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Abstract

The aim of this study was to examine the respective aptitudes of three rotation sequences (Y Xt Yr”,
ZX¢'Yn” and XiZs' Y1) to effectively describe the orientation of the humerus relative to the thorax
during a movement involving a large horizontal abduction / adduction component: the tennis
forehand drive. An optoelectronic system was used to record the movements of eight elite male
players performing ten forehand drives. The occurrences of gimbal lock, phase angle discontinuity
and incoherency in the time course of the three angles defining humerothoracic rotation were
examined for each rotation sequence. Our results demonstrated that no single sequence effectively
describes humerothoracic motion without discontinuities throughout the forehand motion. The
humerothoracic joint angles can nevertheless be described without singularities when considering
the backswing/forward-swing and the follow-through phases separately. Our findings stress that the
sequence choice may have implications for the report and interpretation of 3D joint kinematics
during large shoulder range of motion. Consequently, the use of Euler/Cardan angles to represent
3D orientation of humerothoracic joint in sport tasks requires the evaluation of the rotation sequence
regarding singularity occurrence before analysing the kinematic data, especially when the studied

motion involves a large range of motion at the shoulder.
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Introduction

Limb orientation has been extensively used to characterise important features of human
movement such as performance (Harrison, Ryan, & Hayes, 2007) or variability (Sides &
Wilson, 2012). Movement analysis thus requires reliable descriptions of segment orientations,
which can be either based on individual limb orientations by mean of projection angles (Elliott,
Takahashi, & Noffal, 1997; Owens & Lee, 1969; Whiteside, Elliott, Lay, & Reid, 2013) or
relative limb orientations by mean of helical (screw) axes (Baeyens, Van Roy, De Schepper,
Declercq, & Clarijs, 2001; Phadke, Braman, LaPrade, & Ludewig, 2011; Sahara, Sugamoto,
Murai, Tanaka, & Yoshikawa, 2006 ; Woltring, Huiskes, De Lange, & Veldpaus,1985; Kelkar
et al., 2001), dual Euler angles (Teu, Kim, Fuss, & Tan, 2006; Ying & Kim, 2002) or Euler /
Cardan angles (Karduna, McClure, & Michener, 2000 ; Phadke et al., 2011). Euler / Cardan
angle rotation sequences have been recommended (Wu et al., 2002, Wu et al., 2005), unlike
Helical axis systems, because they can be used as a physiologically meaningful framework for
investigating both kinematics and kinetics.

Twelve Euler/Cardan rotation sequences exist, based on the ordering of three rotations
about an axis of the proximal segment, a floating axis and an axis of the distal segment. Care
must thus be taken when choosing a particular rotation sequence, as matrix multiplication is not
commutative and several studies have documented significant differences in angular kinematics
between various angle conventions and sequences (Senk & Cheze, 2006; Karduna et al., 2010;
Sinclair et al., 2012; Bonnefoy-Mazure et al., 2010; Phadke et al., 2011). Indeed, each of the
three-rotation permutations differently defines the magnitudes of the three rotation angles,
possibly leading to incoherent joint amplitude. The decomposition into Euler/Cardan angles
may further lead to two other types of singularities in time histories of the angle values (van der

Helm, 1997). First, when approaching the so-called “gimbal lock™ position (i.e., when the first
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and third rotation axes coincide), the computed angle values become very sensitive to joint
motion, resulting in physiologically meaningless angle variations. Second, the necessary use of
inverse trigonometric functions can result in phase angle discontinuities, characterised by large
absolute differences, up to 360°, between two successive angle values.

The shoulder complex has the greatest range of motion compared to other body joints,
due to the synchronised movement of three bones and five joints. To overcome such
complexity, the shoulder is frequently modelled as a unique virtual “humerothoracic joint” by
ignoring the scapula and clavicle bones. Since this simplification is conducive to larger ranges
of motion when describing shoulder joint mechanics, these rotations also become more
susceptible to gimbal lock. In order to address issues related to the selection of a particular
sequence, the International Society of Biomechanics (ISB) has established standards for
reporting kinematics and recommended specific rotation sequences in order to describe the 3D
orientation of given human joints so that the angles remain as close as possible to the clinical
definitions of joint and segment motions (Wu et al., 2002, Wu et al., 2005). For the motion of
the humerus relative to the thorax, the YXr Yn” sequence has been proposed (Wu et al., 2005),
corresponding to the first Y axis belonging to the thorax, the last Yn” axis belonging to the
humerus and the intermediate Xf* axis being a floating axis. However, previous studies have
shown that, even when considering the glenohumeral joint, which is likely to result in smaller
ranges of motion compared to those obtained from humerothoracic one, no single rotation
sequence satisfies the criteria to describe all motions across all available ranges without
singularity (Senk & Cheze, 2006). Moreover, research has traditionally examined planar
movements when developing recommendations for using different rotation sequences (Phadke
et al., 2011; Senk & Chéze, 2006), so it remains unclear if these are appropriate for describing

complex sporting motions such as tennis strokes.
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Reliable descriptions of humerothoracic joint motion are crucial to understanding the
role of the shoulder joint in performance and injury until more reliable methods to document
scapula-humeral motion are developed. Previously, the use of YiXfYn” sequence to estimate
humerothoracic angles during the tennis flat serve has been shown to result in gimbal locks
(Bonnefoy-Mazure et al., 2010), which are likely to occur as the humerus longitudinal axis Yn
and thorax vertical axis Yt become more closely aligned. According to this study, X«ZfYn”
should be the preferred sequence for describing shoulder joint rotations during the serve.
Although the tennis forehand drive involves large horizontal abduction / adduction range of
motion, the validity of the rotation sequence recommended by the ISB to describe the
humerothoracic joint angles has not yet been demonstrated. Especially, the issues related to
potential occurrences of singularities have not been investigated. As a consequence, the
YiXrYn” rotation sequence, as well as other rotation sequences, should be evaluated in order
to describe large horizontal abduction / adduction motions at the shoulder joint without
mathematical singularities and, in turn, propose an appropriate humerothoracic 3D angle
interpretation.

The purpose of the present study was to determine which rotation sequence, if any, could
be used to obtain singularity-free humerothoracic joint kinematics during the tennis forehand
drive, a stroke involving a large horizontal abduction/adduction range of motion of the humerus
relative to the thorax. It was hypothesised that such description of the humerothoracic joint
motion during the tennis forehand drive cannot be achieved when using a single rotation
sequence but rather may be accomplished by using distinct rotation sequences before and after

ball-racket impact.
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Methods

On an inside hard tennis court, eight competitive male tennis players (age = 26.7 + 4.4 years,
height = 1.79 + 0.04 m, mass = 76.3 + 6.0 kg, International Tennis Number: 3) hit 10 balls
projected by a ball machine using flat forehand drive. This study was approved by the ethical
committee “Sud-Est II”, and informed consent was obtained directly from each participant.
Eight passive reflective markers (16 mm diameter) were glued over the following bony
landmarks: incisura jugularis, xiphoid process, C7, T8, and, on the dominant side, angulus
acromialis, deltoidus tuberosity, medial and lateral epicondyles of the elbow (Creveaux et al.,
2013). An additional marker was placed at the top of the racket handle, and the ball was covered
with reflective adhesive tape. An eight digital-camera opto-electronic Motion Analysis system
(500 Hz, Santa Rosa, California) was used to record the 3D trajectories of the markers during
play. This study considered the classical simplification of the entire shoulder complex by
analysing only the rotations of the humerus Segment Coordinate System (SCS) (X, Yh, Zn)
relative to the thorax SCS (X4, Y1, Zt) as represented in Figure 1. Raw marker coordinates where
smoothed according to the procedure defined by Creveaux et al. (2013) and used to build the
SCS for each body segment according to the ISB recommendations (Wu et al., 2005). The
humerothoracic joint centre was determined by regression (Dumas, Chéze & Verriest, 2007) in

a static posture.

Insert Figure 1 near here

Three rotation sequences were tested: the YiXr’Yn” Euler sequence recommended for

the shoulder by the ISB (Wu et al., 2005), and the Z«X¢'Yn” and XiZ¢’Yn” Cardan sequences

respectively recommended for most joints by the ISB (Wu et al., 2002, Wu et al., 2005) and
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demonstrated as efficient for glenohumeral joint during analytical motions (Senk & Chéze,
2006) and for humerothoracic joint during the tennis serve (Bonnefoy-Mazure et al., 2010).
For the subsequent analysis, the forehand drive was both considered as a whole, and as the
succession of three independent phases: the backswing, the forward swing and the follow-
through (Ryu, McCormick, Jobe, Moynes, & Antonelli, 1988). The backswing was defined
from the first to the last frames of racket backward motion. The forward swing ended two
frames before impact. The follow-through began two frames after impact and lasted until the
elbow reached its maximal height. Frames surrounding the impact were removed in order to
prevent issues associated with data smoothing through the impact (Knudson & Bahamonde,
2001). Using such definitions, stroke phases were defined independently of humerothoracic
angles.

The time course of the three angles defining humerothoracic rotation were computed for
each of the three rotation sequences, and analysed to assess for occurrence of the three singular
cases, (gimbal locks, phase angle discontinuities, and amplitude incoherencies) both throughout
the forehand drive and for each of the three phases of the stroke considered independently.
Gimbal locks were assumed to occur when the absolute difference between the second rotation
angle at a given time and the gimbal lock value (kn for YiXfYn”, n/2+kn for XiZsYn” and
Z:Xe’Yn”, where k is any integer) ranged from 0 to 20° for Euler angles, and from 0 to 10° for
Cardan angles (Senk & Cheze, 2006). For each of the three angles of each of the three rotation
sequences, occurrence of gimbal locks was quantified as the number of subjects for which at
least one gimbal lock was observed among the 10 analysed trials and as the percentage of frames
for which gimbal locks were detected. Phase angle discontinuities were considered to occur
when the absolute angular difference between two consecutive frames was higher or equal to

180°. For each of the three angles of each of the three rotation sequences, the first (F) and last
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(L) extrema (i.e., maximum or minimum) were extracted from the experimental data. The
corresponding amplitude was then defined as L-F. The amplitude coherences were first
evaluated from the amplitude standard deviations, as large values are likely to be related to
inconsistent joint histories across subjects and trials. Furthermore, the mean amplitudes were
compared with the range of shoulder motion previously reported in the literature (Kapandji,
1980; Sarrafian, 1992) in order to identify angle histories which are likely to be described by
excessive amplitudes regarding human anatomical range of motion.

Finally, as XtZfYn” and Z«X¢ Yn” describe the humerothoracic joint with angles that can
be interpreted the same (flexion / extension, elevation and axial rotation angles are used to
describe both rotation sequences while YXfYn” one relies on the plane of elevation
orientation), the absolute differences between the joint angles were measured at ball-racket
impact (where the axes of both sequences are assumed rather coincident). These differences
were used to quantify the discontinuity resulting from using one of these sequences before ball-
racket impact and the other after it.

For each of the aforementioned parameters, the mean and standard deviations values

presented in the tables were computed from the average of the 10 individual trials.

Results

Insert Table 1 near here

Insert Figure 2 near here

Gimbal lock
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Considering the whole movement, gimbal lock occurred for all of the studied rotation sequences
(Table 1). This was however not the case when considering the three phases of the stroke
separately (Figure 2). During the backswing of the forehand drive, gimbal locks were observed
for YeX¢Yn” and ZeXsYn” sequences, but not for XiZfYn”. For the forward swing phase, they
occurred for YeXrYn” and Z«XrYn” sequences, but not for X«Zf’Yn”. Regarding the follow-
through phase, gimbal locks occurred for XiZsYn” sequence only.

Phase angle discontinuity

Insert Table 2 near here

Considering the whole movement, phase angle discontinuities appeared in each of the three
rotation sequences (Table 2). A separate investigation of the three phases revealed that phase
angle discontinuities occurred in all phases when using YiXr Yn” sequence (Figure 2a), in the
back- and forward swing for Z«Xs Yn” sequence (Figure 2b), and only during the follow-through
phase for XiZ¢’Yn” sequence (Figure 2c¢).

At ball-racket impact, the absolute differences between the angles obtained from
XiZfYn” and ZiXs Yn” rotation sequences were 5.0 £2.3 °, 6.2 £ 3.3 ° and 19.1 £ 5.0 ° for
flexion / extension, elevation and axial rotation, respectively (Figure 2d).

Amplitude coherence

Considering the whole stroke, the standard deviations of the humerothoracic angular amplitudes
reported for the first and third angles displayed high values compared to the amplitude means
whatever the chosen rotation sequence (Table 3). To a lesser extent, this was also observed in
all forehand drive phases when using YiXfYn” sequence, as well as during the forward swing

and follow-through phases for the Z:XrYn” and XiZ¢Yn” sequences, respectively.

10
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Insert Table 3 near here

Discussion and Implications

The present study showed that singularities affected each of the joint angle time histories
obtained when using three rotation sequences (YXr’Yn”, Z«Xr'Yn” and XiZs Y1) to describe
the orientation of the humerus relative to the thorax during a movement involving an expansive
horizontal abduction/adduction: the forehand drive in tennis.

This study brings new knowledge regarding singularity occurrence in joint angle time
histories. Indeed, while previous works reported the occurrence of gimbal locks and phase angle
discontinuities as a number of trials or subjects only (Bonnefoy-Mazure et al., 2010; Senk &
Cheze, 2006), the present work is the first to also quantify the proportion of frames affected by
the gimbal locks. Although gimbal locks did not affect every subject and, where present, only
occurred in a small percentage of frames (Table 1), this would still introduce considerable error
to the measured joint rotations (Table 3; Figure 2b and 2¢) and the corresponding descriptive
statistics (e.g., mean, standard deviation, extrema). Especially, gimbal locks resulted in
abnormally important and abrupt evolution of joint angles (Figure 2b and 2c¢), hence preventing
the humerothoracic angle time courses from being appropriately quantified. The singularities
due to gimbal lock cannot be post-processed, as opposed to phase angle discontinuities.
Nevertheless, the phase angle discontinuities were not corrected in the present study in order to
quantify their occurrence. As a consequence, the incoherencies in angle amplitude are mainly
due to these discontinuities as well as to the singularities. On the contrary, the coherences in
angle amplitude reveal that the rotation sequence is not only free of singularities and
discontinuities but additionally reveal that the joint angle allow for a physiological

interpretation.

11
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The main finding of this study is that no single rotation sequence satisfied the three
criterions to effectively describe humerothoracic motions throughout the forehand drive, thus
confirming that care should be taken to avoid misinterpretation of kinematic data (Bonnefoy-
Mazure et al., 2010, Phadke et al., 2011). Indeed, gimbal locks and/or phase angle
discontinuities (Tables 1 and 2, Figure 2) causing joint angle incoherencies (Table 3) were
observed for all three rotation sequences at some part of the movement.

From the literature, the maximal anatomical amplitude of the shoulder rotation angles
has been reported to attain to 210 degrees for plane of elevation orientation and
flexion/extension, 190 degrees for axial rotation and 230 degrees for elevation (Kapandji,
1980). The range of motion observed in this work when using XiZ¢Yn” before impact and
Z:Xe’Yn” after impact did not exceed these limits of human shoulder anatomical amplitudes
(Table 3) and was also compatible with the functional characteristics of the upper limb
described more recently (Sarrafian, 1992). Conversely, exaggerated variability of joint angles
amplitude was observed when using Z«Xr’Yn” before impact and XiZ¢’ Y™ after impact, so that
these sequences should not be used to describe the humerothoracic angles during the
corresponding forehand drive phases. Such extreme variability was also observed when using
Y«XrYn” rotation sequence whatever the considered motion phase, hence preventing reliable
description of the motion.

A more thorough examination of the results nevertheless revealed that humerothoracic
joint angles could be described coherently and without singularities only if the stroke was
divided into parts. Admittedly, the YiXf’Yn” and ZXfYn” sequences unavoidably generate
gimbal locks before impact since they occur as soon as humerus elevation angle approaches 0
(Figure 2a) or 90° (Figure 2b) respectively. But the XiZ¢’Yn” sequence should be effective in

describing the “before impact” part of the stroke as neither singularity nor incoherency were

12
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reported during the backswing and forward swing phases (Figure 2¢). This observation is in
agreement with previous results which demonstrated this sequence to be effective for describing
the elevation of the humerus in the scapular or frontal planes (Senk & Cheze, 2006).

Similar observations were driven for the “after impact” part of the stroke. Indeed neither
the YiXfYn” (Figure 2a) nor the XiZ¢sYn” (Figure 2c) sequences were effective in reporting
humerus orientation during the follow-through, but the Z«XrYn” (Figure 2b) sequence was. In
accordance with earlier experiments (Senk & Cheze, 2006), the XiZf'Yn” sequence produced
gimbal locks due to the arm crossing the midline of the body in the direction of horizontal
adduction. As previously reported for analytical movements (Phadke et al., 2011), phase angle
discontinuities occurred in the time history of the angle related to the rotation around the
humerus longitudinal axis for the Y«Xf'Yn” sequence, with abrupt changes from internal to
external rotated positions. Thus, only the Z«XrYn” sequence appears to effectively describe
post-impact shoulder joint kinematics as neither singularity nor incoherency were reported
during the follow-through phase of the stroke.

Taken together, the results of this work showed that none of the studied rotation
sequences sufficiently well described the humerothoracic kinematics during the whole stroke,
but that different rotation sequences may be applied to the different phases of the forehand
drive. However, it should be noted that, while the use of several rotation sequences allows for
a reliable description of the 3D angles for different sections of the movement, it may induce
further discontinuities of joint angles at section endpoints. As opposed to phase angle
discontinuities (at least 180°) and large ranges of motion arising from gimbal locks, the
discontinuities due to the combination of sequences are expected of relative low amplitude. In
this study, the absolute differences between the angles obtained at ball-racket impact from
XiZfYn” and Z«Xr Yn” rotation sequences may be considered to reflect important discrepancies

in the description of the rotation angles, especially for the axial rotation (Figure 2d). However,

13
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these differences were lower than the calculation errors observed near the singularities when
using a single rotation sequence throughout the whole motion (Figure 2). From a general point
of view, switching from a rotation sequence to another should be done in a manner that favours
consistency in the description of joint angles throughout the different phases. In other words,
instants for which the angles obtained from the chosen sequences are closest from each other
should be looked for and considered as first choices for switching between the rotation
sequences. In this perspective, providing a physiologically meaningful motion splitting to make
sense from a technical point of view should also be a concern. We also recommend that when
the motion is split in several phases and described with different rotation sequences, the
discontinuity in the angle time history at the phases’ endpoints should be quantified as well as
the angular range of motion during these phases. Moreover, in order to provide the most
complete information, the joint angles obtained at the split instants should be reported for both
rotation sequences used before and after it.

Some limitations can be considered regarding the present study, without however
questioning the results obtained from this work. First, as the joint angles were computed from
the data acquired from an optoelectronic system, the measurements suffer from classical issues
of motion analysis such as “soft tissue artefacts”. Furthermore, until now, the time course of
humerothoracic joint angles during the forehand drive has not been described using singularity-
free rotation sequences, so that the results of this study could not be compared to gold standard
data. More generally, as this is the case for all three-dimensional studies, it is difficult to know
the extent to which the obtained kinematics are valid. Finally, the present results may not be
generalized to specific tennis player populations regarding age, gender or skill level, as the

motion kinematics can differ according to these characteristics.
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Conclusion

In conclusion, our findings may have two primary implications for the interpretation and
reporting of 3D humerothoracic joint kinematics. Firstly, these data confirm that no Euler /
Cardan angle rotation sequence (non-Helical axis system) can clearly define joint rotations
without discontinuities. Therefore, the methodology proposed in this paper (i.e. testing different
rotation sequences, verifying occurrence of gimbal lock, phase angle discontinuity and
amplitude coherence) should precede future reporting of specific humerothoracic movements
to ensure that the measured humerothoracic joint kinematics are most likely to be accurate.
Secondly, in cases where the gimbal-lock problem cannot be resolved using a single rotation
sequence, as it often is the case when large abduction range of motion are observed (Rab,
Petuskey, & Bagley, 2002) such as in throwing motions, the movement should be divided into
parts, defined adequately to make sense from the coaches and sportsmen perspective and to
favour the consistency in the description of the joint angle time history from different rotation
sequences. Last but not least, information regarding the rotation sequence(s) used in the analysis
should be detailed in any paper for the sake of clarity, reproducibility, and potential comparison,

as different rotation sequences are likely to lead to different results.
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Table 1: Gimbal lock occurrence during the whole stroke and its three constituent phases for

each of the three rotation sequences.

Rotation sequence ~ Whole stroke Backswing Forward swing  Follow-through
% n % n % n % n

YXrYn” 0.12+0.13 4 0.09+024 1 0.19+027 3 0.00+£0.00 0
ZXe'Yn” 226+433 3 1.66+3.10 2 335+6.78 3 0.00£0.00 0
XiZe'Yn” 1.77+198 7 0.00£0.00 0 0.00+0.00 0 938+9.09 7

Gimbal lock occurrence was expressed both as percentages of the frames (%: mean +
standard deviation) and as the number of subjects for which at least one gimbal lock was

observed among the 10 analysed trials (n). Absence of gimbal lock are marked using bold

numbers.

20



Thomas Creveaux, Violaine Sevrez, Raphaél Dumas, Laurence Cheze, & Isabelle Rogowski

Table 2: Averaged number of phase angle discontinuities in humerothoracic angle during the

whole stroke and each of its phases for the three rotation sequences.

Rotation Rota‘Flon Whole Backswing Forward swing Follow-through

sequence axis stroke

YiXrYn” Y 1.79+0.61 0.38+0.35 1.41 +0.42 0.00 £ 0.00
Yn” 1.06 £0.28 0.80+0.33 0.03 £0.09 0.23+0.28

Z:Xr'Yn” Zt 0.12+0.27 0.07+0.19 0.05+0.09 0.00 £ 0.00
Yn” 0.12+0.27 0.01 £0.04 0.10+0.23 0.00 + 0.00

XiZeYn” Xt 0.15+0.16 0.00 +0.00 0.00 + 0.00 0.15+0.16
Yn” 0.04 +£0.08 0.00+0.00 0.00 £+ 0.00 0.04 £ 0.08

Bold numbers indicate the absence of phase angle discontinuities. No data were reported for

the second axis as such discontinuities can occur for the first and third axes only.
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drive

Table 3: Humerothoracic angle amplitude (°) during the whole stroke and each of its phases for the three rotation sequences.

Rotation Rotation Movement Whole . Forward Follow-
. Backswing :

sequence  axis stroke swing through

YXeYn” Yi plane of elevation orientation  -0.7+221.5 31.3+136.7 -97.1+2653 432+13.7
Xt elevation 56.0+£29.6 31.9+£253 -19.3+31.7 432+ 16.0
Yh axial rotation 189.3 +1979 2549+132.7 -33.7+322 -30.1+111.2

Z:X£'Yn” Zi flexion / extension 38. 7+ 151.8 43+ 64.1 14.3+62.3 54.1 +£21.6
Xt elevation 57.5+234 -27.0+23.6 30.8+16.6 30.1 £13.5
Yh axial rotation 87.0+1264 -36.5+229 -164+108.0 91.6+264

XZ£Yn” Xt elevation 399+91.0 -32.0 +28.2 29.4 +20.2 37.5+81.6
Zf flexion / extension 91.0+13.3 -6.7 £21.9 45.2 £16.9 454+ 11.9
Yn axial rotation -10.9 £101.8 -63.2 £25.3 2.1 +£39.0 251744

Bold numbers indicate coherent humerothoracic angle amplitude data.
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Figure 1: Definition of the Segment Coordinate Systems for the thorax (Xs, Yt, Zt) and

humerus (Xn, Yh, Zh)

Figure 2: Time courses of humerothoracic joint angles obtained from YiXf'Yn” (a), ZXYn”
(b) and XiZf'Yn” (c) rotation sequences during one forehand drive in one player. The
discontinuities at ball-racket impact resulting from the combination of joint angles description
with XiZ¢ Yn” (before impact) and Z«Xr’Yn” (after impact) rotation sequences are displayed in
(d). Plain grey and black dashed curves correspond to axial rotation and elevation angles,
respectively. Plain black curves represent plane of elevation orientation (a) and flexion /
extension (b, ¢ and d) angles. Occurrences of phase angle discontinuities (PAD) and gimbal
locks (GL) are displayed in (a) and (b, c), respectively. The vertical black lines delimitate the

forehand drive phases (backswing, forward swing and follow-through).
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Figure 2: Time courses of humerothoracic joint angles obtained from YX¢'Yh"” (@), ZeXe'Yn” (b) and XcZfYn” (C)
rotation sequences during one forehand drive in one player. The discontinuities at ball-racket impact
resulting from the combination of joint angles description with X:Z¢Yn” (before impact) and ZX¢'Y,"” (after
impact) rotation sequences are displayed in (d). Plain grey and black dashed curves correspond to axial
rotation and elevation angles, respectively. Plain black curves represent plane of elevation orientation (a)
and flexion / extension (b, ¢ and d) angles. Occurrences of phase angle discontinuities (PAD) and gimbal
locks (GL) are displayed in (a) and (b, c), respectively. The vertical black lines delimitate the forehand drive
phases (backswing, forward swing and follow-through).





