing for more reliable data comparisons. We have 
combined 20 original datasets into an open-access dataset, named 
Spartacus, which is available for future research.

4.1. Original datasets

In line with our first aim, we identified 20 original datasets from 
30 sources, covering the 24 shoulder girdle DoFs (4 joints × 6 DoFs per 
joint). These datasets encompass various experimental conditions 
(i.e., in vivo, ex vivo), measurement methods (i.e., intracortical pins, 3D 
imaging), types of movements (i.e., quasi-static, passive dynamic, active 
dynamic), uniplanar humerus motions (i.e., elevation in several planes, 
internal-external rotations, horizontal flexion). However, these datasets 
are too sparse or have insufficient sample sizes to enable a population- 
wide analysis of normal shoulder girdle kinematics. Aggregating these 
original datasets has resulted in an open dataset, called Spartacus 
(Moissenet et al., 2025). This dataset aims at 1) facilitating comparisons 
between datasets derived from both ex vivo and in vivo experiments with 
varying measurement and kinematic processing methods, and 2) 
enabling a more comprehensive understanding of normal shoulder gir
dle kinematics.

Most datasets (14 out of 20) in Spartacus were acquired from in vivo 
experimental conditions. While ex vivo conditions are valuable for 

detailed anatomical studies, they are limited to passive motions. In 
contrast, in vivo datasets capture passive and active movements, with 
preserved muscle activity. This makes them more suitable for mean
ingful comparisons with common non-invasive measurement methods 
used across healthy and pathological populations, enhancing their 
clinical and biomechanical relevance.

About half studies (9 out of 20) in Spartacus are based on imaging 
technologies although intracortical bone pins, tracked by conventional 
motion capture systems, have long been considered the gold-standard 
for kinematic measurements. Recent studies have increasingly relied 
on imaging techniques. This shift is likely due to both the invasiveness of 
intracortical bone pins (Hajizadeh et al., 2019) and recent advance
ments in dynamic imaging technologies (Kwong et al., 2015; Setliff and 
Anderst, 2024). These advancements reduce reliance on invasive 
methods and offer greater participant comfort while maintaining high 
accuracy in capturing joint kinematics. It is expected that the use of 
imaging-based measurement methods, leading to joint-based LCS (see 
section 3.2), will continue to grow in the future with the challenge of 
allowing data comparison with segment-based LCS, recommended by 
the ISB and often applied when using marker-based or markerless mo
tion capture, and inertial measurement units. Therefore, the extension of 
the average rotation matrices proposed by Kolz et al. (2020) to the joint- 
based LCS would allow such comparisons.

Although functional motions more accurately reflect activities of 
daily living (ADLs), uniplanar humerus motions are generally preferred 

Fig. 1. Composition of the original datasets, including experimental conditions, measurement methods, movement types, uniplanar humerus motions, and reported 
degrees of freedom. Note: the full list of the 76 extracted features is provided on the GitHub repository (Moissenet et al., 2025).
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in clinical biomechanics because they allow for a clearer description of 
shoulder rhythm (Krishnan et al., 2019). Motions such as touching the 
head or reaching for an object were excluded from Spartacus for this 
reason. Joint kinematics of uniplanar humerus motions are easier to 
interpret, as most variations occur at a single Euler angle of the thor
acohumeral joint, simplifying the analysis of shoulder movement. 
Elevation movements, particularly scapular plane elevation, were a 
primary focus in the datasets, likely because of their strong association 
with shoulder disorders like rotator cuff tears and impingement syn
dromes (McClure et al., 2006). In the future, records related to ADLs in 
the included datasets will be reported as additional metadata, further 
enhancing data availability.

Concerning the reported DoFs, it must be noted that only two data
sets (#1, #14) included all DoFs, with 2 shoulders analysed in vivo and 
10 shoulders ex vivo, respectively. Most studies focused on joint rota
tions, except for the glenohumeral joint, where rotations and trans
lations were examined. Understanding glenohumeral translations in 
healthy individuals is essential for identifying pathomechanisms such as 
the ones caused by rotator cuff tears that can alter load distribution and 
cause superior humeral head translation, compromising glenohumeral 
stability (Longo et al., 2012). Nevertheless, the literature highlighted the 
need for detailed kinematic data to assess injuries and the biomechanical 
impact of treatments on other shoulder joints, such as the acromiocla
vicular joint (Peeters et al., 2021; Reid et al., 2012). While under
standing acromioclavicular joint translations is clinically relevant 
(Peeters et al., 2021), they were often excluded from kinematic analysis 
or limited to ex vivo studies. Only two datasets (#1, #17) reported 
reference in vivo acromioclavicular joint translations. Overall, acro
mioclavicular joint assessment is often excluded from in vivo analyses. 
Whereas imaging/ionising techniques (e.g., CT, fluoroscopy) are 

generally preferred over intracortical bone pins for healthy participants, 
they are not recommended for the thorax region, particularly because 
the thyroid gland, located near the clavicle, is highly sensitive to radi
ation. The availability of more complete gold-standard datasets is crit
ical for clinicians to assess treatment protocols and ultimately improve 
patient outcomes.

Among the reported DoFs, scapulothoracic rotations were the most 
extensively studied. Their significant impact on shoulder mobility (e.g., 
scapulohumeral rhythm (Yano et al., 2010)), stability (Von Eisenhart- 
Rothe et al., 2005), and their role in injury prevention and rehabilita
tion (e.g., scapular dyskinesis management (Kibler, 2003)) may explain 
this focus. Additionally, the traditional difficulty in measuring the 
scapular motion has contributed to this emphasis, as early studies relied 
on invasive methods such as intracortical pins (e.g., Dal Maso et al., 
2014), while more recent advances in imaging have enabled more ac
curate assessments without soft tissue artefact (e.g., Kolz et al., 2021). 
The scapulothoracic joint also presents considerable challenges in 
biomechanical modeling, with its validation remaining a major hurdle 
for clinical application (Hu et al., 2020; Naaim et al., 2017; Seth et al., 
2016).

4.2. Compliance with the ISB recommendations

The ISB recommendations have been a key reference for reporting 
joint kinematics over the past two decades. In line with our second aim, 
the present study identified six deviations leading to non-equivalent 
local coordinate systems and joint kinematics computation methods. 
These deviations have hindered the comparability of joint kinematics 
between studies.

Fig. 2. Variety of scapula local coordinate systems identified across the original datasets (ISB: International Society of Biomechanics). Other tables for the thorax, the 
clavicle, and the humerus are available in supplementary materials.
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4.2.1. Non-equivalent local coordinate systems
Deviations D1 (LCS axis orientation), D2 (LCS axis direction), and D3 

(LCS origin) stand for differences in defining the LCS, leading to non- 
equivalent LCS across studies. Deviations D1 and D2 affect the compu
tation of the 6-DoF kinematics of each shoulder joint, whereas deviation 
D3 only impacts joint translations. All these deviations were observed in 
most original datasets. But beyond the compliance with the ISB rec
ommendations, the original datasets exhibited a considerable variety of 
LCS for each bony segment (8 for the thorax, clavicle, and humerus, 11 
for the scapula). Such discrepancies are highly detrimental to the 

research community, making data comparison extremely challenging or 
even impossible. Several factors that may have led to these deviations 
are discussed below, along with recommendations to facilitate data 
comparison.

Concerning the deviation D1 (LCS axis orientation), one factor can be 
attributed to the former conventions “y-up” and “z-up” which define the 
inferosuperior axis (pointing superiorly). The “y-up” convention has 
been promoted by the ISB recommendations (Cereatti et al., 2024; Wu 
et al., 2005, 2002), while the “z-up” convention has been promoted 
notably by the Conventional Gait Model (also known as the Plug-in Gait 
model) (Leboeuf et al., 2019), another widely used reference for 
reporting joint kinematics of lower limbs. When the ISB recommenda
tions cannot be strictly applied, the impact of deviation D1 on data 
comparison can be corrected or minimised by clearly defining and 
consistently reporting the axis labelling conventions in all documents 
associated with a dataset (Kontaxis et al., 2009).

Concerning the deviations D2 (LCS axis direction) and D3 (LCS 
origin), a first factor can be attributed to the selection of anatomical 
landmarks used to construct each LCS. The variations outlined below are 
primarily driven by the need to simplify measurements or calculations. 
For the thorax, the spinous process landmarks were either selected as T1 
(please refer to Supplementary material 3 for bony landmark defini
tions) instead of C7 (#1, #7), or T7/T10 instead of T8 (#1, #2, #3, #7). 
These decisions are influenced by several thorax models proposed in the 
literature, leading to known kinematic discrepancies (Armand et al., 
2014; Leardini et al., 2009). Additionally, some datasets (#2, #7) 
excluded the xiphoid process (PX). This choice is often made due to 
discomfort during palpation, particularly in female participants (Pain 
et al., 2019), and because of occlusions caused by bras (Ulman et al., 
2024). For the clavicle, the definition proposed by the ISB recommen
dations for the anteroposterior axis, perpendicular to both the clavicle 
mediolateral axis and the thorax inferosuperior axis, was often modified 
(see Supplementary material 3) when invasive or ionising methods 
allowed for direct measurements (#4, #5, #12). For the scapula, the 
acromial angle (AA) was replaced in several datasets (#1, #2, #3, #5, 
#6, #7, #10, #11, #13, #14, #16, #19, #20) by the most dorsal point 
on the acromioclavicular joint (AC) or the glenoid centre (GC), as 
already pointed out by some recent comparison studies (Kolz et al., 
2020; Lawrence et al., 2022; Ludewig et al., 2010). While AC was 
initially proposed by van der Helm (Van der Helm, 1997), it was 
replaced by AA in the ISB recommendations to prevent gimbal lock (Wu 
et al., 2005). In contrast, GC provides better alignment with the centre of 
the humeral head (De Wilde et al., 2010; Ohl et al., 2015) and results in a 
better agreement with the instantaneous helical axis, without experi
encing gimbal lock (Lawrence et al., 2022). This highlights the advan
tages of imaging-based measurement methods for accurately locating 
non-palpable landmarks. It must be noted here that selecting GC over 
AA can result in differences in ST joint rotations of up to 23◦ (Kolz et al., 
2020). When strict application of ISB recommendations is not feasible, 
the impact of these deviations on data comparison can be corrected by 
including additional virtual landmarks in the dataset. These landmarks 
can be recorded during a calibration trial (Trinler and Baker, 2018), via 
stylus digitisation (Ludewig et al., 2009), or using imaging measure
ments (Morrissey et al., 2008), creating a shared minimal set of land
marks across studies to enable consistent re-computation of joint 
kinematics. In cases where such landmarks are unavailable, a compen
sation approach using averaged rotation matrices, such as those pro
posed by Kolz et al. (2020), can facilitate conversion between different 
LCS. This method could also be extended using statistical shape models 
to account for inter-subject variability (Huang et al., 2022).

Still concerning the deviations D2 (LCS axis direction) and D3 (LCS 
origin), a second factor can be attributed to the construction of each LCS 
using geometric features, such as cylinders or planes, instead of 
anatomical landmarks. Such an approach allows for more consistent 
anatomical axis construction that can possibly be semi-automatised 
(Vlachopoulos et al., 2016). However, it is restricted to the use of 

Table 2 
Deviations from the International Society of Biomechanics (ISB) recommenda
tions (Wu et al., 2005), correction or compensation applied in this study, and 
recommendations to avoid them.

ID Deviation About Correction or 
compensation 
applied

Recommendations 
to avoid it

D1 1 Orientation of 
the LCS axes

Corrected by 
applying a 
rotation matrix 
which adjusted 
the orientation 
of the distal (or 
proximal) LCS 
axes with an 
intermediate 
ISB-oriented 
frame

Clear definition and 
consistent reporting 
of the axis labelling 
conventions in all 
documents 
associated with a 
dataset

D2 2 Method for 
constructing at 
least one LCS axis

Compensated 
using the 
averaged 
rotation 
matrices 
proposed by 
Kolz et al. (2020)
for the scapula 
LCS

Sharing of motion 
capture data and 
bone surface models 
to facilitate 
kinematics re- 
computations

D3 3 LCS origin Not corrected 
nor 
compensated

Sharing of motion 
capture data and 
bone surface models 
to facilitate 
kinematics re- 
computations

D4 4 Euler sequence 
used to express 
joint rotations

Corrected by 
computing joint 
rotations from 
the resulting 
rotation matrix 
using the Euler 
sequence 
recommended 
by the ISB

Sharing of average 
quaternions or 
rotations matrices to 
express joint 
rotations in a 
common coordinate 
system

D5 5 Coordinate 
system used to 
express joint 
translations

Corrected by 
adapting 
previous 
transformations 
to express the 
translation from 
proximal to 
distal segment in 
the proximal LCS

Sharing of average 
transformation 
matrices to express 
joint translations in a 
common coordinate 
system

D6 6 Thoracohumeral 
joint angle 
computation 
describing 
humerus motion

Not corrected 
nor 
compensated

Generalising the use 
of a 3D angle to 
describe the 
humerus motion, 
allowing a common 
practice across 
measurement 
methods, and better 
reflecting the 
achieved 3D motion

ISB: International Society of Biomechanics; LCS: Local coordinate system.

F. Moissenet et al.                                                                                                                                                                                                                              Journal of Biomechanics 189 (2025) 112642 

7 



imaging-based measurement methods. For the thorax, clavicle, and 
humerus, best-fit cylinders suited to the spinal canal (#4), the distal part 
of the clavicle (#17), and the humerus diaphysis (#8, #9, #12, #18) 
were used to define the thorax inferosuperior axis, the clavicle medio
lateral axis, and the humerus inferosuperior axis, respectively. For the 
scapula, a best-fit plane (#8, #9, #12, #15, #17) and a best-fit ellipse 
(#4), suited to the glenoid contour, were used to define a glenoid-based 
coordinate system. Indeed, glenoid-based coordinate systems provide a 
more precise and clinically relevant reference for describing joint ki
nematics, especially GH joint translations, than the ISB scapula-based 
LCS. Although there appears to be a consensus in utilising the major 
and minor glenoid axes, their definition varies among studies. For the 
humerus, geometrical methods involving the neck-shaft plane (#18) or 
the intertubercular groove (#8, #9, #12) were also employed when 
epicondyles could not be localized. For example, imaging approaches 
may have a restricted field of view or use a limited scanning area to 
minimize participant ionization, leading to further inconsistencies in 
defining LCS axes (#8, #9, #12, #18). Furthermore, in ex vivo experi
ments, the humerus is sometimes transected to facilitate manipulation 
by a serial robot (#14). When strict application of ISB recommendations 
is not feasible, the impact of these deviations on data comparison can be 
minimised by sharing motion capture data and bone surface models (as 
observed in #6 and #14), which facilitates kinematics re-computations.

Despite the advantages of imaging methods, all reported imaging- 
based datasets (#8, #9, #10, #12, #15, #17, #18) except one (#20) 
skipped defining a thorax LCS, instead expressing sternoclavicular and 
scapulothoracic joint kinematics based on the imaging system’s refer
ence. This highlights a significant limitation of imaging-based mea
surement methods, due to a restricted field of view, potentially affecting 

the comprehensiveness of joint kinematic analyses. In this case, the ISB 
recommendations cannot be applied to the sternoclavicular, scap
ulothoracic, and thoracohumeral joints, leading to irreparable offsets. 
However, the impact of these deviations on data comparison can be 
minimised by combining multiple measurement methods, when 
possible, to establish a thorax LCS definition (Kolz et al., 2021).

4.2.2. Non-equivalent joint kinematics computation methods
Deviations D4 (Euler sequence), D5 (translation coordinate system), 

and D6 (TH joint angle) stand for calculation differences, leading to non- 
equivalent joint kinematics computation methods across studies. De
viations D4 and D5 specifically affect joint rotations and translations, 
respectively, but deviation D6 introduces biases in comparing data 
across the 6 DoFs. While deviations D4 and D6 were observed in several 
original datasets, deviation D5 was only observed in one original dataset 
(#14). These three deviations are mainly led by modelling choices that 
can imply numerical issues.

The selection of Euler sequences has been frequently debated in the 
literature (Phadke et al., 2011; Šenk and Chèze, 2006) and is one factor 
leading to deviation D4 (Euler sequence). In the present study, the de
viation D4 was observed in all joints, but most frequently for the gle
nohumeral joint (#8, #10, #11, #12, #14, #18, #20). Indeed, the ISB- 
recommended YX’Y’’ sequence (Y representing the plane of elevation, 
0◦ for abduction and 90◦ for flexion, X’ the elevation angle (negative), 
and Y’’ the humeral axial rotation) has faced criticism due to its sus
ceptibility to gimbal lock (Phadke et al., 2011; Šenk and Chèze, 2006). 
Moreover, extracting angles based on a YX’Y’’ sequence often produces 
values outside physiological ranges, due to issues with non-uniqueness 
and standard matrix identification methods that fail to yield 

Fig. 3. Deviations from the International Society of Biomechanics (ISB) recommendations (Wu et al., 2005) identified for each original dataset at both segment and 
joint levels.
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interpretable results (see the work of Aliaj et al. (2021) for a reliable 
alternative). Hence, there is no universally ideal sequence for describing 
glenohumeral joint rotations across all ranges and planes. For instance, 
alternative sequences like YX’Z’’, ZX’Y’’, and XZ’Y’’ (according to the 
ISB axis definition) are more suitable for specific movements (Šenk and 
Chèze, 2006). While the choice of Euler sequences may be justified by 
experimental conditions (and is probably the most reasonable reason not 
to use the ISB recommendations), it complicates comparisons of joint 
rotations across studies, particularly affecting computed angular am
plitudes (Karduna et al., 2000). When the ISB recommendations are 
respected, the impact of this deviation on data comparison can be cor
rected or minimised by encouraging data sharing, such as quaternions or 
rotation matrices, to re-compute joint rotations with the ISB- 
recommended Euler sequence (or any other Euler sequence).

Two approaches for expressing the joint translations have been 
promoted by the ISB recommendations, depending on the joint of in
terest (Wu et al., 2005) and may partly explain deviation D5 (trans
lation coordinate system). On one hand, for the radioulnar, 
interphalangeal, metacarpophalangeal, intercarpal, radiocarpal, and 
carpometacarpal joints (as well as for the lower limb and spine joints 
(Wu et al., 2002)), the joint coordinate system (JCS) is recommended 
to express the joint translations. While allowing to express joint 
translations along the axes used to report joint rotations, this approach 
requires a method to express any 3D vector in a non-orthogonal co
ordinate system (such as the JCS) (Desroches et al., 2010; Dumas et al., 

2012). On the other hand, for the scapulothoracic, acromioclavicular, 
and glenohumeral joints, the proximal LCS is recommended to express 
the joint translations. It must be noted that no recommendation was 
made for the scapulothoracic and thoracohumeral joints. All reported 
datasets except one (#14) used the proximal LCS to express the joint 
translations. In the dataset #14, the approach proposed by Desroches 
et al. (2010) was used to achieve a non-orthogonal coordinate system 
projection and applied to all joints of the shoulder girdle, including the 
scapulothoracic joint. When the ISB recommendations are not respec
ted, the impact of this deviation on data comparison can be corrected 
or minimised by encouraging data sharing, such as homogeneous 
matrices, to re-compute joint translations with the ISB-recommended 
coordinate system (or any other coordinate system).

The measurement and calculation of the thoracohumeral joint angle 
varies in practice and lead to the deviation D6 (thoracohumeral angle). 
In imaging-based datasets lacking a thorax LCS, researchers have fallen 
back on computing the 3D angle between the longitudinal humeral axis 
and the imaging system’s vertical axis (#5, #8, #9, #12, #15, #18) or 
determining arm angle with goniometers (#17). Moreover, the chosen 
Euler angle was not mentioned in all of the 13 datasets using an YX’Y’’ 
sequence or equivalent (#1, #2, #3, #4, #6, #7, #10, #11, #13, #14, 
#16, #19, #20) and was thus guessed during the processing. In the case 
of elevation movements, we expect to express the main thoracohumeral 
motion around X’, whereas Y’’ is chosen for analysing internal-external 
rotation movements. It is also accepted to display and analyse joint 

Fig. 4. Compliance scores with the International Society of Biomechanics (ISB) recommendations (Wu et al., 2005) obtained for each original dataset (and the 
median value), for each joint, and for both rotations and displacements, in percentage (100%, of the 6 related deviations, corresponds to a dataset applying strictly 
the ISB recommendations, i.e., no deviation. An empty column means that the degree of freedom was not considered in the dataset. Scapulothoracic translations are 
not defined in the ISB recommendations). The median compliance score across all degrees of freedom is also reported.
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angles or translations as a function of a single thoracohumeral joint 
angle as this chosen angle best represents the global humerus motion. 
This approach is clinically relevant and appropriate for interpretations 
of the analytical motions reported in Spartacus but is insufficient for 
more complex motions. No ISB recommendation currently exists for this 
practice. Analyses based on a single thoracohumeral angle should be 
defined by systematically measuring it in 3D, specifying the Euler 
sequence used for calculation, and clearly reporting the chosen angle. 
Additionally, sharing the global orientation of the humerus would help 
to correct or compensate deviations and provide a more accurate 3D 
motion, paving the way for future studies.

To summarise, this study highlighted significant discrepancies 
among original datasets and limited compliance with the ISB recom
mendations, making direct comparisons particularly challenging. A key 
strength of Spartacus is the mathematical correction of these deviations 
using a systematic, well-documented procedure, enabling more reliable 
data comparisons, and discussed hereafter.

4.3. Unified convention for kinematics re-processing

Significant efforts were dedicated to unifying datasets by gathering 
the information needed for kinematic re-processing, to merge data and 
compare them. However, only deviations D1 (LCS axis orientation), D4 
(Euler sequence), and D5 (translation coordinate system) could be sys
tematically corrected. Other deviations were only at best compensated, 
leaving the appreciation to the user of Spartacus to evaluate if it is enough 
to be considered as confident data. A compliance score was provided for 
each dataset to help the user in this choice. This issue could be avoided by 
promoting good practices in open science. Indeed, most authors only 
share data as kinematic series reported as curves and representing the 
mean values across participants. For Spartacus, these curves were 
manually digitised in 10 out of 20 datasets. Unfortunately, Euler angles 
are not independent of each other and treating them as vectors (e.g., 
subtraction or mean) leads to mathematically flawed and incorrect in
terpretations (Michaud et al., 2014; Woltring, 1991), especially after the 
corrections required to respect the ISB recommendations. Sharing 

average quaternions for means or Euler angles for each participant would 
better maintain the accuracy and integrity of kinematic data. In line with 
open science, providing full access to raw datasets, analysis code, and 
detailed methodologies (e.g., datasets #6 and #14) ensures reproduc
ibility, fosters collaboration, and accelerates progress across the field.

Correction methods for the deviations D2 (LCS axis direction) and D3 
(LCS origin) would necessitate for each participant either 1) extra 
anatomical landmark coordinates or 2) raw motion capture data 
together with bone surface models to re-identify these landmarks or 
geometrical features. Unfortunately, only two original datasets (#6, 
#14) included bone surface models, and none provided additional 
anatomical landmarks beyond those used to define original LCS. As a 
result, deviation D3 could not be corrected nor compensated, and de
viation D2 was compensated, when possible, using the method proposed 
by Kolz et al. (2020). While simple and demonstrating good accuracy 
(4.0 ± 3.0◦ error in scapulothoracic kinematics (Kolz et al., 2020)), this 
approach falls short of true correction. This is because it relies on 
rotation matrices averaged across a population, whereas providing 
additional anatomical landmarks would allow for the true calculation of 
ISB-oriented LCS and kinematics. Extending this method to other LCS, 
particularly glenoid-based systems and other bones, could be valuable. 
Notably, the same approach has already been applied to the humerus 
LCS by Sulkar et al. (2021), though the proposed rotation matrices did 
not apply to the present datasets.

To introduce population-based variability, statistical shape models 
could be used to generate a set of bone surface models, annotated with 
anatomical landmarks, to compute average rotation matrices allowing 
the transformation from a LCS to another one. Although this approach 
would be more challenging for the clavicle due to its high shape vari
ability (Bernat et al., 2014), it could significantly benefit the thorax 
regarding the multiple spinal processes used to define its LCS.

Overall, this study lays the foundation for a broader consideration on 
best practices in data sharing and correction/compensation methods for 
kinematics re-processing. The systematic, well-documented procedure 
facilitates the comparison and merging of data and could be adapted to 
other joints.

Fig. 5. Frontal, sagittal, and scapular plane elevation angles from consolidated datasets following the International Society of Biomechanics recommendations (Wu 
et al., 2005). Ex vivo measurements are shown in warm colors.
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4.4. Limitations

This study has several limitations. First, we did not conduct a sys
tematic review. Some datasets might thus be omitted. Furthermore, some 
additional datasets have been published by the time this paper was 
reviewed, such as a more complete dataset proposed by Henninger 
(2024). However, a framework is now available within Spartacus and the 
community is welcome to contribute. Second, each deviation might not 
have the same impact on joint kinematics. However, current datasets do 
not allow for establishing hierarchy or metric. The impact of each devi
ation could be quantified using a unique dataset allowing to compute 
joint kinematics using all observed variations in LCS definition and in 
joint kinematics computation. Furthermore, we observed that the kine
matic consequences of these deviations produced errors of similar mag
nitudes to the inter-participant variability, making it more challenging to 
identify individual contributions and reinforcing the need to avoid such 
deviations. Third, the present study only focused on datasets related to 
gold-standard measurement methods. Thus, it does not necessarily reflect 
deviations in overall practice when non-invasive and non-ionising mea
surement methods are used. Techniques such as optical marker tracking, 
inertial measurement units, or markerless motion tracking constitute a 
significantly larger portion of the literature on shoulder kinematics. It 
would thus be interesting to perform a larger review to observe how much 
the ISB recommendations are applied and if a revised version would be 
required to better fill the current needs of the community.

4.5. Conclusion

This study provides an aggregation of 20 original datasets consisting 
of recordings from 245 shoulders measured using 5 different measure
ment methods and during 6 different uniplanar humerus motions. The 
aggregated data will 1) enable a more comprehensive understanding of 
normal shoulder girdle kinematics and 2) facilitate comparisons be
tween datasets derived from both ex vivo and in vivo experiments with 

varying measurement and kinematic processing methods. More impor
tantly, the authors claim the need for more conventional reporting, 
through a unified checklist (an example is provided in Supplementary 
material 4), the generalisation of homogeneous matrix sharing, and 
perhaps the need for a revision of the current ISB recommendations. 
Such a revision should establish a clear framework enabling the data 
comparison across multiple measurement methods and experimental 
conditions, as well as the reprocessing of data.
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Appendix A 

To handle data collected from left shoulders, an additional correction was applied by converting the rotation matrix PRD from the left side to the 
right side. This adjustment ensures consistency when comparing datasets as if they were collected from right shoulders. This process is equivalent to 
converting to a left-handed rotation matrix by applying the following transformation: 
PRright

D = diag(1,1, − 1)⋅PRleft
D ⋅diag(1,1, − 1)T (3) 

where diag(k) represents a diagonal matrix where all diagonal elements are k, and all off-diagonal elements are zero.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jbiomech.2025.112642.

Data availability

The reader can find the following five documents as supplementary 
materials:

(SM1) a summary of the ISB recommendations
(SM2) an explanatory note on the compliance metric
(SM3) definition of all LCS found in this review
(SM4) a checklist for experimenters to ensure a proper kinematic 

reprocessing of their shoulder kinematic data
(SM5) the demographic data from the included studies

The Spartacus dataset and the code used to correct or compensate for 
the observed deviations are open-sourced and freely available on the 
following GitHub repository: https://github.com/Spartacus-shoulder- 
kinematics-dataset/shoulder-kinematics.
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Fürnstahl, P., 2016. Computer algorithms for three-dimensional measurement of 
humeral anatomy: analysis of 140 paired humeri. J. Shoulder. Elbow. Surg. 25, 
e38–e48. https://doi.org/10.1016/j.jse.2015.07.027.

Von Eisenhart-Rothe, R., Matsen, F.A., Eckstein, F., Vogl, T., Graichen, H., 2005. 
Pathomechanics in atraumatic shoulder instability: scapular positioning correlates 
with humeral head centering. Clin. Orthopaedics Related Res. NA 82–89. https:// 
doi.org/10.1097/01.blo.0000150338.27113.14.

Woltring, H.J., 1991. Representation and calculation of 3-D joint movement. Hum. Mov. 
Sci. 10, 603–616. https://doi.org/10.1016/0167-9457(91)90048-3.

Wu, G., Siegler, S., Allard, P., Kirtley, C., Leardini, A., Rosenbaum, D., Whittle, M., 
D’Lima, D.D., Cristofolini, L., Witte, H., Schmid, O., Stokes, I., 2002. ISB 
recommendation on definitions of joint coordinate system of various joints for the 
reporting of human joint motion—part I: ankle, hip, and spine. J. Biomech. 35, 
543–548. https://doi.org/10.1016/S0021-9290(01)00222-6.

Wu, G., Van Der Helm, F.C.T., (DirkJan) Veeger, H.E.J., Makhsous, M., Van Roy, P., 
Anglin, C., Nagels, J., Karduna, A.R., McQuade, K., Wang, X., Werner, F.W., 
Buchholz, B., 2005. ISB recommendation on definitions of joint coordinate systems 
of various joints for the reporting of human joint motion—Part II: shoulder, elbow, 
wrist and hand. Journal of Biomechanics 38, 981–992. Doi: 10.1016/j. 
jbiomech.2004.05.042.

Yano, Y., Hamada, J., Tamai, K., Yoshizaki, K., Sahara, R., Fujiwara, T., Nohara, Y., 2010. 
Different scapular kinematics in healthy subjects during arm elevation and lowering: 
Glenohumeral and scapulothoracic patterns. J. Shoulder. Elbow. Surg. 19, 209–215. 
https://doi.org/10.1016/j.jse.2009.09.007.

Yoshida, Y., Matsumura, N., Miyamoto, A., Oki, S., Yokoyama, Y., Yamada, M., 
Yamada, Y., Nakamura, M., Nagura, T., Jinzaki, M., 2023. Three-dimensional 
shoulder kinematics: Upright four-dimensional computed tomography in 
comparison with an optical three-dimensional motion capture system. 
J. Orthopaedic. Res. 41, 196–205. https://doi.org/10.1002/jor.25342.

F. Moissenet et al.                                                                                                                                                                                                                              Journal of Biomechanics 189 (2025) 112642 

13 

https://doi.org/10.1016/j.jse.2012.02.006
https://doi.org/10.1016/j.jse.2012.02.006
https://doi.org/10.1093/ptj/86.8.1075
https://doi.org/10.1067/mse.2001.112954
https://doi.org/10.1080/10255842.2012.696104
https://doi.org/10.1080/10255842.2012.696104
https://doi.org/10.5281/zenodo.597553
https://doi.org/10.5281/zenodo.597553
https://doi.org/10.5281/zenodo.8146966
https://doi.org/10.5281/zenodo.8146966
https://doi.org/10.5281/zenodo.15161084
https://doi.org/10.5281/zenodo.15161084
https://doi.org/10.1016/j.math.2007.07.009
https://doi.org/10.1016/j.jbiomech.2017.01.031
https://doi.org/10.3390/publications10030021
https://doi.org/10.1016/j.jse.2007.05.018
https://doi.org/10.1123/JAB.2013-0310
https://doi.org/10.1177/0363546512458571
https://doi.org/10.1038/s41598-023-36625-z
https://doi.org/10.1080/09638288.2018.1451924
https://doi.org/10.1080/09638288.2018.1451924
https://doi.org/10.1177/03635465211053016
https://doi.org/10.1177/03635465211053016
https://doi.org/10.1016/j.jbiomech.2010.10.042
https://doi.org/10.1007/BF03262288
https://doi.org/10.1002/jor.20208
https://doi.org/10.1002/jor.20407
https://doi.org/10.1016/j.clinbiomech.2005.09.007
https://doi.org/10.1016/j.clinbiomech.2005.09.007
https://doi.org/10.1371/journal.pone.0141028
https://doi.org/10.1371/journal.pone.0141028
https://doi.org/10.1002/jor.25806
https://doi.org/10.1002/jor.25806
https://doi.org/10.1016/j.jseint.2021.07.005
https://doi.org/10.1016/j.gaitpost.2021.09.180
https://doi.org/10.1016/j.gaitpost.2021.09.180
https://doi.org/10.2519/jospt.2008.2386
https://doi.org/10.2519/jospt.2008.2386
https://doi.org/10.1016/j.medengphy.2017.10.015
https://doi.org/10.1016/j.medengphy.2017.10.015
https://doi.org/10.3389/fspor.2024.1429822
https://doi.org/10.3389/fspor.2024.1429822
https://doi.org/10.1016/j.jse.2015.07.027
https://doi.org/10.1097/01.blo.0000150338.27113.14
https://doi.org/10.1097/01.blo.0000150338.27113.14
https://doi.org/10.1016/0167-9457(91)90048-3
https://doi.org/10.1016/S0021-9290(01)00222-6
https://doi.org/10.1016/j.jse.2009.09.007
https://doi.org/10.1002/jor.25342

	Spartacus: A review and aggregation of reference datasets reporting the normal shoulder girdle kinematics during uniplanar  ...
	1 Introduction
	2 Methods
	2.1 Review and aggregation of original datasets
	2.2 Identification of deviations from ISB recommendations
	2.3 Correcting or compensating for deviations from the ISB recommendations

	3 Results
	3.1 Aggregation of original datasets
	3.2 Reporting of identified deviations from the ISB recommendations
	3.3 Correcting or compensating for deviations from the ISB recommendations

	4 Discussion
	4.1 Original datasets
	4.2 Compliance with the ISB recommendations
	4.2.1 Non-equivalent local coordinate systems
	4.2.2 Non-equivalent joint kinematics computation methods

	4.3 Unified convention for kinematics re-processing
	4.4 Limitations
	4.5 Conclusion

	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Acknowledgments
	Appendix B Supplementary data
	Data availability
	References


