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Abstract

In snowboarding, the wrist is the most common injury site, as snowboarders often put their arms out to cushion a fall. This
can result in a compressive load through the carpals coupled with wrist hyperextension, leading to ligament sprains or
carpal and forearm bone fractures. Wrist protectors are worn by snowboarders in an effort to reduce injury risk, by
decreasing peak impact forces and limiting wrist extension to prevent hyperextension during falls. There is no international
standard or universally accepted performance specification that snowboarding wrist protectors should conform to, resulting
in an inability to judge which designs offer the best protection. This study investigated how surrogate arm design affected
the stiffness of wrist protectors during quasi-static mechanical testing. Three surrogate arms with increasing design
complexity were used to test three wrist protectors. The results show that surrogate design does influence the stiffness of
snowboarding wrist protectors. Given that the surrogate does influence protector performance, it is recommended that a

standard surrogate design is established for research and product testing.

Keywords Injury prevention - Mechanical testing - Protective equipment - Snowboarding falls

1 Introduction

There are an estimated 10-15 million snowboarders
worldwide [1]. The risk of sustaining an injury while
snowboarding is higher than alpine skiing [2—4] and injury
rates are among the highest of all sports in the 9 to 19-year-
old age group [5]. In snowboarding, the wrist is the most
frequently injured region [6-8], with wrist fractures a
common occurrence [9]. Snowboarders often attempt to
cushion a fall with outstretched hands. In this scenario
impact loads can be transmitted along the upper extremity
as an axial compression force and extension torque
resulting in wrist hyperextension, which can lead to liga-
ment sprains or carpal and forearm bone fractures [10, 11].

Different preventative measures can be adopted:
changing the biomechanical response of the body; altering
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how the applied load is distributed and reducing injury risk
through the application of engineering design and appro-
priate regulation [12], including (1) the design of ski areas,
such as terrain park jumps [13, 14] and (2) personal pro-
tective equipment (PPE) such as helmets [15]. Wrist pro-
tectors have been adopted amongst snowboarders as a
preventative measure to: (1) limit peak impact forces, (2)
absorb or shunt the impact energy, and (3) prevent hyper-
extension [1, 16]. A range of wrist protectors of differing
designs are available. A common approach is to include
features intended to stiffen the wrist to prevent hyperex-
tension, such as splints on the palmar and dorsal sides of
the wrist [1, 17]. There is no universal specification for
assessing snowboarding wrist protector performance, but
following a call in 2013 [1], the ISO/CD 20320 was setup
to develop a standard for these products [18]. The Euro-
pean standard EN 14120:2003 prescribes requirements for
roller sports wrist protectors and has been identified as a
suitable starting point for developing a dedicated snow-
boarding wrist protector standard [17]. One of the
requirements of EN 14120 is that protectors undergo a test
to measure their stiffness (EN 14120 requirement 5.9)
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which is thought to relate to their ability to prevent wrist
hyperextension.

Adams et al. [19] critiqued EN 14120 stiffness test
protocol and presented a modified test to assess the stiff-
ness of snowboarding wrist protectors. Where stiffness is
defined as the protector’s ability to limit wrist extension
under load. A bespoke rig fitted to a uniaxial testing device
was used to facilitate testing of protectors over a range of
torques rather than just one (3 Nm) as prescribed in EN
14120. The surrogate prescribed in EN 14120 was used, but
found to be unsuitable for testing all designs of snow-
boarding wrist protectors as a lack of fingers did not allow
assessment of products integrated into gloves. In addition,
there is no evidence to suggest that the simplified design
(shape and size) of the surrogate was based on anthropo-
metric data. Given the need for a new surrogate, the aim of
the current study was to investigate the influence of sur-
rogate design (both shape and size) on the measured
stiffness of snowboarding wrist protectors. Two new sur-
rogates of increasing complexity were developed and the
stiffness of three protectors was compared for the two new
designs and the EN 14120 surrogate. For the purpose of
this study, a well-designed surrogate is considered to be
based on anthropometric dimensions, to enable testing of
both stand-alone protectors and those integrated into
gloves, and detect differences between products in a
repeatable manner. A better understanding of wrist pro-
tector performance on different surrogates will assist in the
design of surrogates for the proposed snowboard specific
International Standard ISO/CD 20320.

2 Method

Two new surrogate arms of increasing biofidelity were
developed (Fig. 1) and used to test the stiffness of three
wrist protectors. The new surrogates were compared with
the surrogate outlined in EN 14120 roller sports protective
equipment standard (Fig. 1a), that was used by Adams
et al. [19]. All three surrogates correspond approximately
to EN 420 sizes 8 and 9; a summary of their measurements
is given in Table 1. The EN 14120 surrogate has a simple
shape with a uniform rectangular cross-section forearm and
a paddle-like hand with no fingers.

The first new surrogate (geometric, Fig. 1b) is more
biofidelic in terms of shape and size. It is a simplified
geometric representation of a hand-arm designed using
computer-aided design (CAD) software (Pro/ENGINEER,
USA) based on eleven dimensions from anthropometric
datasets, equivalent to European hand size 8 [20-23].
Simplifications of the hand form resulted in a scalable
design constructed from simple geometric profiles that can
be communicated in an engineering drawing and

INTERNATIONAL SPORTS ENG NEERING ASSOCIATION

reproduced globally. This surrogate is the proposed size
medium surrogate in the draft version of ISO/CD 20320
standard (E update 2017-03-22) for snowboarding wrist
protectors [18].

The second new surrogate (scanned, Fig. 1c) was the
most biofidelic of the three and was created from a 3D scan
(3dMD, USA) of a human hand and arm. A participant
with hand measurements close to published 50th percentile
data (equivalent to hand size 8/9) was identified from a
sample of ten, based on nine manual measurements of each
upper extremity: forearm circumference, wrist circumfer-
ence over bony protrusion and at wrist crease, wrist width,
hand circumference, hand breadth, hand length, middle
finger length and palm length. The difference between each
participant and published 50th percentile data [21] was
determined for each measure, the summed squared error
across all measures was then calculated and the participant
with the lowest value deemed the most appropriate forearm
to base the surrogate on. The selected participant had a sum
squared error of 917 mm and all measurements were
within 10% of the 50th percentile, the largest differences
from the 50th percentile measurements were the wrist and
forearm circumferences. Ethical approval was obtained
from the Faculty of Health and Wellbeing Ethics Com-
mittee, Sheffield Hallam University, UK (HWB-S&E-69).
The scan data point cloud was manipulated and converted
to a surface before adding a wrist hinge joint using CAD
software (Geomagic, USA and Pro/ENGINEER, USA).

The three surrogates will be referred to as EN 14120,
geometric and scanned. All three surrogate arms and the
two new surrogates hands were made from solid polyamide
(tensile modulus 1650 MPa + 150 [24]) using laser sin-
tering (Materialise, UK). The EN 14120 surrogate hand
was made from polyamide (tensile modulus 3309 MPa
[25]) using fused deposition modelling (Makerbot, USA).
A single axis low friction hinge joint was used to mimic the
flexion extension motion of the wrist as stipulated in EN
14120. To facilitate testing of products integrated into
gloves, two steel rods (#12 x 80 mm) imitating digits
three and four were incorporated into the geometric and
scanned surrogate and a clamp was used to attach the wire
which transferred displacement from the testing device
(Fig. 2). To ensure protectors could be mounted onto the
surrogates, they each included a protrusion in place of a
full thumb.

Three different commercially available adult wrist pro-
tectors were tested (Fig. 3). Two snowboarding protectors
were chosen, as they represent different design approaches,
whilst the roller sports protector acted as a comparison that
was certified to EN 14120 (Table 2). Based on protector
dimensions, the two snowboarding protectors will be
referred to here as short and long snowboarding protector.
Both snowboarding protectors were size medium, whilst
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Fig. 1 Surrogate designs that
were compared a EN 14120,

b geometric, ¢ scanned.
Dimension 1 is hand length
from the centre of the hinge to
the finger tips and dimension 2
is hand circumference over the
knuckles

\

Table 1 Summary of surrogate measurements in relation to standard sizes

Measurements 50th percentile male  Size 8/9 measurements (EN EN 14120 Geometric Scanned
[21] 420) surrogate surrogate surrogate
Hand length (mm) 190 182/192 191 182 192
Hand circumference (mm) 223 203/229 220 200 207
Maximum forearm - - 167 197 240
circumference (mm)
Total volume (mm3) - - 893,970 900,212 1,110,321

the roller sports protector was size large. Sizes were
selected based on what fitted the EN 14120 surrogate, as
there is no standard sizing used across manufacturers. Each
protector was strapped by holding the surrogate horizon-
tally, attaching a 2 kg mass to the strap and then rotating
the surrogate about its long axis until the protector was
securely fitted.

The experimental procedure was based on the approach
outlined by Adams et al. [19] and is, therefore, only briefly
summarised here. The surrogate was mounted to a bespoke
rig and connected to a uniaxial testing machine (Instron
3367, fitted with a 500 N load cell). Vertical displacement
of the load cell at 200 mm/min applied an extension torque
to the wrist joint—via a cable attached to the fingers
passing through a pulley—until the hand extension angle
reached ~ 90° (Fig. 2). A preload of ~ 1.5 N pre-ten-
sioned the cable, removing any “slack™ before the start of
the trial. Load and displacement were recorded at 10 Hz,
with the start and end angle of the hand measured with an

inclinometer (MWS570-01, Moore & Wright). Hand
extension angle throughout the trial was inferred from the
start and end angle, as load cell displacement rate was
constant. Eight repeat trials were performed on each pro-
tector on each surrogate, resulting in 72 trials for the nine
test conditions. The protector was re-positioned and re-
strapped between trials.

The load applied to the cable was measured in the
vertical axis, rather than perpendicular to the hand as
required to obtain the torque acting about the wrist joint of
the surrogate. It was, therefore, necessary to calculate the
load perpendicular to the hand throughout the trial. This
perpendicular load was calculated from load cell data, start
and end angle measurements and manual measurements of
distances A, B, C and D (Fig. 2) using trigonometry as
detailed in Adams et al. [19]. The relationship between
hand angle and torque was studied for four cases: 35°, 55°,
80° and 90°. Angles 35° and 55° are the pass threshold in
EN 14120 when 3 Nm is applied, whilst 80° and 90° are

INTERNATIONAL SPORTS ENGNEERING ASSOCATION
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Fig. 2 Schematic of test setup
at start of test (solid line), part
way (dashed line) and end of
test (dot-dash line). 1 Load cell,
2 low friction pulley, 3 cable, 4
cable clamp, 5 surrogate steel
fingers, 6 low friction joint, &
hand extension angle

displacement

protector region

D
k>t
4.
5.
C
B

A,B,C,D: manual measurements used to determine hand extension angle

representative of wrist hyperextension and are comparable
with wrist angles that have been measured in non-injurious
on-slope falls [26]. Due to the sample frequency of the load
cell (10 Hz), it was necessary to interpolate the results to
define the torque at the prescribed angles, by fitting a first-
order polynomial function through the local data points
(range < 5°). Each of the eight repeats were analysed with
the same method and a mean and standard deviation
obtained. For statistical comparison, the data were split into
thirty-six sets (3 surrogates x 3 protectors x 4 angles).
Data was further divided into twelve groups to enable
comparisons between surrogates to be made at each angle
(e.g., same protector, same angle on three different
surrogates).

The data was analysed with SPSS statistical software for
analysis (IBM SPSS Statistics for Windows, USA). To test
for normality and homogeneity of variance, Shapiro—Wilk
and Levene tests were performed with the significance
level set at p < 0.05. Based on these outputs, statistical
analysis tests were used for each of the twelve groups to
determine differences in torque between the three surro-
gates at the same extension angle. Post hoc analyses were
conducted to assess where the significant differences
between pairs of surrogates occurred. One way ANOVA
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and Bonferroni post hoc were used if data were normally
distributed and had equal variance; Welch ANOVA and
Games Howell post hoc if data were normally distributed
and had un-equal variance; Kruskal-Wallis and Mann—
Whitney tests with a Bonferroni correction (effects repor-
ted at a 0.0167 level of significance) were used as a non-
parametric equivalent to one way ANOVA. Effect sizes
were calculated using Pearson’s correlation coefficient, as
described by Field [27]. The magnitudes of the correlations
were interpreted using Cohen’s thresholds where: < 0.1, is
trivial; 0.1-0.3 is small; 0.3-0.5 is moderate; and > 0.5 is
large [28]. To compare the repeatability of the three sur-
rogates, the coefficient of variation was determined for
each protector on each surrogate at the four angles of
interest.

It was not possible to obtain full measurement sets for
all four angles in two cases: 35° for the roller sports pro-
tector mounted on the geometric surrogate and 90° for the
long snowboard protector mounted to the scanned surro-
gate. When the roller sports protector was mounted on the
geometric surrogate, the start angle of the hand exceeded
35° (47.5 & 2.2°). Similar behaviour was observed in an
earlier study; different protectors designs hold the hand at a
different neutral angle [19]. The long snowboard protector
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Fig. 3 Three wrist protector
models tested mounted onto
geometric surrogate a short
snowboarding, b long
snowboarding, c¢ roller sports

|
§

Table 2 Protector measurements

b

(b) o (c) .

Protector Wrist protector length, Palmar splint (width x length x thickness),  Dorsal splint (width x length x thickness),
mm mm mm
Short 160 Three splints (8 x 70 x 7) Two splints (10 x 145 x 6)
snowboarding
Long 212 One splint (70 x 205 x 6) One splint (70 x 210 x 10)
snowboarding
Roller sports 183 One splint (35 x 155 x 8) One splint (30 x 135 x 7)

mounted on the scanned surrogate exceeded the limit of the
load cell (500 N) before the hand could be displaced to
90°, resulting in an extension angle of 84 £ 0.2° at the end
of the test. In these cases, alternative statistical tests to
compare two surrogates rather than three were used like
independent ¢ test (if data were normally distributed) or
Mann—Whitney test (if data were not normally distributed).

3 Results

Significance test results and effect sizes for each pair of
surrogates wearing each protector at four angles are pre-
sented in Table 3. Statistically significant differences exist
in torque between the three surrogates in 78% of all tested
cases. All cases except one demonstrate a moderate to large
effect size. In all cases, the geometric and scanned

INTERNATIONAL SPORTS ENGNEERING ASSOCATION
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Table 3 Inferential statistics,

significance test results and Protector Angle  p Effect size
effect sizes between surrogates EN-Geo EN-Scan Geo-Scan EN-Geo EN-Scan Geo-Scan
for torque measurements at four
different angles Roller sports 35 - 0.202° - - — 0.31 -
55 0*° 0.029° 0+° —084 —057 —0.84
80 0*° 0.021° 0*° —-084 —06 —0.84
90 0.097° 0.019*°  0.003*° 0.51 - 0.76 - 08
Short snowboarding 35 0.003*®>  0.547° 0.032+° 0.74 —0.26 —0.62
55 0*° 0.161° 0.009+° 0.83 — 046 - 0.73
80 0.001*>  0.007%°  0.001*° 0.81 - 0.73 —0.83
90 0.162° 0*° 0+° — 046  —0.88 —0.87
Long snowboarding 35 0.004**  0.006*" 0% 0.77 — 061 - 0.86
55 0%° 0*° 0*° - 084 —084 —0.84
80 0.001%¢ 0% 0.001%¢ —-084 —084 —0.84
90 0*4 - - 0.97 - -

Statistical tests performed: “one way ANOVA, "Welch ANOVA, “Kruskal-Wallis, dindependent t test,
“Mann-Whitney U test, * indicates a significant difference. Magnitude of effect measured using Pearson’s

correlation coefficient

EN EN 14120, Geo geometric, Scan scanned

surrogates were significantly different (p < 0.005) with
large effect sizes. EN 14120 and the geometric surrogate
were significantly different in 80% of measured instances;
EN 14120 surrogate and the scanned surrogate were sig-
nificantly different in 55% of measured instances.

Table 4 presents the coefficient of variation for each
protector on each surrogate at the four angles of interest
and the mean coefficient of variation for the three surrogate
designs. The EN 14120 and geometric surrogate have
similar mean coefficients of variation of 24 and 23%,
respectively, while the scanned surrogate had a higher
mean coefficient of variation of 31%. Figure 4a shows the
first-order polynomial functions and the mean torque for

the four angles across eight repeats for one condition.
Figure 4b—d shows the torque—angle relationship across all
three arms for each protector. In all cases, torque increased
with hand extension angle.

Figure 5 shows that ranking order of protector stiffness
was generally consistent across surrogates, except for three
conditions. In the majority of cases (90%), the long
snowboarding protector exhibited the highest stiffness,
requiring a larger torque to reach each hand angle. In
contrast, the short snowboarding protector tended to exhibit
the lowest stiffness (83% of cases), with the roller sport
protector showing intermediate behaviour. Exceptions
include, (1) the EN 14120 surrogate at 35°, (2) the scanned

Table 4 Coefficient of variation

(CV) for each protector on cach Protector Angle Coefficient of variation (%)
surrogate at the 4 angles of EN 14120 Geometric Scanned
interest
Roller sports 35 84 - 60
55 45 26 34
80 18 30 28
90 12 42 27
Short snowboarding 35 25 24 47
55 16 16 38
80 37 40 44
90 13 9 23
Long snowboarding 35 23 30 24
55 8 12 15
80 6 8 5
90 6 15 -
Mean CV for each arm based on all cases (%) 24 23 31

INTERNATIONAL SPORTS ENG NEERING ASSOCIATION
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(a) raw data - 8 trials
40 = first order polynomial through angles of interest

O mean torque
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Fig. 4 a Raw data and mean torque at angles of interest for long snowboarding protector on EN:14120 surrogate, surrogate comparison for:
b long snowboarding, ¢ short snowboarding protector, d roller sports protector

Fig. 5 Comparison of extension EN 14120 B Long snowboarding protector

torque at each angle for all ]
protectors mounted on all three Geometric

surrogates Scanned [ Short snowboarding protector

45

40

35

30

25

20

15

Extension Torque (Nm)

surrogate at 35°, in both cases, the short snowboarding
protector required marginally more torque (0.3 Nm) than

H Roller sports protector

Extension Angle (°)

2 -l .SsiJrJ ;'JJ 80“ ,

90

the roller sports protector and (3) the geometric surrogate at
90°, where the roller sports protector required slightly more
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torque (1.6 Nm) than the long snowboarding protector.
From Fig. 5, it can also be seen that the relative difference
in stiffness between protectors changed between surro-
gates. The smallest differences in protector stiffness were
measured when using the geometric surrogate. For exam-
ple, consider the short and long snowboarding protector at
a hand angle 80°. For these two protectors mounted to the
EN 14120, the difference in torque was 11.4 Nm, a dif-
ference of 2.5 Nm when mounted to the geometric surro-
gate and 23.7 Nm difference for the scanned surrogate.

4 Discussion

Surrogate design significantly influences the measured
stiffness of snowboarding wrist protectors in a quasi-static
bending test. The scanned surrogate required larger torques
to displace the hand to each angle (Fig. 4b—d), which may
be due to the size of the forearm. The scanned surrogate
had the largest volume, with the biggest wrist and forearm
circumferences (Table 1), these are the two metrics that
have the greatest difference between the selected partici-
pant and 50th percentile measures. Given that in reality
there is no such thing as an average 50th percentile human,
finding a participant with all the equivalent measures is
very difficult. Differences in protector performance with
surrogate design have implications for the snowboarding
wrist protector standard under development. Threshold
values in test standards should be linked to surrogates and
should not be considered to be transferable across different
designs. Whilst the stiffness ranking of the three protectors
tended to be consistent across all three surrogates, the
relative difference in protector performance varied. The
smallest differences in protector stiffness were measured
when using the geometric surrogate (Fig. 5). The impor-
tance of these relative differences in protector stiffness
measurements is likely to be dependent on the application.
When determining whether protectors meet the pass crite-
ria for a test in a standard these relative differences are
likely to be less of an issue than when undertaking work to
determine whether products exhibit different performance,
and linking these differences to design parameters for
example. Surrogate design is an important consideration
when comparing protector stiffness results between labo-
ratories, test houses and research studies.

The coefficient of variation provides insight into the
repeatability of the surrogate design. When considering the
overall mean coefficient of variation the geometric (23%)
and EN 14120 (24%) surrogates perform in a similar manner,
whilst the scanned surrogate was more variable (30%). These
results imply that the new geometric surrogate is equivalent
to the EN 14120 surrogate in terms of repeatability, while the
scanned surrogate is worse. Whilst the scanned surrogate is a
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more accurate representation of the human arm, it has a more
complex discontinuous shape. The increased biofidelic
accuracy results in a shape with more surface features and
irregularities, as details such as muscles and bones are cap-
tured. Given the rigid nature of the surrogate, these
anatomical features are likely to increase the resistance
between the protector and surrogate influencing the fit,
resulting in greater variation between trials. The inclusion of
a more pronounced thumb in the two new surrogates results
in a visibly better fit between the surrogate and the protector,
but does not appear to improve repeatability based on the
results presented here.

Both the geometric and scanned surrogates are improve-
ments on the current gold standard EN 14120 surrogate,
because their geometry better represents a human hand and
wrist, they facilitate testing of protectors integrated into
gloves and are based on published anthropometric data. The
scanned surrogate required participant recruitment to
develop and is not easily communicated via an engineering
drawing, thereby limiting its reproducibility. The main
limitation of the scanned surrogate is the challenge of iden-
tifying participants with the desired wrist and hand size. In
contrast, the geometric surrogate provided repeatable mea-
surements; is based on readily available anthropometric
data; can be communicated in an engineering drawing; can
be scaled and updated as required with relative ease.
Therefore, the geometric surrogate approach should lend
itself well to test protocols in international standards.

Whilst evidence suggests that the geometric surrogate may
be best of the three designs, further work could be done to
improve repeatability, such as modifying the surface to
incorporate a thin layer of compliant material, as a basic
representation of skin, to enhance protector fit and limit
unwanted movement. The use of a potentiometer to measure
extension angle rather than manual inclinometer measure-
ments would simplify the test protocol. Further testing with a
greater number of products could be beneficial to better
quantify surrogate repeatability and further our understanding
of differences in stiffness between protectors. A limitation of
the test method presented here is the quasi-static application of
load; whilst this facilitates an understanding of product stiff-
ness related to hyperextension, it does not enable a full
assessment of the product protective capacity. A comple-
mentary approach employing a dynamic test in which other
protective parameters can be measured including: energy
absorption and load transfer will be developed.

5 Conclusion

This paper presents an investigation into the influence of
surrogate design on the stiffness of snowboarding wrist
protectors. A well-designed surrogate should: be based on
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relevant dimensions; enable the testing of both stand-alone
protectors and those integrated into gloves; detect differ-
ences between protectors in a repeatable manner. This
study has shown that the design of the surrogate signifi-
cantly influences the measured stiffness of wrist protectors.
International standards must link pass thresholds to specific
surrogate designs. It is recommended that the geometric
surrogate design is adopted as the standard for product
testing when quasi-statically testing snowboard wrist
guards.
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commons.org/licenses/by/4.0/), which permits unrestricted use, dis-
tribution, and reproduction in any medium, provided you give
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link to the Creative Commons license, and indicate if changes were
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