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Abstract

The hand-wrist region is reported as the most common injury site in boxing. Boxers are at risk due to the amount of wrist
motions when impacting training equipment or their opponents, yet we know relatively little about these motions. This
paper describes a new method for quantifying wrist motion in boxing using an electromagnetic tracking system. Surrogate
testing procedure utilising a polyamide hand and forearm shape, and in vivo testing procedure utilising 29 elite boxers, were
used to assess the accuracy and repeatability of the system. 2D kinematic analysis was used to calculate wrist angles using
photogrammetry, whilst the data from the electromagnetic tracking system was processed with visual 3D software. The
electromagnetic tracking system agreed with the video-based system (paired 7 tests) in both the surrogate (< 0.2°) and quasi-
static testing (< 6°). Both systems showed a good intraclass coefficient of reliability (ICCs> 0.9). In the punch testing, for
both repeated jab and hook shots, the electromagnetic tracking system showed good reliability (ICCs > 0.8) and substantial
reliability (ICCs > 0.6) for flexion—extension and radial-ulnar deviation angles, respectively. The results indicate that wrist
kinematics during punching activities can be measured using an electromagnetic tracking system.

Keywords Electromagnetic tracking system - Boxing - Sports - Wrist - Kinematics

1 Introduction

Injuries to the hand and wrist are common in boxing,
accounting for 16-35% of all injuries in training and com-
petition [1, 2], with the highest rate observed in competition
(347 injuries per 1000 h) versus training (< 0.5 injuries per
1000 h) [1]. Further, total days lost to training and overall
duration are greater for the hand and wrist than any other
body part [2]. The wrist is the most distal joint of the upper
limb, allowing movements necessary for functional activities
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of daily living. These movements include flexion, extension,
ulnar deviation, and radial deviation [3]. Knowledge of wrist
kinematics during the impact phase of punching is required
to understand injuries at the wrist in boxing.

Studies investigating the kinematics of boxing have pro-
vided information on the range of motion occurring at the
shoulder and elbow joints, but not the wrist [4, 5]. These
studies used reflective surface markers, placed directly on
the skin, and camera-based motion capture system with the
results interpreted using Cardan angles, an approach that has
been widely described in the literature [6—10]. In a similar
manner, reflective surface markers have also been used to
measure wrist kinematics during the activities of daily living
[11-13]. In boxing, however, placing markers on the skin
is not feasible, as bandages and gloves cover the hand and
wrist. Placing markers on the glove would not be practica-
ble, as its movement can differ from that of the underlying
wrist joint.

Other equipment to measure wrist motion includes elec-
tro-goniometers or electromagnetic tracking systems. An
advantage of both systems over visual tracking methods
is that the receivers do not require direct line-of-sight to
sensors placed on the skin, which is important considering
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boxers wear gloves. Electro-goniometers have been used
to measure wrist motions during activities of daily living
[14, 15], and in snowboarding to assess wrist extension dur-
ing falls, which is another sport where wrist injuries are
common [16] and gloves are worn [17]. Electromagnetic
receivers have also been described in the assessment of
wrist motions, in addition to other joints of the human body
[11, 18-21]. Electro-goniometers are prone to measurement
errors particularly due to crosstalk [22, 23], so equipment
selection is important [24], as is precise alignment with the
wrist joint anatomy. Further, electro-goniometers can incur
damage from high and repetitive forces, an important con-
sideration with boxing [25].

Receivers used in electromagnetic systems do not require
precise alignment as those used in electro-goniometers [18,
19], although careful selection and identification of reference
points on anatomical landmarks is required. Electromagnetic
systems are also affected by ferromagnetic materials which
can disturb the local magnetic field and, therefore, the posi-
tion and orientation estimation [26], but a simple solution is
to avoid using the systems near large metal objects. There-
fore, electromagnetic tracking systems are potentially viable
for assessing wrist kinematics during punching, yet the accu-
racy and repeatability have not been reported.

Electromagnetic tracking systems have certain limita-
tions which should be considered; (a) specialist expertise
is required for both use and analysis, and (b) data is not live
and requires time for analysis. Conversely, inertial (accel-
erometers or gyroscopes) sensors can be easy to use and
provide real time feedback. Inertial sensors are an emerg-
ing technology, which have been used in boxing to measure
shot velocities and quantify fatigue during training [27-29].
Human motion analysis studies are evolving from the use
of single sensor units (i.e. accelerometers or gyroscopes)
towards using more complex unit sensing devices, such as
inertial and magnetic measurements units known as wear-
able inertia measurable units (IMUs), to compensate for
angle measurement errors [30, 31]. Angle measurement
errors observed during data collection comprise mainly tech-
nical problems, such as transmission lag [32]. Additionally,
the signals can be contaminated by noise introduced in the
acceleration or magnetic signals, nature of the sensors, or
human motion artefacts derived from sensor placement [30,
32]. Wearable sensors also need to handle joints involving
more than one degree-of-freedom as multi-plane movements
not only require the capability of tracking motion in different
axes, but also the ability of removing bias that the move-
ment in a different axis might have on a tracked axis [6, 31].
Compared to single sensor units more complex unit sensing
devices such as IMUs, which are being used to compensate
for angle measurement errors and multiplane movements,
require specialist expertise from diverse fields of knowledge
making the use of these devices more complex [30].
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Compared to other systems, electromagnetic tracking
system was deemed the most applicable for investigating
wrist kinematics during punching in boxing. The aim of
this study was to investigate the accuracy and repeatability
of an electromagnetic tracking system in measuring wrist
motion during punching in boxing. This study included three
components; (a) a mechanical surrogate-based investigation,
using a polyamide hand and forearm shape surrogate, (b)
an in vivo quasi-static measurement of the wrist, and (c) an
in vivo measurement of the wrist during boxing punching
activities.

2 Method

An electromagnetic tracking system (Polhemus, Colchester,
VT, USA), with 6-degree-of-freedom (DoF) position and
orientation receivers was used to record kinematic data at a
sampling rate of 240 Hz using a custom-written software.
Two and three receivers were, respectively, fixed to the sur-
rogate and participants of this study. Segment coordinate
systems were defined, using a digital stylus, based on eight
non-anatomical landmarks for the surrogate (Fig. 1); four for
the moving component (hand) and four for the non-mobile
component (forearm), and 11 anatomical landmarks for
the participants (Fig. 2). The anatomical landmarks were
Hand; Head of 2nd Metacarpal Bone, Base of 2nd Meta-
carpal Bone, Head of 5th Metacarpal Bone, Base of 5th
Metacarpal bone, Forearm; Styloid Process of Radius, 7 cm
proximal to Styloid process of Radius, Head of Ulna, 7 cm
proximal to Head of Ulna, and Arm; Medial Epicondyle of
Humerus, Lateral Epicondyle of Humerus, Mid-Acromion
of Scapula. Segment coordinate systems were embedded in
the left upper limb segments, defined based on the location
of the anatomical markers such that the x-, y- and z-axis
were medio-lateral, anterio-posterior and longitudinal,
respectively. The orientation of the hand relative to the wrist
was defined using Cardan angles (xyz rotation sequence), to

Polyamide Hand
Shape Surrogate

Electromagnetic Tracking
System Receivers

Fig. 1 Electromagnetic tracking system receivers (grey X2), virtual
markers (black x8), and self-adhesive markers (red x3) placement
for the surrogate (colour figure online)
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Fig.2 Electromagnetic tracking system receivers (grey X3) and vir-
tual markers (black x 11) placement for the upper limb. Joint centre
is dotted (shoulder joint). The virtual markers were digitised more
medial and lateral for the actual study than observed on this figure.
The current placement is solely provided as visual reference of the
markers

determine wrist flexion—extension and radial-ulnar deviation
angles [6, 8—10, 12, 33].

2.1 Surrogate testing

Two electromagnetic tracking system receivers were
attached to a polyamide hand and forearm shape surrogate
allowing for one DoF (flexion and extension). The surrogate
was constructed with additive manufacturing using dimen-
sion guidelines from EN 14120; 2003 on wrist protectors
[34]. One receiver was attached to the hand (mobile section),
whilst another receiver was attached at the forearm (fixed
section) using double-sided adhesive tape and zinc oxide
tape (W 1.25 cm).

Multiple positions of wrist angle were determined during
three testing sessions; one to assess accuracy and another
two for test—retest reliability. The surrogate hand was ini-
tially placed at an angle of —90° of extension and moved to
a predetermined angle, where it was then held for approxi-
mately 5 s using wooden blocks (L 10 cmXW 9 cm X H
4 cm) positioned over a wooden rig (L 45 cmXW 14 cmxH
84 cm). The hand was then returned to the initial posi-
tion of —90°. This procedure was performed for six wrist
angle positions; three in extension (—27°, —42.5°, —51°)
and three in flexion (14.5°, 28°, 42°). It is suggested that

repeatability or reliability of an instrument and procedures
is determined when the measurement tests are separated by
short time intervals, also defined as a fest—retest study design
[35]. To measure test—retest reliability the system was recali-
brated, the same six wrist angle positions performed, and
data collected again. This re-test procedure was repeated
one more time. Wrist angles were recorded at 60 fps using
a digital camcorder (Panasonic HC-V550), positioned with
the image plane parallel to the plane of motion of the sur-
rogate hand, from a distance of 150 cm. Three self-adhesive
coloured markers (6 mm diameter) positioned on the side of
the surrogate were digitised in the video footage (Kinovea,
open licence 0.8.15) to calculate wrist angle.

2.2 In-vivo testing
2.2.1 Participants

To be included in the study, boxers were at an elite level,
with no upper extremity symptoms. Selected partici-
pants were 29 Great Britain Boxers forming part of the
National Olympic Squad (23 men and 6 women). Charac-
teristics (mean + standard deviation) were as follows: age
24 +4 years (range 19-34 years), stature 178 + 10 cm (range
160-198 cm), and mass 71 + 17 kg (range 50-114 kg). All
participants were right-arm dominant and orthodox stance
boxers (left hand leading). The movements and experimental
protocol were explained verbally. All participants received
written information about the study and provided informed
consent before testing. The study protocols were approved
by Sheffield Hallam University Research Ethics Committee
(Ref No HWB-S&E-42).

2.2.2 Quasi-static testing

Three electromagnetic tracking system receivers were
secured to the left upper arm, forearm and hand of the par-
ticipants using double-sided adhesive tape, zinc oxide tape
(W 1.25 cm), and elastic bandaging (2.5 cm cohesive). At
the hand and forearm, closed cell latex foam squares (Hapla
Swanfoam, Cuxson Gerrard & Co. Ltd.) were used as pad-
ding between the plastic receivers and bone prominence (L
2.5 ecmXxW 2.5 cmxH 0.3 cm). The transmitter (source
box) was elevated 1 m off the ground. In accordance with
the manufacturer’s guidelines, this provided detection of
the magnetic signal generated by the transmitter within the
hemispherical range radius required for all testing (150 cm).

The forearm was placed on the same rig utilised for the
surrogate testing. A piece of adhesive foam (Swanfoam, L
38 cmxW 22.5 cmxH 0.3 cm) was placed between the
forearm and rig to improve comfort and reduce movement
of the forearm during testing. Similar to the surrogate test-
ing, wrist angular position was recorded at 60 fps using the

INTERNATIONAL SPORTS ENGNEERING ASSOCATION
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digital camcorder positioned with the image plane parallel
to the plane of motion of the wrist joint from a distance
of 150 cm. Three self-adhesive coloured markers (6 mm
diameter) were attached (Fig. 3) to enable wrist angles of
flexion—extension to be obtained from the video footage, on
bone landmarks; lateral placement over the Triquetrum, tip
of 5th metacarpal, and lateral epicondyle [36]. For ulnar-
radial deviation three similar coloured markers were also
used, with the forearm positioned in mid-pronation, on bone
landmarks; dorsal Capitate bone, 3rd metacarpal bone, dor-
sal midline of the forearm [36]. For all motions, participants
were instructed to move only in the requested plane of move-
ment without any deviation.

The participants started with the left forearm placed in
a full pronated position. The hand was positioned neutral

Fig.3 Kinovea software analysis showing an example of quasi-
static testing for flexion. Three self-adhesive markers (blue) can be
observed; at the hand, wrist and elbow (colour figure online)

Fig.4 Electromagnetic tracking
system receiver placement; a
on the hand and forearm for
both the quasi-static and punch
testing, b with the addition of
the standard bandage technique
covering the receivers, ¢ with
the addition of boxing gloves
covering the standard bandage
technique and receivers, and

d during punch testing in the
boxing gym

with a closed fist holding onto a plastic cylindrical handle
(L 12 cm XD 4 cm), to mimic the functional position of
a boxer’s hand when held in a glove. The participant was
asked to fully flex at the wrist, hold the position for 3 s, fully
extend at the wrist and again hold still for 3 s. For ulnar and
radial deviation, the same procedure was used with the fore-
arm positioned in mid-pronation. Out of plane movement
was limited by instructions provided to participants. All
motions were performed three times. A frame was collected
at the static angle that the wrist was held at for each motion,
extracted from the video recording, and analysed using
the Kinovea software program (Fig. 3). The wrist angles
obtained were used for further statistical analysis. Similar
to the surrogate testing, to measure test-retest reliability for
flexion—extension the system was recalibrated, and the data
collected again. This procedure was equally performed for
measuring ulnar-radial deviations.

2.2.3 Punch testing

The electromagnetic tracking system receivers were fixed
to the left upper limb following the same procedure for the
quasi-static testing (Figs. 2, 4a). A traditional cotton boxing
wrap (L 450 cm X W 5 cm) was used to bandage the left hand
of each participant using a standard technique (Fig. 4b). This
bandage was not used in the quasi-static testing due to the
requirement for self-adhesive markers and subsequent video
analysis. To minimise the risk of knuckle injuries during
testing, a piece of foam (Hapla Swanfoam, Cuxson Ger-
rard & Co. Ltd., L 10 cmXW 4 cm X H 0.6 cm) was placed
directly over the anterior aspect of metacarpals, as typically

INTERNATIONAL SPORTS ENGNEERING ASSOCATION
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used by boxers during training. A boxing glove (14 oz Adi-
das), of the correct size, was worn by each participant cover-
ing the hand and forearm receivers (Fig. 4c).

The participants were asked to face a boxing bag (Adidas
heavy bag), adopting their natural orthodox stance (Fig. 4d).
Each participant was then asked to throw two types of com-
monly used shots in boxing with their lead hand; jab (straight
shot) and hook (bent arm shot). Jab shots were performed six
times, allowing a rest period of approximately three seconds
between shots. The 2nd to 5th shots were used for statistical
analysis to assess reliability. The 1st and 6th shot were not
analysed, to limit potential errors from the shots thrown by
boxers at the beginning and end of testing. The same proce-
dure was repeated for hook shots.

2.3 Data analysis and angle definition

The electromagnetic tracking system data from all testing
procedures was processed using Visual 3D v3.79 (C-Motion,
Germantown, MD, USA). Following a comparable proto-
col to Schmitz et al. [37], marker trajectories were filtered
using the a lowpass fourth order zero-lag Butterworth filter
in visual 3D, using 10 Hz as the cut-off frequency defined
through visual inspection of the fit during pilot testing distin-
guishing between noise (e.g. glove vibration/movement) and
true measurements during the impact phase. The body-fixed
reference frames were then constructed using the marker

Quasi Static Testing

-\ .o

| Forearm | 18 .3

Wrist Angles (Degrees)

Punch Testing 12,81 —

X-axis

Y-axis

Wrist Angles (Degrees)

56
00

Fig.5 Visual 3D software: on the left, computer generated model
showing individual anatomical segments; arm, forearm, hand. On the
right, flexion—extension (x-axis) and ulnar-radial deviations (y-axis)

L S

=

positions. The filtered trajectories of the digital markers were
subsequently used to compute orientation of the distal seg-
ment relative to the proximal segment using Cardan angles
[38]. Positive and negative rotations around the x-axis were
defined as flexion and extension, respectively (Fig. 5). Posi-
tive and negative rotations around the y-axis were defined
as radial deviation and ulnar deviation, respectively (Fig. 5).
For the surrogate and quasi-static testing an event marker
was created corresponding to the maximum and minimum
points of all four wrist motions; flexion, extension, ulnar
deviation and radial deviation (Fig. 5a).

For the punch testing, it was important to define the
wrist angle (Fig. 5b) being calculated (i.e. the wrist angle at
impact with the bag). The wrist angle was identified using
three combined methods; (1) visual observation of the vir-
tual upper limb (tested at 240 Hz) to identify the point of
hand impact observed at terminal elbow extension combined
with terminal shoulder flexion, (2) movement at the x-axis
and y-axis aligned together with displacement observed to
occur simultaneously at the perceived point of hand impact,
and (3) movement at the x-axis aligned with the accelera-
tion of the wrist with the maximum acceleration observed to
occur simultaneously with maximum x-axis displacement.
While the markers at the arm for the participants were not
directly required for wrist measurements, they were utilised
to assist visual observation of the virtual upper limb when
identifying the wrist angle at impact. For the punch testing,

A

RV

Time (Seconds)

A

2 24

24

Time (Seconds)

wrist angles with event markers (red) created for; a quasi-static test-
ing and b punch testing; jab shot (colour figure online)
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an event marker was created corresponding to the maximum
and minimum points of all four wrist motions occurring at
impact with the bag; flexion, extension, ulnar deviation and
radial deviation (Fig. 5b).

For the accuracy of the electromagnetic tracking system
in the surrogate and quasi-static testing a paired ¢ test was
used. To further assess the agreement of the electromag-
netic tracking system with the video-based system in the
quasi static testing, Bland—Altman analysis was performed
for each of the four motions tested; flexion, extension, ulnar
deviation and radial deviation. Intra-participant reliability of
each measure for all tests performed (i.e. surrogate, quasi-
static, and punch) was examined using the intraclass correla-
tion coefficient (ICC). The following benchmarks for ICC
for reliability were used: Poor (0.00-0.20), Fair (0.21-0.40),
Moderate (0.41-0.60), Substantial (0.61-0.80), and Good
(0.81-1.00) agreement [39].

3 Results

Wrist angles calculated from the electromagnetic tracking
system deviated from the video-based system by <0.2°
for flexion—extension in the surrogate testing, and < 6° for
flexion—extension and ulnar-radial deviations in the quasi
static testing (Table 1). The electromagnetic tracking sys-
tem showed better agreement with the video-based system
at estimating ulnar-radial deviations (< 4° mean difference)
than flexion—extension deviations (< 6° mean difference) in
the quasi static testing (Table 1). The limits of agreement
met the assumptions of Bland—Altman analysis (Fig. 6),
ranging from 0.4° to 11.1° which means the model can be
used when the acceptable difference from the video-based
system is within this range. In all motions, the errors did
not appear to be influenced by the mean angle between the
electromagnetic tracking system and the video-based system.

The electromagnetic tracking system demonstrated good
reliability (ICCs > 0.9) [39] for both the surrogate and quasi-
static data (Table 2). Jab and hook shots for wrist motions
occurring during the punch testing in flexion—extension
yielded good reliability (ICCs>0.8) [39], whilst a sub-
stantial reliability (ICCs> 0.6) [39] for both types of shots

for wrist motions was recorded in ulnar-radial deviations
(Table 3).

4 Discussion

When testing a rigid surrogate wrist held at different angles,
which eliminates potential errors of anatomy and skin
movement, joint angles measured with the electromagnetic
tracking system agreed with the video-based system within
<0.2°. For the quasi-static measurement of boxer’s wrists,
the electromagnetic tracking system agreed with the video-
based system within 2°-6° for all four movements tested,
with the largest difference of 5.7° similar to reported maxi-
mum differences of 5° observed in other clinical studies [40,
41]. Agreement between the electromagnetic tracking sys-
tem and video-based system in the quasi-static testing was
further confirmed with Bland—Altman analysis [42, 43]. The
largest difference between the two systems was observed to
occur during flexion testing. The electromagnetic receiv-
ers were placed on the dorsum of the hand, whilst the self-
adhesive markers for video capturing were placed on the
medial aspect, therefore providing an explanation for the
larger difference obtained during flexion compared with the
other motions. Considering that the hand was maintained in
a fist position, it was expected that the overlying structures
(skin and underlying fascia) on the dorsum of the fingers,
hand and wrist would be more stretched when compared to
the volar, medial and lateral aspects. The bandage, utilised
for the punch testing, would have potentially reduced move-
ment of the electromagnetic receivers on the underlying skin
due to direct pressure onto these receivers. The use of the
bandage during the quasi-static method was, however, not
viable due to the requirement of the self-adhesive markers
to be placed on the skin and captured with the video camera.
Securing the receivers during the punch testing was impor-
tant and, therefore, considered when bandaging the hand-
wrist complex.

Another consideration is that substantial inter-carpal joint
movements occur in the region of the wrist [44—46]. Sev-
eral authors have stated that the centre of rotation for the
wrist occurs at the Capitate bone [47-49]. In a study using

Table 1 Accuracy of the

. . Motion Correlation  Sig Mean difference  Std. deviation  Std. error mean
electromagnetic tracking system
for the surrogate and quasi- Surrogate  FLEX-EXT 1 >0.001 0.12 0.08 0.03
static testing (units in degrees) Quasi-static FLEX 0.973 >0.001 5.73 273 0.51
EXT 0.998 >0.001 2.46 0.83 0.15
UD 0.986 >0.001 3.52 1.62 0.3
RD 0.989 >0.001 2.15 0.93 0.17

INTERNATIONAL SPORTS ENGNEERING ASSOCATION
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(rd)

Table 2 Reliability and 95% limit of agreement of the motion capture systems (units in degrees)

Motion Ist 2nd 3rd ICC 95% CI (%)
Surrogate (video system) FLEX-EXT 1 0.999-1.000
Surrogate (electromagnetic tracking system) FLEX-EXT 1 0.999-1.000
Quasi-static (video system) FLEX 583+11.9 59.1+12.1 592+120 0.976 0.957-0.988
EXT 69.5+13.0 69.1+13.7 693+132 0987 0.975-0.973
UD 26.1+9.4 26.6+9.6 26.5+9.5 0967 0.941-0.983
RD 19.0+6.3 19.8+6.1 199+6.5 0970  0.946-0.985
Quasi-static intrasession (electromagnetic tracking system) FLEX 526+11.6 533+119 535+12.0 0.961 0.930-0.980
EXT 71.7+133  71.7+138 71.8+13.3 0990 0.982-0.995
UD 29.7+89 30.0+9.2 30.1+8.7 0970  0.944-0.985
RD 17.0+6.1 17.7+6.2 17.6+6.6 0973  0.951-0.987
Quasi-static intersession (electromagnetic tracking system) FLEX 0.992  0.983-0.996
EXT 0.996  0.991-0.998
UD 0941  0.879-0.972
RD 0.974  0.945-0.988

FLEX flexion, EXT extension, UD ulnar deviation, RD radial deviation

high speed video data acquisition for 3D range of movement
analysis of a cadaveric wrist, it was observed that during
wrist flexion—extension, the instantaneous screw axis was
found to qualitatively pass through the head of the Capitate,

however, it was not limited or fixed to the Capitate [50].
Patterson and colleagues [50] maintain that centre of rota-
tion calculations assume planar motion and do not account
for slippage between the carpal bones during normal carpal

INTERNATIONAL SPORTS ENGNEERING ASSOCATION
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Table 3 Reliability for wrist Shot Motion 2nd 3rd 4th 5th ICC  95%CI (%)
motion (units in degrees) at the
impact phase for the 2nd-5th JAB FLEX-EXT  7.5+43  79+46  78+52 72+47 0850  0.757-0.918
Jab and Hook shots JAB UD-RD 30418  28+18 29421 24+21 0679  0.522-0813

HOOK  FLEX-EXT  4.8+27 43427 50+37 48+32 0805  0.692-0.892
HOOK  UD-RD 21+1.8 19420 17+15 18«14 0700  0.549-0.827

FLEX flexion, EXT extension, UD ulnar deviation, RD radial deviation

motion. To potentially provide a better comparison, a four-
point vide-based system could be considered based on the
understanding that the wrist is more complicated and mod-
elling it as a fixed hinge joint might not be anatomically
correct. In the current study, the electromagnetic tracking
system agreed with a three-point video-based system, with
the axis of rotation considered at the Capitate. While care
was taken in positioning the camera, the video-based sys-
tem could present a potential source of error due to cross
talk between flexion—extension and ulnar-radial deviations
resulting in some out of plane motion. Future work could
consider using three-dimensional analysis techniques, such
as stereo calibrated cameras or a commercial marker-based
motion capture system.

During wrist motion, the radio-lunate joint contributes
more motion in flexion than the Capito-Lunate joint, with
the opposite occurring in extension [50]. These underly-
ing biomechanical differences, combined with potential
skin movement, can contribute to variations with repeated
movements. In the current study, intra-rater reliability of the
video-based system was evaluated by measurement of the
wrist joint range of motion. The ICC for all four motions
was in a range of 0.967-0.976 indicating good reliability
(ICCs>0.9) [39], comparable to another study using a simi-
lar methodology [35].

Testing the accuracy of the electromagnetic tracking sys-
tem during punching was not possible, the information from
the surrogate and quasi-static testing was therefore consid-
ered. For repeatability of the electromagnetic tracking sys-
tem during punching, reliability of two commonly used shots
in boxing (jab and hook) was performed. For both types
of shots, flexion—extension yielding better reliability (ICC
range; 0.805-0.850) than ulnar-radial deviations (ICC range;
0.679-0.700). The difference in reliability between flex-
ion—extension and ulnar-radial deviations potentially attrib-
uted to errors with the video-based system. Compared to
gait analysis in the lower limb, motion analysis of the upper
limb carries several disadvantages. Mainly that there is no
single relevant functional activity for upper limb, and that
functional activities in this region show a larger variation of
execution in the normal population as opposed to gait pat-
terns [11]. Boxing is not considered an activity of daily liv-
ing and, therefore, not an area that is widely understood and
researched. In boxing, the objective is to restrict movement
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at the wrist to improve transference of forces occurring from
the lower limb and trunk towards the upper limb, and into
the opponent. This movement restriction at the wrist is also
important to decrease injuries occurring to the boxer, evident
from the common practice of wrapping hands for both train-
ing and competition. Conversely, in activities of daily living
and other sports, it is often important for motion to occur in
the wrist joint. This current study was, therefore, important
in identifying a technology that can measure what level of
wrist motion occurs during impact in boxing, whilst still
utilising the wrapping material and gloves required.

5 Conclusion

The advent of improved technology makes the use of 3D
motion capture systems a possibility in quantifying joint
movements during sporting activities. A protocol using
an electromagnetic tracking system was developed with
the results indicating it as an accurate and reliable tool for
assessing wrist kinematics in boxing, specifically during
repeated punching situations. These results potentially sup-
port the use of electromagnetic motion capture devices for
a variety of sporting and non-sporting clinical applications.
Further studies using such technology are therefore war-
ranted, especially in the upper limb.
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