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Rotation sequence as an important factor in shoulder kinematics
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Abstract

Background. The International Society of Biomechanics has proposed a standardization recommendation for motion recordings
of the upper extremity defining the set of bony landmarks, local coordinate systems and joint coordinate systems. The aim of our
study was to verify the clinical interpretation of the proposed rotation sequence for the glenohumeral joint and to compare it with
other sequences.

Methods. Fifteen glenohumeral movements in their maximal ranges were tested on five healthy subjects. The movements were
separated into five groups (flexion, extension, abduction, horizontal flexion and circumduction) with three humeral rotation posi-
tions (full external, full internal and neutral). Four glenohumeral rotation sequences were constructed using YXY, YXZ, ZXY and
XZY orders and angle amplitudes were examined in terms of gimbal lock and amplitude coherence.

Findings. The results of the gimbal lock incidence and amplitude coherence should be taken into account together. Therefore, the
suitable rotation sequences for all rotation variations of abduction and extension were found and no tested rotation sequence was
found to be clinically interpretable for all tested movements.

Interpretation. Before glenohumeral three-dimension experiments the choice of the rotation sequence should be made in agree-
ment with the no-gimbal lock incidence and amplitude interpretability of the performed movements.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The large range of motion in the glenohumeral joint
complicates three-dimensional (3D) kinematic analyses.
As a consequence, despite recent recommendations on
the description of motion (Wu et al., 2005) the issue (i)
what rotation sequence could better describe the joint
motion and (ii) how to prevent from gimbal lock in
particular motions, still exists.

The International Shoulder Group (ISG) with the
Standardization and Terminology Committee of Inter-
national Society of Biomechanics (ISB) has proposed
recommendations on definitions of Joint Coordinate
System (JCS) of various joints for the reporting of
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human joint motion (Wu et al., 2005). This recommen-
dation was developed based on the paper by Van der
Helm (1996) and modified with respect to the ISB nota-
tion (Wu and Cavanagh, 1995). The aim of the recom-
mendation is to encourage every author to use (i) the
same set of bone landmarks, (ii) identical local coordi-
nate systems (LCS) and (iii) the same definition of JCS
and rotation sequence. For the glenohumeral joint, the
standardized rotation sequence is Y s � X 0

f � Y 00
hðYXY Þ.

When applying the ISB recommendation during pre-
liminary experimental study of glenohumeral motions,
gimbal lock is often observed (Šenk and Chèze, 2004).
Therefore, the choice of the most suitable rotation
sequence in the glenohumeral joint in this study was
designed on two reflections; firstly, the avoidance of
gimbal lock and, secondly, easy interpretation of
reconstructed movements from the computed angle
amplitudes� point of view. Therefore, two aims of the
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present study are amplitude coherence and the determi-
nation of the incidence of gimbal lock. These objectives
are the key to the clinical interpretation of the full range
motions in the glenohumeral joint.
2. Material and methods

2.1. Rotation sequences

We first used the proposed Euler Y s � X 0
f � Y 00

hðYXY Þ
sequence (Wu et al., 2005). Then we tested three other
sequences that correspond to Cardan angle representa-
tions: Y s � X 0

f � Z 00
hðYXZÞ; Zs � X 0

f � Y 00
hðZXY ) and X s �

Z 0
f � Y 00

hðXZY Þ.
The decomposition of the orientation of the LCS of

the humerus relative to that of the scapula was done
as follows:
2.2. YXY sequence

a1: Direction of the elevation of the Yh-axis relative
to the scapula Y–Z plane. Rotation (a1): GH plane of
elevation.

b1: Rotation around the rotated humerus Xh-axis
parallel to the scapula X–Z plane. Rotation (b1): GH
elevation (negative).

c1: Rotation around the twice rotated Yh-axis of the
humerus. Rotation (c1): GH-axial rotation.
2.3. YXZ sequence

a2: Rotation around the Ys-axis of the scapula, iden-
tical for a1 rotation. Rotation (a2): GH plane of
elevation.

b2: Rotation around the rotated X-axis perpendicular
to the scapula Y–Z plane. Rotation (b2): GH elevation
I. (GH abduction when humerus in neutral rotation,
GH flexion/extension when humerus in external/internal
rotation.)

c2: Rotation around the twice rotated Zh-axis of the
humerus. Rotation (c2): GH elevation II. (GH flexion/
extension when humerus in neutral rotation, GH abduc-
tion/adduction when humerus in external or internal
rotation.)
2.4. ZXY sequence

a3: Rotation around the Zs-axis of the scapula. Rota-
tion (a3): GH flexion/extension.

b3: Rotation around the rotated X-axis parallel to the
scapula X–Y plane. Rotation (b3): GH abduction/
adduction.

c3: Rotation around the twice rotated Yh-axis of the
humerus. Rotation (c3): GH-axial rotation.
2.5. XZY sequence

a4: Rotation around the Xs-axis of the scapula. Rota-
tion (a4): GH abduction/adduction.

b4: Rotation around the rotated Z-axis parallel to the
scapula Y–Z plane. Rotation (b4): GH flexion/
extension.

c4: Rotation around the twice rotated Yh-axis of the
humerus. Rotation (c4): GH-axial rotation.

2.6. Experimental setup

The bony landmarks of the scapula and humerus
(Fig. 1) were chosen according to the ISB recommenda-
tion (Wu et al., 2005).

Segments of the humerus and scapula were con-
structed according to the ISB recommendation, see
Fig. 1, and were assumed to be rigid. More precisely,
four landmarks are important for the construction of
the scapula LCS: AC, AA, TS and AI. Due to the sliding
effect of the scapula under the skin, only AC and AA
markers can be considered as having a stable position
with respect to their corresponding landmark during
movement. Consequently, we added the SS marker;
glued in the middle of the AA–TS distance on the spina
scapulae, see Fig. 1. The marker SS was added to recal-
culate the TS and AI marker trajectories. First, the tra-
jectories of stable LCS (AC, AA and SS) were solidified
using the algorithm of Veldpaus and colleagues (Veld-
paus et al., 1988). The scapular LCS was then recalcu-
lated following the ISB recommendation.

The humerus LCS was defined using EL, EM and
GH. GH, the centre of the humeral head, was estimated
on the basis of three relative marker trajectories of
the humeral and scapular segments using the circum-
duction movements on small amplitudes in 30� of arm
abduction.

Five different groups of arm movements were exam-
ined in their full range with the elbow in full extension.
Every group of movements was performed in three vari-
ations of humerus rotation during the movement: max-
imal external rotation (e), maximal internal rotation (i)
and neutral (free) rotation (n). In total, 15 glenohumeral
movements were examined.

Twelve GH movements were designated as move-
ments in anatomical planes and three GH movements
were designated as movements of maximal arm reach-
able workspace. The more detailed description of the
movements is as follows: Elevations in the scapular
plane (m1e, m1i, m1n), in the sense of abduction: the
maximal angular range of GH elevation is 90–100�
(r1) (Inman et al., 1944; Kapandji, 1980). Forward
elevations (m2e, m2i, m2n) in the sense of anterior flex-
ion: the maximal angular range of GH elevation for
these movements is 90–110� (r2) (Inman et al., 1944;
Kapandji, 1980). Backward elevations (m3e, m3i, m3n)



Fig. 1. Bone landmarks and local coordinate systems of humerus and scapula.
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in the sense of extension: the maximal angular range of
GH elevation for these movements is 35–45� (r3)
(Kapandji, 1980). Movements in the horizontal plane
from the starting position of 90� of arm abduction
(m4e, m4i, m4n) in the sense of horizontal flexion or
horizontal adduction: the maximal angular range for
GH horizontal flexion is 65–80� (r4) (Kapandji, 1980).
Last movements performed were the maximal GH cir-
cumductions (m5e, m5i, m5n) in the sense of maximal
reachable workspace movements.

Five healthy subjects participated on the study (three
men, two women, age 20–37, weight 55–85 kg). The
experiment was performed on right shoulders; no sub-
ject had pathological history. Four surface markers were
glued onto scapular landmarks and three onto the hum-
eral landmarks according to ISB recommendation (Wu
et al., 2005). The fifth scapular marker (SS) was added
between AA and TS to ensure the LCS of scapula.

A motion analysis� tracking system (Motion Analy-
sis Corporation, Santa Rosa, USA) with five digital
Eagle cameras was used to record the motion. The scan-
ning frequency was set to 100 Hz and the marker trajec-
tories were processed in real-time mode by EVaRT
4.0 software. Raw data were low-pass filtered using a
Butterworth filter (Fc = 7 Hz).

2.7. Data analysis

Glenohumeral movements were reconstructed from
the spatial trajectories of the scapular and humeral
markers according to the ISB recommendations. At
each timestep, three angle values were produced, each
corresponding to an instantaneous rotation value
around a defined axis. Putting the instantaneous values
together, three curves were obtained for every rotation
sequence and every movement. These curves were ana-
lyzed to assess the occurrence of gimbal lock, and in
the form of computed angle amplitudes (CAA) to assess
the amplitude coherence.

2.8. Incidence of gimbal lock

The gimbal lock (GL) is a mathematical indetermina-
tion of angle values (a,c) which are dependent on sinb
(or cosb) close to zero. In effect, to calculate a and c,
we are obliged to divide by sinb (or cosb). As sinb tends
towards zero, a and c values are erroneous from the clin-
ical point of view because they do not respect the
expected values in the term of amplitudes. From the
physical point of view, this situation can be observed
when the first and the third axis quasi-coincide during
the movement.

Incidence of GL is defined as follows: discontinuity of
the curves a or c that coincide with those of the b close to
0� or 180� (Euler) or b close to 90� or�90� (Cardan). The
term �close� for the b was set up in the interval of +20� or
�20� (Euler) and in the interval +10� or �10� (Cardan).
Incidence of GL was designated from all 15 movements.
Incidence of GL is expressed for every movement as a
number of GL incidences out of five subjects.



Table 2
Clinical coherence of rotation sequences for 12 movements and four
rotation sequences

Rotation r1 m1e m1i m1n
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2.9. Amplitude coherence

Amplitude coherence is understood as a relation
between the calculated angle amplitude (CAA) around
the axis that corresponds to the performed movement
and the maximal known angular range. The sequence
is considered as coherent when the CAA corresponds
to the expected maximal angular range. For example,
for the GH elevation in the scapular plane, CAA of b1
rotation (2nd rotation from YXY rotation sequence)
and r1 scale (90–100�) as the expected GH amplitude
were compared. The data were compared qualitatively,
as the mean value of one movement from all subjects.
Clinical coherence was designated from 12 movements,
type m1–m4. These movements were considered to be
clinically interpretable because they were performed in
anatomical planes.
axis

Range Mean (SD) Mean (SD) Mean (SD)
YXY X 90–100 82.6 (9.1) 86.5 (7.9) 86.4 (7.6)
YXZ Z 97 (13.1) 97.9 (12.4)

X 37.3 (8.9)
ZXY X 77.8 (4.0) 77.7 (8.2) 84.0 (5.3)
XZY X 95.9 (13.6) 91.1 (10.6) 97.8 (10.2)

r2 m2e m2i m2n

Range Mean (SD) Mean (SD) Mean (SD)
YXY X 90–110 80.9 (8.1) 83.4 (11.9) 87.7 (11.6)
YXZ X 20.3 (7.9) 49.6 (17.8)

Z 100.2 (10.7)
ZXY Z 97.2 (9.0) 111.4 (31.9) 115.0 (11.0)
XZY Z 39.8 (7.9) 31.6 (9.1) 34.1 (10.9)

r3 m3e m3i m3n

Range Mean (SD) Mean (SD) Mean (SD)
YXY X 35–45 12.7 (6.4) 10.1 (6.8) 8.3 (3.8)
YXZ X 36.1 (4.0) 36.7 (11.3) 37.5 (7.0)

Z

ZXY Z 40.2 (6.4) 35.7 (6.0) 37.1 (11.2)
XZY Z 38.5 (4.4) 34.3 (6.0) 36.4 (10.8)

r4 m4e m4i m4n

Range Mean (SD) Mean (SD) Mean (SD)
YXY Ys 65–80 98.2 (14.2) 84.5 (26.4) 86.4 (19.1)
YXZ Y 90.0 (11.9) n.e. 57.8 (20.0)

ZXY X 25.6 (10.5) 23.4 (11.4) 30.3 (5.0)
XZY Z 79.9 (3.4) 69.3 (8.0) 77.7 (10.1)

The results show the mean and SD values of computed angle ampli-
tudes (CAA) for five subjects. The �rotation axis� column shows the
rotation used. �n.e.� = values were not examined as a result of very
small CAA and inconsistent curves.
3. Results

3.1. Gimbal lock incidence

Table 1 presents the results for the incidence of gimbal
lock (GL). For the YXY rotation sequence, GL was
observed for all subjects (5/5) during all variations of ele-
vation in the scapular plane, forward elevation, back-
ward elevation and circumduction and for one subject
(1/5) during the external rotation variation of horizontal
flexion. Concerning the YXZ rotation sequence, GL was
not observed in any movement in any of the subjects. For
the ZXY rotation sequence, the GL was observed for all
subjects only during variations of elevation in the scapu-
lar plane. GL was observed in four subjects during the
internal and neutral rotation variations of circumduc-
tion, in three subjects during the internal and neutral
rotation variations of forward flexion and in two subjects
during the external rotation variation of circumduction
and forward flexion. Concerning the XZY rotation
sequence, the GL incidence was observed partially during
the external, neutral rotation variations (two subjects)
and internal rotation variation of horizontal flexion.

3.2. Amplitude coherence

The results for the qualitative comparison of GH joint
movements and tested rotation sequences are shown in
Table 1
Comparison of gimbal lock incidence between different rotation sequences

m1e m1i m1n m2e m2i m2n m3e m

YXY 5/5 5/5 5/5 5/5 5/5 5/5 5/5 5/
YXZ – – – – – – – –
ZXY 5/5 5/5 5/5 2/5 3/5 3/5 – –
XZY – – – – – – – –

Gimbal lock incidence is shown out of five subjects.
Table 2. From the relation between the computed angle
amplitudes and expected maximal angular range in GH
joint, YXY sequence was found to be coherent in none
of the 12 movements. The sequence YXZ was found to
be coherent for all three variations of GH backward ele-
vation, for two variations of abduction and for neutral
rotation variation of forward elevation. The sequence
ZXY was found to be coherent for all variations of the
backward elevation and external rotation variation of
forward elevation. The XZY sequence was found to be
coherent for all variations of elevation in scapular plane,
backward elevation and horizontal flexion.
3i m3n m4e m4i m4n m5e m5i m5n

5 5/5 1/5 – – 5/5 5/5 5/5
– – – – – – –
– – – – 2/5 4/5 4/5
– 2/5 1/5 2/5 – – –
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4. Discussion

The ISB recommendation uses the Euler angle
decomposing method and the rotation sequence has
been chosen so that the first and third rotations define
the orientation of the longitudinal axis or a bony ridge
of the proximal and distal segment (Ys and Yh). We
chose three other rotation sequences in the aim of eval-
uating them with respect to amplitude coherence and
GL incidence. Theoretically, the YXZ sequence avoids
GL as much as possible out of all Cardan sequences;
however, the principle of different humeral rotations
must be taken into account when analyzing the CAA.
The ZXY sequence corresponds to the general ISB rec-
ommended rotation sequence (Grood and Suntay,
1983; Wu and Cavanagh, 1995). The XZY sequence
was used in previous experimental studies (Rundquist
et al., 2003; Rundquist and Ludewig, 2004).

The angle computations are very complicated from a
numerical point of view. When GL occurs, changes are
observed in the angle values, with the largest changes
occurring for rotations around the first and third axes.
As a result of these changes, when GL occurs, none of
the three CAA of three consecutive rotations can be
accepted. In YXY sequence, both Y-axes are in static
position with the arm alongside the trunk orientated
vertically. Thereby the axes� coincident situation appears
in almost every case when the subject is sitting or stand-
ing and the arm is alongside the trunk. In our experi-
ment GL was observed in all subjects during 12 out of
the 15 movements tested, principally in the starting/
ending position.

In the present study, the amplitude coherence mea-
surement was designed to evaluate the principle move-
ment amplitude. Other amplitudes, such as humeral
rotations amplitudes, were not compared. The protocol
was made in two steps, (i) the starting value of the cho-
sen rotation, and (ii) the development of the rotation
angle around the chosen axis. The difference between
the maximal angle value and its starting value was con-
sidered as the CAA. Nine movements out of 12 were
evaluated as coherent for the XZY rotation sequence.
In contrast, for the recommended sequence YXY, no
movement was judged as coherent. This is mainly due
to the alterations resulting from the GL that causes
the inconsistent form of the calculated curves. Accord-
ing to our observations, application of the YXY rotation
sequence should not be altered for the flexion and/or
abduction movements (forward elevation and/or eleva-
tion in the scapular plane) starting from 30� of arm
elevation. However, this principle does not apply to
movements of backward flexion.

3D angle computation from three consecutive rota-
tions about mobile axes has two major disadvantages:
gimbal lock errors and sequence dependence. Another
problem is posed by the amplitude coherence, which
completes the restricting factors of the method in gen-
eral. Nevertheless, the method of consecutive rotations
remains the principal tool for the clinical analysis of
movements in complex articulations such as GH joint
(Van der Helm, 1996; Meskers et al., 1998; Rundquist
et al., 2003; Rundquist and Ludewig, 2004). In order
to obtain the complete clinical interpretation of the
method, the more detailed humeral rotation analysis
should be tested. In addition, the aims of each individual
experiment should be taken into consideration when
choosing the sequence.

Looking to the results of horizontal flexion move-
ments, the XZY sequence is the only one which assesses
the amplitude coherence; nevertheless, we observed one
or two GL incidence out of five subjects. This impossi-
bility to find a correct clinical interpretation for all
sequences should be explained by the situation in the
GH joint that is far from the basic anatomical position
of the segments. Actually, this anatomical reference
position is the origin for the three elementary move-
ments description.

Recommended sequence YXY can be convenient as
far as the movements neither go through a singular posi-
tion (i.e. the arm alongside the trunk), nor reach the
maximal range of movements. This sequence actually
presents a particular interest whenever the movement
is performed out of an anatomical plane.

We tried to ensure the accurate representation of
glenohumeral motion, though there remain several possi-
ble sources of error. Themain problem is the sliding of the
scapula under the skin which remains a topical problem
for the capture systems using the surface markers. Our
protocol uses the additional marker, SS, on the middle
of the spina scapulae in the goal of recalculation proce-
dure of TS and AI markers that do not follow the real
TS and AI landmarks of the bone. The real advantage
in the scapula motion recordings using the surface mark-
ers remains the non-invasive and dynamic approach
in vivo. The interpretation is based on important differ-
ences in the angular amplitudes, so experimental errors
due to the skin artifactsmaynot influence the conclusions.

The results of GL appearance and the amplitude
coherence in the present study should be interpreted
together. Thus, the best rotation sequence for the eleva-
tion in the scapular/frontal plane (abduction) appears to
be the XZY and for the backward elevation (extension)
all three tested Cardan sequences give comparable
results. We did not find any satisfactory rotation
sequence for all movement variations of forward eleva-
tion (flexion) and horizontal flexion.
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