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Background: Kinematics is studied by practitioners and researchers in different fields of practice. It is therefore
critically important to adhere to a taxonomy that explicitly describes positions and movements. However, current
representation methods such as cardan and Euler angles fail to report shoulder angles in a way that is easily and
correctly interpreted by practitioners, and that is free from numerical instability such as gimbal lock.

Methods: In this paper, we comprehensively describe the recent Tilt-and-Torsion method and compare it to the
Euler YXY method currently recommended by the International Society of Biomechanics. While using the same
three rotations (plane of elevation, elevation, humeral rotation), the Tilt-and-Torsion method reports humeral
rotation independently from the plane of elevation. We assess how it can be used to describe shoulder angles (1)
in a simulated assessment of humeral rotation with the arm at the side, which constitutes a gimbal lock position,
and (2) during an experimental functional task, with 10 wheelchair basketball athletes who sprint in straight line
using a sports wheelchair.

Findings: In the simulated gimbal lock experiment, the Tilt-and-Torsion method provided both humeral elevation
and rotation measurements, contrary to the Euler YXY method. During the wheelchair sprints, humeral rotation
ranged from 14° (externally) to 13° (internally), which is consistent with typical maximal ranges of humeral
rotation, compared to 65° to 50° with the Euler YXY method.

Interpretation: Based on our results, we recommend that shoulder angles be expressed using Tilt-and-Torsion
angles instead of Euler YXY.

1. Introduction movements due to the joint’s high mobility. Over the years, many

alternative conventions have been used or investigated to represent

Kinematics of human movement is one of the main pillars of human
movement biomechanics. Since kinematics is studied by practitioners
and researchers who have different backgrounds ranging from engi-
neering to medicine, it is very important to adhere to a systematic tax-
onomy describing positions and movements thoroughly and accurately
(Doorenbosch et al., 2003; Gerhardt, 1983).

Kinematics are often described in terms of joint angles. Joint angles
are well understood and unambiguous when confined to standard planes
using simple projections like the Sagittal-Frontal-Transverse-Rotation
(SFTR) method (Gerhardt, 1983). However, complex movements that
combine multiple planes are difficult to express, especially shoulder

shoulder angles: attitude vector/quaternion (Woltring, 1994), cardan
angles (Rab et al., 2002; van der Helm and Pronk, 1995; Wang et al.,
1998), Euler angles (Davis et al., 1998; de Groot, 1997; van der Helm
and Pronk, 1995; Wu et al., 2005), and the Globe system (An et al., 1991;
Browne et al., 1990). All these methods seek yet somehow fail to
represent shoulder angles in a way that is both (1) easily and correctly
interpreted by practitioners; and (2) free of numerical instability such as
gimbal lock (GL).

Recently, Campeau-Lecours et al. (2020) introduced the Tilt-and-
Torsion (TT) method. This method is an extension of the Euler YXY
method, the latter being recommended by the International Society of
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Biomechanics (ISB) (Wu et al., 2005). The TT method is believed to best
describe humeral rotation while being simple to understand since it
rotates the humerus around two axes instead of three. Being an exten-
sion of Euler YXY, it also has the same GL conditions. However, based on
the definition of humeral rotation in TT, it is plausible that humeral
rotation can still be measured even in a GL position. This needs to be
verified experimentally, however.

Although TT has been tested with a single participant performing a
standardized task (Campeau-Lecours et al., 2020), it has not been tested
with a cohort of participants performing functional tasks. Propelling a
sports wheelchair is a good example of such a task. While wheelchair
propulsion has been studied extensively over the last few decades, the
reported shoulder kinematics lack standardization: some authors used
variations of the SFTR method (Boninger and Cooper, 1998; Cooper
et al., 1999), some used the Euler YXY method (Collinger et al., 2008;
Crespo-Ruiz et al., 2011; Rao et al., 1996), while others used various
cardan or Euler angle sequences (Davis et al., 1998; Lafta et al., 2018;
Tsai et al., 2012) to avoid GL in a non-elevated position. Since all these
methods report different angles, it is very difficult to compare results
between studies, especially when kinematics is much different as for
standard wheelchair propulsion compared to sports wheelchair
propulsion.

In this paper, we describe and compare the Euler YXY and TT
methods and we evaluate how they meet two generally consensual
criteria: being unambiguous and being numerically stable (e.g., avoiding
GL). Then, through simulation, we test if TT can express humeral rota-
tion in a non-elevated position (GL condition). Lastly, we report and
discuss the shoulder angles measured using both methods during pro-
pulsion of a sports wheelchair.

We hypothesize that (1) TT can provide clinically useful information
such as humeral rotation even with a non-elevated arm; and (2)
expressing shoulder kinematics during a functional task using TT yields
more coherent measurements than Euler YXY.

2. Methods
2.1. Cardan and Euler angles

Cardan and Euler angles are the most popular ways to express
shoulder angles. They consist of a series of three subsequent rotations,
61, 6o, 03, around orthogonal axes. Cardan angles are rotations along
each of the three axes of a given coordinate system, while proper Euler
angles have the same (local) axis for ¢; and 3. The main difficulty
associated with cardan and Euler angles is their susceptibility to a GL,
which occurs when two axes become aligned in a way that prevents all
three angles from being identified. For example, with Euler angles, a GL
occurs when 65 is 0° or 180°.

Given the anatomic reference position where all axes align (i.e., all
angles are 0°), expressing shoulder kinematics with Euler angles causes a
GL even before a movement is performed. Phadke et al. (2011)
explained that in some cases, a GL in a non-elevated shoulder must be
avoided, for example, when assessing the humeral rotation range of
motion with the arm on the side (Rundquist et al., 2003). They therefore
recommended a cardan sequence of XZY instead of Euler angles. How-
ever, cardan angles are also susceptible to a GL when the shoulder is
elevated at 90°, a position that often occurs in daily activities.

In addition to the GL problem, there are 12 different combinations of
cardan and Euler rotation sequences, each having a significant incidence
on the returned angles (Bonnefoy-Mazure et al., 2010; Phadke et al.,
2011; Senk and Cheze, 2006). Finding the “right” sequence that returns
valid angles and avoids GL is very complex, and Senk and Cheze (2006)
proposed that the rotation sequence should be selected as a function of
the analyzed task. However, standardizing the way shoulder orientation
is communicated is paramount. In 2005, based on work by van der Helm
(1997), the ISB recommended using the Euler YXY sequence to describe
shoulder motion (Wu et al., 2005). This sequence of rotations is as
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follows (Fig. 1a), for a right shoulder:

1. Aninitial rotation (6;) along the longitudinal axis of the humerus (y).
This rotation establishes the shoulder’s plane of elevation. 0° relates
to pure abduction, 90° to pure sagittal flexion and — 90° to pure
sagittal extension.

2. A second rotation () along the rotated anteroposterior axis of the
humerus coordinate system (x’). This rotation corresponds to the
shoulder elevation into the previously established plane of elevation.
To respect geometric sign conventions, the elevation is —6,.

3. A final rotation (#3) along the rotated longitudinal axis of the hu-
merus (y”). This rotation corresponds to the internal humeral
rotation.

From a mathematical point of view, this method is identical to the
Globe system, an alternative method that provides a way for practi-
tioners to characterize shoulder orientation visually (Doorenbosch et al.,
2003; Rab, 2008).

The Euler YXY method is well defined, and its Globe counterpart
makes it easy to derive angles from a given orientation. However,
interpreting these three angles may lead to unexpected orientations,
particularly for movement performed in planes other than the frontal
plane. This problem is illustrated for different shoulder orientations in
Fig. 2a.

From the observation of Fig. 2a, the following movement expressed
in YXY Euler angles (0; = 0 ° ; 02 € [10°,90°]; 65 = 0°) illustrated in red,
describes an elevation of 10° to 90° in the frontal (0°) plane with no
humeral rotation, meaning pure abduction. However, if for the same
movement, §; was 90° (in blue), then this movement should logically
refer to a pure sagittal flexion. Unfortunately, using Euler YXY, the
shoulder is flexed, but also internally rotated by 90°. This bias is due to
the initial rotation (6;), which, in addition to establishing the plane of
elevation, also pre-rotates the humerus. This incongruity, which was
already described by Phadke et al. (2011), makes the Euler YXY method
ambiguous because the reported humeral rotation is highly dependent
on the plane of elevation. Unfortunately, in any combination of the three
rotations, one rotation has an impact on at least one other, which means
that this problem could not be solved by simply using a different rotation
sequence.

2.2. Tilt-and-torsion

The tilt-and-torsion (TT) method addresses the double humeral
rotation problem by representing the shoulder orientation as a sequence
of only two rotations (Campeau-Lecours et al., 2020). While still using
the same three angles (plane of elevation, elevation, rotation), the hu-
merus is rotated from its reference position directly in the plane of
elevation, as shown in Fig. 1b, without being pre-rotated. The axial
humeral rotation is then performed from this elevated position.

In Fig. 1b, we observe that a pure 90° elevation in a 45° plane of
elevation yields a final position where the forearm is angled 45° from the
horizontal plane. Although incompatible with the Euler YXY method,
this is the only possible neutral humeral rotation in this plane of
elevation because the rotation axis stays orthogonal to the humerus
longitudinal axis throughout the entire sequence. The Euler YXY method
would have incorrectly reported an external rotation of 45°.

Fig. 2b shows the same set of angles as Fig. 2a, this time based on TT.
We observe that TT is consistent for all planes of elevation, not only for
the frontal plane.

From an algebraic perspective, TT is only an extension of Euler YXY
and is solved the same way; only the interpretation of the given angles is
different:

e With Euler YXY, the plane of elevation is 6;, the elevation is —6, and
the internal rotation is 6s.
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(a) Euler YXY

1. The plane of elevation is established by rotating
the humerus around its y axis by 6, (green bones).

2. The humerus is elevated around its rotated x axis
(x') by 6, (here, 90°) up to its final position (yellow
bones).

3. The humerus is then rotated along its final
longitudinal axis (y'') by 65 (not shown).

(b) Tilt-and-Torsion

1. The plane of elevation is established by creating
a rotation axis based on the humerus x axis, rotated
around the humerus y axis by 6;.

2. The humerus is elevated directly in the plane of
clevation around x’ by 8, (here, 90°), up to its final
position (yellow bones).

3. The humerus is then rotated along its final
longitudinal axis (y'') by 63 (not shown).

Fig. 1. Pure 90° elevation of the humerus in a 45° plane of elevation as per Euler YXY and Tilt-and-Torsion methods.

Type of movement Plane of elevation Elevation Humeral rotation
Abduction 0° (frontal) 10° to 90° 0°
90° abduction to 90° flexion 0° to 90° 90° 0°
Flexion 90° (sagittal) 10° to 90° 0°

(a) Euler YXY

(b) Tilt-and-Torsion

Fig. 2. Examples of simple movements as represented by the Euler YXY and TT methods.

e With TT, the plane of elevation is 01, the elevation is —0, and the
internal rotation is 6; + 03.

The sum of 0; and 63 completely makes sense since the Euler
sequence rotates the humerus twice around its longitudinal axis: once
for setting the plane of elevation, and a second time during the third
rotation.

This new definition of humeral rotation may have a strong effect on
the impact of GL on humeral rotation measurements. Campeau-Lecours
et al. (2020) aptly mentioned that both Euler YXY and TT have the same
GL condition. In neutral position, only 03 and (0; + 63) can be solved;
with 180° elevation, only 65 and (61 — 63) can be solved. However, given
TT’s angle definitions, in the neutral position, both the elevation (—65)
and humeral rotation (61 + 63) should be solvable even within this GL
condition.

We conclude this section by summarizing how to define the shoulder
orientation based on three Tilt-and-Torsion angles (forward kinematics),
and how to obtain the three Tilt-and-Torsion angles from a given
shoulder orientation (inverse kinematics):

1) Forward kinematics: from a neutral position, the humerus is elevated
by a given elevation angle, directly into a plane of elevation that is at a
given angle from the frontal plane: 0° = abduction, 90° = flexion,
—90° = extension, and 180° = adduction. Then, the humerus is
rotated along its final longitudinal axis by a given humeral rotation
angle.

2) Inverse kinematics: the three Euler YXY angles 01, 02, 05 expressing
the shoulder orientation are calculated and are interpreted using:
plane of elevation = 01, elevation = —6-, and humeral rotation = 6 +
0s.
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2.3. Experiment 1: Simulation of an internal-external rotation assessment
with the arm at the side

To verify our first hypothesis, we conducted two simulations of a
pure rotation movement ranging from —100° (externally) to 100°
(internally) in a non-elevated position, using Python and SciPy’s spatial
module. In the first simulation, the elevation was exactly 0° (i.e., pure
GL), whereas in the second simulation, we added 4-1° noise to the three
reference angles to better reflect experimental conditions.

For both simulations, we first created the rotation matrices corre-
sponding to this movement. Then we extracted the angles using Euler
YXY and TT. With TT, we also verified that the given elevation (—65) and
humeral rotation (0; + 63) were identical to the reference angles,
regardless of this GL condition. The code used to perform this simulation
is provided as supplemental material.

2.4. Experiment 2: Shoulder kinematics during sports wheelchair
propulsion

To verify our second hypothesis, ten experienced wheelchair
basketball athletes (Table 1) were recruited in a study assessing sports
wheelchair propulsion biomechanics. To be included, participants had
to be participating in competitive wheelchair basketball on a regular
basis for at least one year, and have no current or recent (3 months)
injury or pain. The experimental protocol was approved by the Institu-
tional Research Ethics Committee of Université du Québec a Montréal
(UQAM) (certificate #CIEREH 2879_e_2018).

All participants performed four, 9-m sprints at maximal speed in a
straight line from a stopped position on a wooden basketball court. They
were asked to propel synchronously (both arms pushing at the same
time). The participants’ wheelchairs were equipped with two synchro-
nized instrumented wheels (SmartWheel) that measured the propulsion
forces. An optoelectronic system consisting of 14 cameras (Primel3,
Optitrack) was used to measure the participants’ and wheelchair kine-
matics unilaterally throughout each sprint. The position of the following
landmarks were recorded at 120 Hz: ulnar styloid, lateral and medial
elbow epicondyles, acromion, C7, T12, and both rear wheel centers.
Landmarks that could not be tracked directly due to occlusion (e.g., rear
wheel center of the opposite side, medial elbow epicondyle) were
reconstructed using rigid bodies composed of three to four markers
affixed on the wheelchair and arms. The participants propelled twice in
both directions, allowing kinematics from both sides to be recorded. All
trials were processed as the right side, therefore markers on the left side
were mirrored through the wheelchair’s median plane.

The humerus coordinate system was defined by following ISB rec-
ommendations (Wu et al., 2005) using both elbow epicondyles and the
styloid process, and approximating the glenohumeral joint based on the
acromion. The trunk could only be defined by markers on participants’
back (T12 and C7) because many participants had a strong forward-
inclined posture that would not allow markers on the chest to be
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tracked. Therefore, the trunk coordinate system was built on the
assumption that it was not axially rotated, which is realistic since the
participants were instructed to propel synchronously. The trunk’s y axis
was the line from T12 to C7 and its x axis was perpendicular to y and the
wheelchair’s mediolateral axis, pointing forward, which is consistent
with the ISB recommendations for the local thorax coordinate system.

Shoulder angles were calculated using both Euler YXY and TT, then
separated into pushes and recoveries using a manual inspection of the
propulsion forces. Pushes 1 and 2 of every sprint were excluded since
they were considered transitional. The following descriptive variables
were calculated for each push and recovery: minimal, mean, maximal
values and range for the plane of elevation, elevation, and internal
rotation. These variables were averaged for each participant and were
reported as the inter-participant mean and standard deviation.

Additionally, the profile of the three angles were plotted for both
methods and every participant, after being time-normalized to the push
and recovery phases.

3. Results

3.1. Experiment 1: Simulation of an internal-external rotation assessment
with the arm at the side

Fig. 3 shows the three simulated angles as given by both methods.
For the simulation without noise (Fig. 3a), SciPy expectedly warned that
a GL was detected, that it could not determine all the angles and that it
adjusted the third angle to zero. Therefore, with Euler YXY, both the first
and third angles are wrong. However, TT was able to provide the correct
humeral rotation angle.

For the simulation with added noise (Fig. 3b), the noise prevented
SciPy from detecting a GL. The three angles were therefore reported
without a warning, but Euler YXY’s first and third angles are still wrong.
TT was still able to restore both the elevation and humeral rotation.

In both simulations, there was no difference in elevation or internal
rotation between the reference angles and those reported by the TT
method.

3.2. Experiment 2: Shoulder kinematics in sports wheelchair propulsion

The descriptive values for sports wheelchair propulsion are provided
in Table 2. While the plane of elevation and elevation were the same for
both methods, the internal rotation was much different, ranging be-
tween 116° and 123° respectively during the push and recovery phases
as reported by Euler YXY, compared to only 22° and 26° as reported by
TT. The minimal and maximal humeral rotation values were also much
different between methods, with a maximal internal rotation of 58°
(Euler YXY) compared to 13° (TT) and a maximal external rotation of
65° (Euler YXY) compared to 14° (TT).

The angle profiles are illustrated in Fig. 4. In the case of Euler YXY,
the association between the plane of elevation and humeral rotation is

Table 1
Participants’ anthropometrics.
Participant Gender Age Dominant limb Disorder Height Weight BMI Experience
(years) (m) (kg) (kg/m?) (years)
1 F 31 R Spinal cord injury (T6, A) 1.60 61 23.8 3
2 M 60 R Spinal cord injury (D6-D7, A) 1.83 71 21.2 6
3 M 29 L Cerebral palsy 1.68 60 21.3 10
4 M 40 R Spinal cord injury (T12, A) 1.75 66 21.6 12
5 M 34 R Spinal cord injury (T7) 1.50 73 32.4 10
6 M 33 R Spinal cord injury (T10, A) 1.76 95 30.7 1.5
7 M 32 R Muscular dystrophy 1.73 52 17.4
8 M 23 R Spastic dysplasia 1.63 58 21.8
9 M 24 R None (non-disabled) 1.78 78 24.6
10 F 30 R None (non-disabled) 1.61 62 23.9
Mean M=38 33.6 R=9 1.69 67.6 23.9 7.9

(SD) F=2 (10.5) L=1 / (0.10) (12.3) (4.5) “4.7)
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(b) Simulation with 0° elevation plus +1° noise added to every reference angle.

Table 2

Fig. 3. Results of a simulated assessment of humeral rotation with arm at the side.

Shoulder angles during propulsion of a sports wheelchair, in degrees.

Euler YXY Tilt-and-Torsion
Push phase
Min -50 (16)
. Mean -6 15)
Plane of elevation Max 5 12
Range 102 (16)
Min 28 5)
. Mean 37 @
Elevation Max =3 ©
Range 25 @
Min -59 (25) -9 (16)
Internal rotation Mean 12 (20) 5 12)
Max 57 13) 13 12)
Range 116 (18) 22 10)
Recovery phase
Min —50 13)
. Mean 5 an
Plane of elevation Max 53 a4
Range 104 15)
Min 30 6)
: Mean 41 6)
Elevation Max 57 ©
Range 27 an
Min —65 (25) -14 (16)
Internal rotation Mean -3 (1) 2 10)
Max 58 12) 12 an
Range 123 a7 26 a4

obvious in Fig.s 4a and 4c. The humeral rotation obtained by the TT
method, as shown in Fig. 4d, was much less variable, remaining in a &

25° range.

4. Discussion

Our first hypothesis states that the TT method would provide valu-
able clinical information even with the arm at the side, which is a GL
condition. This was confirmed via simulation in our first experiment.
With TT, the only impact of the GL was not being able to obtain the plane
of elevation. However, a plane of elevation could not be obtained if the
shoulder was not elevated; thus, this GL condition does not prevent
clinical insights on the analyzed movement from being gained. It is
worth noting that this would not be valid in the other GL position (180°
elevation) because the returned angles would be 6, and 6; — 63 instead
of 65 and 67 + 0s.

Among other authors, Senk and Cheze (2006) considered the absence
of a GL as the primary criteria for defining the best method to express
shoulder angles. Since it is impossible to avoid a GL in any possible
movement, then the best strategy may be to allow a GL in positions
where its impact has the less clinical meaning. This is what the TT
method offers.

Our second hypothesis was that TT would give more coherent angles
than Euler YXY. In the second experiment, internal humeral rotation was
much different between both methods, with a maximum of 58° using
Euler YXY versus about 13° using TT. Other authors also reported a high
maximal internal rotation value using Euler YXY: Rao et al. (1996) re-
ported 86° for 16 persons with paraplegia who propelled a standard
wheelchair on an ergometer. In a similar setup with 61 persons with
paraplegia, Collinger et al. (2008) reported 84°. In an experiment with
10 wheelchair basketball players who propelled their own sport
wheelchair on a treadmill, Crespo-Ruiz et al. (2011) reported 63°.
Regardless of the population, these values are very large and can be
considered implausible, since the maximal internal humeral rotation is
approximately 50° when the arm is abducted (Barnes et al., 2001). These
high values are undoubtedly related to the coupling between the plane
of elevation and the humeral rotation, which is clearly visible in Fig. 4a
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Fig. 4. Shoulder angles during propulsion of a sports wheelchair. One cycle per participant (with the one deemed the most representative being shown).

and ¢, and in similar figures as reported by other authors (Collinger
et al., 2008; Rao et al., 1996). The graphical glossary in the Appendix
shows the tendency of the third Euler angle to have a positive bias for an
extended shoulder, and a negative bias for a flexed shoulder. Therefore,
interpreting the third Euler angle as the humeral rotation may generate
false conclusions, such as exaggerating the risk of musculoskeletal dis-
orders that would be wrongly attributed to high humeral rotation. Since
Euler YXY and the Globe system are equivalent (Doorenbosch et al.,
2003; Rab, 2008), then this also applies to the Globe system.

We remember that with TT, the shoulder elevation is free of humeral
rotation because it is performed around an axis that is always normal to
the humeral longitudinal axis. In our work, the reported values for hu-
meral rotation using TT were much lower and also more constant, with a
range of 26° instead of 123° for Euler YXY. This is a very important
difference in the kinematic analysis of this movement since the humeral
rotation range goes from the most important of the three angles (using
Euler YXY) to the least important (using TT).

The presented study does have a few limitations. In the first exper-
iment, the assessment of internal/external rotation was only based on a
simulation to verify if the calculation of the angles was not only theo-
retically, but also algorithmically correct, even in a case of GL. A real
assessment of shoulder rotation range of motion should be conducted to
confirm these results experimentally.

In terms of experimental acquisitions of wheelchair propulsion, the
assumption of a lack of trunk rotation may have slightly altered the

calculation of the plane of elevation. However, since propulsion was
synchronous, we believe that its impact is negligible, particularly given
the very large differences in humeral rotation between both methods.

5. Conclusion

In this paper, we compared the Tilt-and-Torsion method to the ISB-
recommended Euler YXY method to express shoulder angles that are
both unambiguous and numerically stable. We found that the TT method
allows clinicians to obtain insightful measurements even with the arm at
the side (one of the two GL positions). We also found that the humeral
rotation given by the TT method is expectedly more coherent than the
Euler YXY method, and that this difference is quite significant for
functional movements in other planes than the frontal plane, such as
during sports wheelchair propulsion. Based on our results, we recom-
mend that shoulder angles be expressed using TT instead of Euler YXY.
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Supplementary data
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Supplementary data to this article can be found online at https://doi.org/10.1016/j.clinbiomech.2022.105573.
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