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Abstract
Snowboarding wrist protectors are typically designed to limit impact forces and prevent wrist hyperextension. The standard 
for snowboarding wrist protectors (ISO 20320:2020) includes a test for measuring their bending stiffness, when fitted to a 
wrist surrogate. This test serves as a simple means of assessing the ability of wrist protectors to prevent wrist hyperextension. 
Wrist protector bending stiffness measurements have been shown to be influenced by surrogate design, protector strapping 
condition, and surrogate surface compliance. Currently, there is a lack of knowledge on the repeatability of bending stiffness 
measurements, as previous studies have conducted tests during one session. This study investigated the repeatability of a 
bending stiffness test, by testing two snowboarding wrist protectors (short and long) on two wrist surrogates (compliant and 
stiff), under three protector strapping conditions (loose, moderate, tight), across three repeated test sessions. Test session 
had a significant effect (p < 0.05) on torque values, with a large effect size ( �2

p
 > 0.14), indicating the test had limited repeat-

ability between test sessions. Despite this limited repeatability, torque values increased with both wrist angle and strap 
tightness, as reported before, indicating consistent trends in results. The outer surface compliance of the surrogate did not 
significantly affect the protector’s sensitivity to test session nor strapping condition.

1 Introduction

Wrist injuries are common amongst snowboarders, particu-
larly distal radius fractures [1–4]. Such injuries are typi-
cally caused by a compressive load applied to a hyperex-
tended wrist during a fall. Snowboarding wrist protectors 
are designed to prevent injury by limiting impact forces 
and preventing wrist hyperextension. The first standard 
for snowboarding wrist protectors was published in 2020 
as ISO 20320:2020 [5]. As such, work predating 2020 that 

characterised snowboarding wrist protectors [6–8] often 
used, or adapted, test methods from EN 14120:2003 [9], 
which is specifically for roller sports wrist protectors.

EN 14120:2003 specifies a bending stiffness test for roller 
sports wrist protectors,1 as a means of assessing their ability 
to stiffen the wrist joint and preventing it from hyperextend-
ing during a fall on an outstretched hand. A white paper, 
published in 2013, calling for a standard for snowboard-
ing wrist protectors [1] reviewed this bending stiffness test 
from EN 14120:2003. Following the recommendations of 
the white paper, Adams et al. [7] used the bending stiffness 
test from EN 14120:2003 as a starting point when devel-
oping one specifically for snowboarding wrist protectors. 
The bending stiffness test of Adam’s et al. [7] measured 
the quasi-static bending stiffness of snowboarding wrist pro-
tectors when fitted on a wrist surrogate. The surrogate was 
mounted on a uniaxial test device, with a cable passing from 
the load cell around a pulley to the fingers slowly extend-
ing the wrist. The slope of the resulting torque–angle curve 
determined the bending stiffness of the protector.

Building on their prior work [7], Adams et al. [8] found 
the size and shape of the wrist surrogate to influence the 
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measured bending stiffness of snowboarding wrist protec-
tors. A geometric surrogate, based on anthropometric data, 
gave more consistent results than the surrogate from EN 
14120:2003 and a hand and forearm based on a laser scan 
of a ~ 50th percentile male. A geometric wrist surrogate 
was subsequently implemented into a snowboarding wrist 
protector bending stiffness test within ISO 20320:2020.2 
ISO 20320:2020 also contains an ‘Impact Performance’ 
test, which is not considered here. The bend stiffness test in 
ISO 20320:2020 involves applying set torques to the fingers 
of the surrogate, and recording the wrist extension angles, 
which are required to lay within set ranges.3 ISO 20320:2020 
states that the force should be applied perpendicular to the 
fingers via a cord or cable around them but does not state 
a loading rate. Three tests shall be done on one sample (at 
the room temperature condition), and all must meet the pass 
requirements.

ISO 20320:2020 also states the wrist surrogate used for 
the bending stiffness test should be made of a polyamide 
or similar material. Recent work has reviewed the biofidel-
ity (modelling the response of a human) of human body 
surrogates used for testing personal protective equipment, 
such as by incorporating compliant material to represent soft 
tissue [10–13]. The authors previous study [14] presented a 
‘compliant wrist surrogate’, based on the geometry speci-
fied in ISO 20320:2020, consisting of a stiff core (nylon) 
and a 3 mm thick silicone outer layer to represent skin. The 
silicone outer layer increased the measured stiffness of wrist 
protectors in the bending stiffness test of Adams et al. [7, 8], 
relative to a comparable stiff surrogate (without silicone). 
Furthermore, the torque required to extend the wrist on both 
a compliant (with silicone) and a stiff (without silicone) sur-
rogate increased with protector strap tightness, as found by 
Adams et al. [7] for a surrogate without silicone. Based on 
previous work, the stiffness of the protector is determined 
by strap tightness and surface compliance, and therefore, 
the measured bending stiffness is the stiffness of the system 
(surrogate–protector–strapping).

Repeatability of procedures is determined when tests are 
separated by time intervals, and a test–retest study has been 
conducted to assess the suitability of a device for measuring 
wrist joint angles in boxing [15] using the surrogate from 
EN 14120:2003. The previous work on bending stiffness 
testing of snowboarding wrist protectors [6–8, 14] conducted 
the tests during one session and did not assess the intra-
operator repeatability. Therefore, this study investigated the 
intra-operator repeatability of a bending stiffness test for 
snowboarding wrist protectors. The purpose was to assess 

the repeatability of the bending stiffness test for both a stiff 
(ISO 20320:2020) and a compliant surrogate [14], with 
regard to test session and protector strapping condition. The 
hypothesise was, for a single operator, test session would not 
affect measured torque values of the bending stiffness test. 
Furthermore, it was expected that adding a skin simulant 
to an otherwise stiff surrogate would reduce the protector's 
sensitivity to both strapping condition and test session on 
torque values.

2  Methods

The same bending stiffness test method as Leslie et al. [14] 
was conducted, on three test sessions, each a week apart. 
The intention was not to exactly replicate the test in ISO 
20320:2020, but to go beyond it, testing a wider range of 
loads and hence wrist angles, which could have implica-
tions for future revisions of the standard. Such revisions 
could include specific requirements for strapping condition, 
changes to the surrogate outer surface compliance, and how 
they may influence the required pass criteria. While the load 
was not applied perpendicular to the fingers, as stipulated 
in ISO 20320:2020, the equivalent load was calculated [7, 
8, 14]. The torque values specified in ISO 20320:2020 for 
the medium sized surrogate fall within the load range tested 
here, and results are extracted and presented for the condi-
tions specified in the standard.

All equipment was packed away at the end of each test 
session and re-setup at the start of the next one. The same 
test equipment, same two surrogates (compliant and stiff), 
and the same six protectors of each style (short and long, 
tested six times in the previous study) from Leslie et al. [14] 
were used in this study, so only a brief description of the test 
is described here. The wrist joint of both surrogates matched 
the description in ISO 20320:2020, as the hand and forearm 
sections were connected with a metal axle that did not resist 
flexion and extension. Differences between the test presented 
here and the one specified in ISO 20320:2020, as well as the 
work of Leslie et al. [14] are noted.

The wrist surrogate was fastened to a bespoke rig, and a 
metal cable (⌀ 2 mm) connected the distal end of the sur-
rogate fingers to the load cell of a uniaxial test machine 
(Hounsfield HK10S tensometer fitted with a 1 kN load 
cell) (Fig. 1). Positive vertical displacement of the load cell 
applied a torque to the surrogate wrist, pulling the hand 
backwards and mimicking hyperextension. Before each test, 
the protector was fastened to the wrist surrogate, the finger 
clamp and cable were connected, and the ‘start wrist angle’ 
was measured with an inclinometer (PRO360, SPI, New 
York, USA). A linear displacement was then applied by the 
test machine at 200 mm/min, extending the wrist from the 
start angle (~ 40°) to the end angle of ~ 85° at ~ 1°/s, while 

2 Limitation of wrist extension in ISO 20320:2020.
3 50°–75° for the first torque of 5 Nm, increasing to 55°–80° for the 
second torque of 8 Nm, for the medium wrist surrogate.
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recording load and displacement. Differences between the 
test specified in ISO 20320:2020 and one used here were 
(1) the use of a clamp to connect the cable to the fingers, (2) 
the load not being applied perpendicular to the fingers (as 
the cable passed around a pulley) and (3) temperature not 
being controlled.

Improvements made to the test protocol of Leslie et al. 
[14] included (1) introducing rest periods of at least 5 min 
between test repeats and at least 15 min between surrogates, 
to limit any effect of protector degradation, (2) increasing the 
maximum wrist extension angle to ~ 85° (previously ~ 80°), 
to create a wider measurement range, (3) adding a second 
camera viewing the dorsal side of the protector, synchro-
nised with the side-on camera, to give more insight into any 
protector slippage (See Online Resource 1 section—starting 
00:05 s for an example video from each camera), (4) adding 
markers to the protectors to measure protector movement 
in video footage from testing, and (5) reducing the mass of 
the clamp that connected the cable to the fingers, from 184 
to 54 g.

Two protectors of each style (short, long) were tested for 
each strapping condition (loose, moderate, tight) and sur-
rogate (compliant, stiff) (See Online Resource 1 section—
starting 00:25 s for an example video of each surrogate–pro-
tector condition). Protector strapping condition was set by 
holding the surrogate horizontally and then hanging either 
a 1, 2 or 3 kg mass from the strap [7]. The surrogate was 
then rotated to secure the strap and the strap position was 
marked for future reference, as done before [7, 8, 14]. Three 
repeated tests (as per ISO 20320:2020) were performed for 
each protector–surrogate–strapping condition (total per test 
session = 72 tests) and repeated across three test sessions 
(total tests n = 216). Protectors were re-positioned and re-
strapped between tests. The first test for each combination 
(24/72 tests per test session) was filmed with two synchro-
nised cameras (Phantom Micro R111, Vision Research UK 
Ltd, Bedford, UK) fitted with a zoom lens (Nikon AF Nik-
kor 24–85 mm 1:2.8–4 D, Nikon Corporation, Japan). The 
cameras were set at a resolution of 1280 × 800 pixels and a 
capture rate of 24 Hz. The image scale (pixel/mm) for each 
camera was obtained manually from a known dimension on 

Fig. 1  Bending stiffness test setup with two cameras: a long protector 
on the stiff surrogate, b view from cameras for the short protector on 
the stiff surrogate (top—camera one, bottom—camera two). 1—cable 
to uniaxial test machine, 2—pulley, 3—finger clamp, 4—camera one 

viewing wrist extension, 5—camera two viewing dorsal side of pro-
tector. White crosses indicate the location of markers on the rig and 
protectors. See Online Resource 1 section starting 00:05 for a video 
from both cameras
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the surrogate. If protector slippage was observed, measure-
ments were taken between a marker on the protector and a 
marker on the rig. Room temperature was recorded at the 
start and end of each test session, and the mean value for 
each session was calculated.

Load and linear displacement were recorded by the test 
device (capture rate of 25 Hz), and converted to torque and 
angle [7, 8, 14]. The mean and standard deviation (SD) of 
the torque values at 5° intervals from filtered torque vs. angle 
data were calculated [14]. The relationship between wrist 
angular extension and torque was studied for four cases: 50°, 
55°, 75° and 80°. These four cases relate to each extremity 
of the pass criteria of ISO 20320:2020. General linear model 
(GLM) univariate analysis was performed using SPSS sta-
tistical software  (IBM®  SPSS® Statistics Premium 27) at a 
significance level of p < 0.05 to determine the main effects 
for each surrogate individually ( �2

p
 > 0.01 small effect, 

�
2
p
 > 0.06 medium effect, �2

p
 > 0.14 large effect [16]). Torque 

was set as the dependent variable and protector, angle, strap-
ping condition, and test session as the independent variables. 
This statistical approach was chosen because it investigates 
the effect of individual independent variables, allowing all 
the data for each protector–surrogate–strapping condition to 
be input in one analysis.

3  Results

The mean room temperature for test session one, two 
and three was 20.6, 18.2 and 20.0 °C, respectively, all of 
which were within the room temperature condition in ISO 
20320:2020 of 20 ± 2 °C.

The GLM univariate analysis showed test session had a 
significant (p < 0.05) effect on torque values for both 

surrogates, with a large effect size [ �2
p
 = 0.29 (stiff), 0.37 

(compliant)] (Table 1). Angle, protector and strapping condi-
tion also had a significant effect on torque values, as 
expected [7, 8, 14], with a large effect size. The effect of the 
hand angle and protector was marginal between surrogates 
(~ 0.025 difference in �2

p
 ), whereas the strapping condition 

had a slightly larger effect on the stiff surrogate than the 
compliant surrogate (0.07 difference in �2

p
 ), and the test ses-

sion had a slightly larger effect on the compliant surrogate 
than the stiff surrogate (0.08 difference in �2

p
).

Torque values increased with both wrist extension and 
strap tightness (Fig. 2), as expected [7, 8, 14]. The compli-
ant surrogate tended to give higher mean torque values for 
a given wrist angle than the stiff surrogate (see Figure S1 in 
Online Resource 2 for a comparison of mean torque at set 
angles). The long protector gave higher torque values for a 
given wrist extension angle than the short protector, again 
as expected [7, 8, 14].

When comparing the torque vs. angle results for the stiff 
surrogate with the requirements of ISO 20320:2020 (Fig. 2a, 
c), the short protector never met the pass criteria, and the 
long protector only met it at the tight strapping condition. 
When the protectors did not meet the pass criteria of ISO 
20320:2020, this was because the surrogate–protector stiff-
ness was too low.

Observations from the videos showed that protector slip-
page occurred. Slippage occurred on (1) the top of the dorsal 
side of the short protector (towards the surrogate fingers), 
(2) the bottom of the dorsal side of both the short and long 
protector (towards the base of the surrogate forearm), and 
(3) both straps of the long protector (see Online Resource 1 
section—starting 00:46 s and Figure S2 in Online Resource 
2). Although protectors appeared to slip less on the compli-
ant surrogate than when on the stiff surrogate, the measured 
difference in protector slippage between surrogates was not 
significant (p > 0.09 in all cases) (see Table S1 in Online 
Resource 2 for statistical analysis).

4  Discussion

Test session had a large effect ( �2
p
 > 0.14) on torque values 

for two snowboarding wrist protectors in a quasi-static 
bending test for both surrogates (0.29 �2

p
 stiff, 0.37 �2

p
 com-

pliant surrogate), indicating the test was not repeatable 
(Table 1) in disagreement with the hypothesis. The similar 
effect size for test session between surrogates (0.29 �2

p
 stiff 

vs. 0.37 �2
p
 compliant surrogate) indicates that adding a 

skin simulant did not improve the consistency of torque 
values between test sessions, again in disagreement with 
the hypothesis. Despite this limited repeatability, torque 

Table 1  General linear model univariate between subject effects for 
the stiff surrogate and the compliant surrogate

Source df1 df2 F p value Partial eta squared 
( �2

p
)

Stiff
 Protector 1 360 5567.23 < 0.001 0.94 (large effect)
 Angle 3 360 2241.99 < 0.001 0.95 (large effect)
 Strapping condi-

tion
2 360 813.38 < 0.001 0.82 (large effect)

 Test session 2 360 72.26 < 0.001 0.29 (large effect)
Compliant
 Protector 1 360 3740.56 < 0.001 0.91 (large effect)
 Angle 3 360 1632.35 < 0.001 0.93 (large effect)
 Strapping condi-

tion
2 360 536.56 < 0.001 0.75 (large effect)

 Test session 2 360 106.17 < 0.001 0.37 (large effect)
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increased with both wrist angle and strap tightness 
(Fig. 2), as reported before [7, 8, 14], indicating the overall 
trend of results was consistent. Adding a skin simulant to 
an otherwise stiff wrist surrogate increased the 

surrogate–protector stiffness, as found previously [14]. 
However, the magnitude of the change in stiffness could 
not be reliably quantified due to limited repeatability 
between test sessions.

Fig. 2  Torque vs. angle results for the three test sessions (columns 
T1, T2, T3) and four surrogate–protector conditions: a stiff short, b 
compliant short, c stiff long, d compliant long. Shaded region indi-
cates the SD. The dotted horizontal lines indicate the pass criteria for 

ISO 20320:20200 for the medium surrogate used here. Note only the 
surrogate–protector conditions with the stiff surrogate meet the condi-
tions of the standard. See Online Resource 1 section starting 00:25 
for a video of each surrogate–protector condition
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The finding of limited test repeatability has implica-
tions in measuring the stiffness of snowboarding wrist 
protectors in a bending stiffness test. It may be possible to 
achieve improved repeatability with a test setup like the 
one used here by mounting the surrogate differently within 
a mechanical test device to remove the need for the cable 
and pulley arrangement (e.g. [17]). Indeed, it was hard to 
precisely set the start angle of the hand and ensure a con-
sistent initial tension in the cable between tests. The start 
angle ranged by up to 4.1° [coefficient of variation (CoV) 
2.5%] within protector–surrogate–strapping combinations, 
alongside a range in starting torque of up to 1.08 Nm (CoV 
29.3%) (see Table S2 in Online Resource 2). These vari-
ations in hand angle and cable tension at the start of each 
test may have contributed to the low repeatability, particu-
larly as the overall trends of results were consistent.

Strapping condition had a large effect ( �2
p
 > 0.14) on torque 

values for both surrogates, but the effect was similar between 
surrogates (0.82 �2

p
 stiff vs. 0.75 �2

p
 compliant surrogate) 

(Table 1), indicating that adding the skin simulant did not 
reduce the protector’s sensitivity to strapping condition, in 
disagreement with the hypothesis. This finding further high-
lights the need for the strapping condition to be controlled 
when testing wrist protectors on a surrogate, and ideally in 
ISO 20320:2020, such as a minimum strap tightness require-
ment. ISO 20320:2020 currently states that the protectors 
should be strapped as per the manufacturer’s instructions. 
Requirements for what needs to be included in these instruc-
tions could be added in the first revision of ISO 20320:2020.

When on the stiff surrogate, the long protector only met 
the pass criteria of ISO 20320:2020 when tightly strapped. 
The implication of this finding is that whether protectors 
pass the standard could depend on how tightly the opera-
tor sets the straps. Even slight variations in strap tight-
ness within a strapping condition could have influenced 
torque–angle relationships and reduced the test repeatabil-
ity. Based on the results here and previous work, the effect 
of how protectors act to stiffen the wrist in use, is likely 
to depend on how tightly the protector is strapped. Future 
work could look to directly measure, and control, strap 
tightness, such as via pressure sensors mounted between 
the protector and surrogate, as done when assessing ski 
boot fit [18]. As both surrogate outer surface compli-
ance and protector strapping condition influenced the 
torque–angle relationship, the pass requirements of bend-
ing stiffness tests within standards for wrist protectors 
should be considered in conjunction with the surrogate 
design and any prescribed strapping conditions. As the test 
defined in ISO 20320:2020 was not replicated exactly here, 
and testing was not conducted in a certified test house 
with new wrist protectors, the findings do not have direct 
implications on the certification of the products tested.

Both protectors slipped more on the stiff surrogate than 
on the compliant surrogate, as reported previously [14], but 
the measured differences in slippage were not significant. 
The second camera used here gave more insight into pro-
tector slippage of the long protector and other locations of 
the short protector. No further interpretation can be made 
on the effect of protector slippage on results. Future work 
could quantify how protectors move and slip when worn by 
participants as they flex their wrist with a view to ensuring 
these movements are replicated in the bending stiffness test, 
which may require modifying the surrogate design.

There are limitations to the present study. First, only 
intra-operator repeatability was assessed. Inter-operator 
and inter-lab repeatability could be the focus of future 
work. This study did not replicate the test prescribed in ISO 
20320:2020 exactly, and thus the findings for repeatability 
do not apply directly to the standard. It is, however, likely 
that how tightly the operator straps the protector to the sur-
rogate and their ability to apply each prescribed load via a 
cable perpendicular to the fingers will influence the results, 
and possible outcome, of that test. Future work should repli-
cate the test in ISO 20320:2020 exactly, controlling the room 
temperature, directly measuring torque perpendicular to the 
fingers, and testing new protectors, with an aim to compare 
the repeatability of the test with the results presented here. 
If the test prescribed within ISO 20320:2020 also has poor 
repeatability, improvement strategies could include consid-
eration about the strapping of the protectors, reviewing the 
number of repeats, and incorporating statistics. Given that 
there will always be variability in a test, acceptance criteria 
should be incorporated. As in previous work on this topic 
[7, 8, 14], the work presented here is limited to testing at 
room temperature, and future work should consider the cold 
condition of ISO 20320:2020 of − 10 ± 2 °C. The work was 
also limited to slow bending of wrist protectors, which does 
not mimic how they must perform during a snowboarding 
fall, when the hand can be forced backwards rapidly. Recent 
work presented a test for assessing the impact performance 
of wrist protectors when fitted to a wrist surrogate made of 
stiff materials [19], and a more biofidelic surrogate, like the 
compliant one presented here, could be developed for that 
test scenario.  Furthermore, understanding the influence of 
the loading rate of a bending stiffness test could be the focus 
of future work.

5  Conclusions

Test session significantly affected the measured torque val-
ues of a bending stiffness test for snowboarding wrist protec-
tors, indicating the test had limited repeatability. Despite this 
limited repeatability, the overall trend of results between the 
various test conditions (surrogate, protector, strap tightness) 
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was consistent. Adding a skin tissue simulant to an otherwise 
stiff surrogate did not reduce the protector's sensitivity to 
both strapping condition and test session on torque values. 
Future work should look to improve the repeatability of tests 
for measuring the bending stiffness of snowboarding wrist 
protectors.
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