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Biomechanical evaluation of Back injuries during typical
snowboarding backward falls
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To prevent spinal and back injuries in snowboarding, back protector devices
(BPDs) have been increasingly used. The biomechanical knowledge for the BPD
design and evaluation remains to be explored in snowboarding accident condi-

;r;igfﬁi:eﬁ:r;;ﬁme du tions. This study aims to evaluate back-to-snow impact conditions and the as-
sociated back injury mechanisms in typical snowboarding backward falls. A
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previously validated snowboarder multi-body model was first used to evaluate
the impact zones on the back and the corresponding impact velocities in a total of
324 snowboarding backward falls. The biomechanical responses during back-to-
snow impacts were then evaluated by applying the back-to-snow impact velocity
to a full human body finite element model to fall on the snow ground of three
levels of stiffness (soft, hard, and icy snow). The mean values of back-to-snow
normal and tangential impact velocities were 2.4 m/s and 7.3 m/s with maximum
values up to 4.8 m/s and 18.5 m/s. The lower spine had the highest normal impact
velocity during snowboarding backward falls. The thoracic spine was found more
likely to exceed the limits of flexion-extension range of motions than the lumbar
spine during back-to-snow impacts, indicating a higher injury risk. On the hard
and icy snow, rib cage and vertebral fractures were predicted at the costal carti-
lage and the posterior elements of the vertebrae. Despite the possible back inju-
ries, the back-to-snow impact force was always lower than the force thresholds of
the current BPD testing standard. The current work provides additional biome-
chanical knowledge for the future design of back protections for snowboarders.
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Back protector device; EPS, Effective plastic strain; FE, Finite element; FSU, Functional spinal unit; HSD, Honest significant difference; MB,
Multi-body; ROM, Range of motions; SPI, Spinal injury; THUMS, Total human model for safety.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Scandinavian Journal of Medicine & Science In Sports published by John Wiley & Sons Ltd.

224 wileyonlinelibrary.com/journal/sms Scand J Med Sci Sports. 2023;33:224-234.


www.wileyonlinelibrary.com/journal/sms
mailto:﻿
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wei.wei@univ-eiffel.fr
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fsms.14254&domain=pdf&date_stamp=2022-11-13

WEI ET AL.

WI LEYJE

1 | INTRODUCTION

The population of alpine skiing and snowboarding was
about 50 million in France and 200 million in Europe
during the past 5Syears." The corresponding number
was more than 9 million in the 2017-2018 season in the
United States.” Alpine skiing and snowboarding are gen-
erally high-energy outdoor winter sports with inherent
risks which could result in grievous falls and collisions.
The traumatic injuries were reported to occur at a rate
of 1-5 per 1000 participant days.® Skiing and snowboard-
ing injuries accounted for 22.3% of sports injuries in
Switzerland.* Spinal injury (SPI) was found in 3.3% of
snowboarding-related injuries and 1.4% of skiing-related
injuries.” SPT was also observed as the second most com-
mon cause (second only to traumatic brain injury) of se-
vere and/ or life-threatening traumatic injuries in skiing
and snowboarding.® The ratio of SPIs leading to complete
tetraplegia or paraplegia in 2016 was estimated to be
33.3%.”

To prevent injuries to the spine and back, back protec-
tor devices (BPDs) have been increasingly used by snow
sports participants. The ratios of skiers and snowboard-
ers wearing BPDs in Switzerland were respectively 12%
and 40% in the 2015-2016 season while only 2% and 7%
in the 2002-2003 season.* BPDs are designed to attenu-
ate the shock to the back by distributing the impact force
over a wider area of the back. However, no specific testing
standard exists yet for BPDs of snow sports. The perfor-
mance evaluation of snow sport BPDs is mostly based on
the European testing standard EN1621-2® which is orig-
inally designed for motorcyclist back protection. BPDs
are stricken by a metal impactor with a kinetic energy of
50 J in the EN1621-2 standard and graded according to
the impact force to BPDs. The BPD is certified as a lev-
el-1 (or level-2) device if the mean value of impact forces
is not higher than 18 kN (or 9kN) with the impact force
of each strike no higher than 24kN (or 12kN). A few
studies were performed previously to evaluate the per-
formance of snow sport BPDs with experimental tests™°
and to optimize the design of BPDs with numerical sim-
ulations. These studies were based on the assumption
that the current BPD testing standard® should be effec-
tive to prevent or mitigate SPIs in snow sports. However,
the back-to-snow impact conditions (e.g. impact velocity
and impact position) and the associated mechanisms of
back injuries during snow sports accidents have never
been investigated.

Human body kinematics during typical snowboard-
ing backward falls were previously simulated and an-
alyzed with a multi-body (MB) simulation approach."
SPI risks were also estimated in terms of spinal flexion-
extension range of motions (ROMs).'? Back-to-snow

impact velocity was nevertheless not evaluated. Being
unable to capture material deformation, the MB simula-
tion approach cannot thus accurately compute the body
impact force and the back-to-snow impact force was not
consequently studied. Finite element (FE) modeling has
been widely used to understand thoracic injury mecha-
nisms in vehicle collisions'*™*> and sports accidents.'®’
The thoracic responses of human FE models, such as
impact force, chest deflection/ compression, and vis-
cous criterion, were usually used as metrics to predict
the likelihood of thoracic injury.'® The localized organ
responses (e.g. stress and strain on the spinal vertebrae
and rib cage) of human FE models could help to deter-
mine the injury types and address the injury mecha-
nisms."*'®* Human FE modeling may be promising in
quantifying the biomechanical responses and predicting
the corresponding injuries in snowboarding backward
fall conditions.

Therefore, the objective of this study was twofold:

Firstly, to evaluate the back-to-snow impact conditions
(e.g. impact velocity and impact position) in typical snow-
boarding backward falls with the MB approach.

Secondly, to quantify the biomechanical responses of
the snowboarder during back-to-snow impacts with the
FE approach.

2 | MATERIALS AND METHODS

This study consisted of four components (see Appendix A
in the Appendix S1): (1) analysis of back-to-snow impact
conditions with MB simulations of typical snowboard-
ing backward falls, (2) human body FE model validation
against blunt impacts to the back, (3) material charac-
terization of snow with FE simulations of head-to-snow
impact, and (4) back injury analysis during back-to-snow
impacts with FE simulations.

2.1 | Snowboarder back-to-snow impact
conditions with MB simulations

The human MB model (Figure 1) used to reconstruct
typical snowboarding backward falls in our previous
study'® was chosen to evaluate the back-to-snow impact
conditions in this study. To briefly review, the human
MB model was previously calibrated against the spinal
segment ROMs, and validated against the body dynamic
responses in the vehicle-pedestrian collision and snow-
boarding backward fall conditions.'* Similar to our pre-
vious study,'? the human MB model was currently used
to reproduce typical snowboarding backward falls of vari-
ous initial accident conditions (Figure 1A): initial velocity
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(A) i (B) FIGURE 1 Multi-body model setup
X B :[0; 8.5;17] for snowboarding backward falls: (A)
‘1 Degree parametric analysis on back impact
velocity during diverse snowboarding
Upper left Upper right backward falls; (B) divisions of different
H [5; 50; 95] V, [15; 35; 45] back regions. H, anthropometry; S,
Percentile Km/h Upper central Lower central snow stiffness; V,, initial velocity; a, slope
Lower left Lower right steepness; S, body posture; 0, approach
angle
0 [0; 32]
Ssnow o _¥~ Degree
[soft; hard]

’

a[0; 20;40

(V,), slope steepness (), body posture (f5), angle of ap-
proach (6), anthropometry (H), and snow stiffness (Sg,,,,)-
The variation levels of these initial conditions were sum-
marized in Figure 1A and were chosen according to our
previous study.'* Among the initial accident variables, the
body posture was defined as the spinal flexion angle (CO-
sacrum) relative to the neutral posture of the human MB
model. The angle of approach was the angle between the
snowboard and the perpendicular direction to the initial
velocity (i.e. the angle between the snowboard and initial
velocity minus 90°). The three velocity levels (i.e. 15km/h,
35km/h, and 45km/h) represent the average velocities of
beginner, intermediate, and good snowboarders'**° while
the slope angles (i.e. 0°, 20°, and 40°) represent the typical
easy and medium ski slopes.”® A total of 324 snowboard-
ing backward falls were simulated to constitute the full
factorial design of the experiments.

The back surface of the snowboarder was divided into
six areas (displayed in Figure 1B) to represent the critical
regions (i.e. upper and lower central), impacts to which
might involve SPIs, and the less critical ones. The num-
ber of cases in which the snowboarder collided with the
snow ground on the back was counted. For the cases with
back-to-snow collisions, the back region firstly hitting the
ground was subsequently analyzed. The velocity of the
back at the first moment of back-to-snow collision (here-
after referred to as “back-to-snow velocity” for simplicity)
was also evaluated. All the MB simulations were performed
with MADYMO R7.5 (TASS; Delft, the Netherlands).

Bartlett's test was used to identify whether the back-
to-snow velocities have equal variances across different
groups of the back regions firstly hitting the ground. The
student's ¢-test was used to assess the difference of back-
to-snow velocities between every two back regions. After
data normality and homogeneity were confirmed with
Shapiro-Wilk and Bartlett tests, one-way analysis of vari-
ance (ANOVA) and Tukey's honest significant difference
(HSD) test were performed to identify the initial condi-
tion variables and the variables' levels having significant

effects on back-to-snow velocities. Statistical significance
was defined as a two-tailed p-value <0.10 while consid-
ering different significance levels with p-value less than
0.001, 0.01, 0.05, or 0.1. The statistical analysis was per-
formed with the software Rstudio 1.2 (Rstudio, Inc.).

2.2 | Back impact validation of human
body FE model

The Total Human Model for Safety (THUMS) v5.03 AM50
(1.78m, 78.2 kg) occupant model was chosen to repre-
sent the mid-size snowboarder and to study injuries dur-
ing snowboarding backward falls. The THUMS model is a
human body FE model intended to reproduce human body
kinematics and injuries during vehicle crash accidents.**
The biomechanical responses of the THUMS model have
been validated on the scales of the organs (e.g. lung, spleen,
and liver), body regions (e.g. head/ brain, neck, thorax, and
extremities), and on the scale of the whole body for various
automobile impact conditions.” However, to our knowl-
edge, the THUMS model had never been validated against
blunt impacts to the back. To use the THUMS model for
back injury analysis in snowboarding backward falls, the
model was first validated against experimental blunt im-
pacts to the back*** which were assumed to be relevant
to the loading conditions in snowboarding backward falls.
The model validation procedure and results were detailed
in Appendix B in the Appendix S1.

2.3 | Modeling of the snow

The mechanical properties of the snow in dynamic load-
ings were characterized in this study since these data were
not directly available in the literature for the explicit solver
of LS-DYNA (LSTC). FE simulations were performed to
reproduce previous experimental drop tests in which a
6 kg metalic head form was released from three heights to
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hit soft and hard snow with initial velocities of 5.44m/s,
6.25m/s, and 7.67 m/s.° The constitutive model of viscous
foam was chosen to model the mechanical behavior of soft
and hard snow. A multi-objective optimization approach
was used to obtain the optimal material coefficients of the
soft and hard snow by mapping the head acceleration time
histories of simulations to those of the experimental tests.
The FE simulation setup and the optimization-based pro-
cedure were detailed in Appendix C in the Appendix S1.
The optimal material coefficients of the soft and hard snow
were also displayed in Figure C2 in Appendix C. With the
optimal coefficients of the snow, the resultant accelera-
tions of the head form in the simulations matched well
with the experimental measurements for the three impact
velocities (see Figure C2 in Appendix C.), in particular in
terms of the peak values and the trends of the curves.

2.4 | Snowboarder back-to-snow impact
FE simulations

The snowboarder biomechanical responses in typical back-
ward falls were finally evaluated by performing back-to-snow
impact FE simulations. The mid-size THUMS model which
was above validated against blunt back impacts (in sec-
tion 2.2) was used here to model the snowboarder. The snow-
boarder was pre-positioned close to a supine position with
the back slightly above a layer of snow (Figure 2). The layer

Flat impact surface

Soft snow/
hard snow/

Soft snow/
hard snow/

- _ -

Spherical bump surface at L2

Soft snow/ Soft snow/
hard snow/ hard snow/

- _ o

Spherical bump surface at T8

Spherical bump surface at L4

of snow had the same size (1000mm * 1000 mm * 300 mm)
as that used in the snow modeling section (section 2.3 and
Appendix C). Similarly, the snow layer was modeled with
6-node hexahedron elements and was fixed on its bottom
surface. The superior surface of the snow was slightly modi-
fied to represent a groomed slope with a flat surface and
to represent a bumpy slope with a spherical bump surface
(SR = 100mm and h = 30mm) (Figure 2). The back impact
on the spherical bump surface was performed at three posi-
tions: at T8 (the eighth thoracic vertebra), T12 (the twelfth
thoracic vertebra), L2 (the second lumbar vertebra), and 14
(the fourth lumbar vertebra) level (Figure 2). Three levels of
stiffness were simulated for the snow ground: soft and hard
snow (material coefficients obtained in section 2.3 and dis-
played in Figure C2 in Appendix C), and completely rigid to
model either a concrete floor or ice.

The snowboarder FE model was applied with an ini-
tial velocity of 2.4 m/s along the vertical direction cor-
responding to the mean value of back-to-snow normal
impact velocities obtained in snowboarder backward fall
MB simulations (see section 2.1 and result section 3.1).
The back impact force was measured as the contact force
between the back and the snow. With a similar method
as in section 2.2 of back impact validation (see Figure Bl
in Appendix B), the back deflection was measured as the
change in length between a node on the thoracoabdominal
skin and a node on the back skin at T8, T12, L2, and L4 for
all the simulations. The back compression was computed

Spherical bump surface at T12

Soft snow/
hard snow/

_ - _

Zoomed view of spherical
bump surface

FIGURE 2 Model setup of back-to-snow impact FE simulation for back injury analysis
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by dividing the back deflection by the corresponding initial
chest depth (i.e. 232mm at T8, 231 mm at T12, 243 mm at
L2, and 251 mm at L4). The vertebral impact loadings and
the flexion-extension ROM of each functional spinal unit
(FSU) were also evaluated during the back-to-snow impact.

The back-to-snow impact was simulated for a duration
of 100 ms to fully capture the first impact between the back
and snow, and to save calculation expenses. A total of 15
back-to-snow impact simulations were performed to take
into account three types of snow stiffness, two impact sur-
faces, and four impact positions on the back (Figure 2).

All the FE simulations in this study were performed
with the explicit solver in LS-DYNA 971 R11.1 (LSTC.
Livermore, CA, USA) on an Intel Xeon (2.20 GHz) work-
station with 24 processors.

3 | RESULTS

3.1 | Snowboarder back-to-snow impact
conditions: MB simulations

Among the 324 snowboarding backward falls, the back hit
the snow ground in 263 (81.2%) cases (Table 1). Among
the 263 back-to-snow impact cases, the back region hit-
ting the snow ground firstly was most frequently located
at the upper lateral back (region-1), followed by the lower
lateral back (region-3), lower central back (region-4), and
higher central back (region-2) (Table 1). Displayed in
Figure 3 were the back-to-snow impact velocities for each
divided back region. The mean values of the normal and
tangential back-to-snow impact velocities were respec-
tively 2.4 m/s and 7.3 m/s. The lower central (3.0 m/s)
hit the snow ground with a higher mean value of normal
velocity than the upper lateral (2.2 m/s) and lower lateral
(2.1 m/s) back (Figure 3). The opposite trend was found
for the tangential back-to-snow velocity: the lower lateral
(7.9 m/s) impacted the snow with a higher mean value
than the lower central (6.1 m/s) back (Figure 3).

The effects of the initial accident variables on the im-
pact velocity of the whole back were displayed in Figure 3.
The initial velocity (V,), the slope steepness («), and the
angle of approach () were found to significantly affect
the back-to-snow impact velocity. As these three variables
(i.e. Vy, a, 8,) increased, the tangential and resultant back-
to-snow velocities increased but the normal back-to-snow
velocity decreased (Figure 4).

3.2 | Back injuries during back-to-snow
impacts: FE simulations

Displayed in Appendix D (in the Appendix S1) was the
normalized flexion-extension angle of each thoracolumbar

FSU, which was calculated by dividing the FSU flexion-
extension ROMs of the simulations by the previously re-
ported FSU flexion-extension thresholds.'* Among all the
backward falls, only the impacts to the rigid bump surface
atT8,T12,and L2levelshad a normalized flexion-extension
angle higher than 100% (Figure D1 in Appendix D), indi-
cating a likely injury at the corresponding FSUs. The FSUs
of a normalized flexion-extension angle higher than 100%
were always close to the spinal levels impacted on the rigid
bump surface: T8-T9 for rigid bump impact at T8; T12-L1
for rigid bump impacts at T12 and L2.

The back compressions measured at T8, T12, L2, and
L4, as well as the back impact force of the simulations,
were summarized as the peak values in Table 2. For all
the backward falls, the back compressions ranged from
14.9% to 32.0% with the highest compression (32.0%) mea-
sured at the T8 level for the rigid bump impact at T8 and
the lowest compression (14.9%) at the L4 level in the soft
snow bump impact at L4. The back impact forces ranged
from 5.06kN to 7.92KN with the highest force (7.92kN)
also measured in the rigid bump impact at T8 and the
lowest force (5.06 kN) measured in the impact on the flat
soft snow surface. In 10 cases, the effective plastic strain
(EPS) of the rib cage cortical bones exceeded the pre-
defined threshold of 2.4% indicating a fracture (Table 2
and Figure 5). The rib fracture always occurred in the cos-
tal cartilage (Figure 5).

The peak values of EPS and the corresponding spi-
nal vertebra levels were summarized in Table E1 (in
Appendix E in the Appendix S1). The cortical bones at
the L1 level sustained an EPS higher than the previously
proposed threshold in the impacts on the flat rigid sur-
face, the rigid bump at T12, and the hard snow bump at
T12 (Figure 6). The cortical bones of the T9 vertebra in
the rigid bump impact at T8 also had an excessive EPS
(Figure 6). These excessive effective strains indicated the
likely fractures at the cortical bones of the corresponding
vertebral levels. The EPS of the spongy bones was always
lower than the threshold proposed by Sterba et al.,” indi-
cating the unlikely fracture at the spongy bones.

4 | DISCUSSION

4.1 | Snowboarder back-to-snow impact
conditions

In the present study, the first back regions colliding with the
snow ground and the corresponding back-to-snow impact
velocities were evaluated with the snowboarder MB model.
The upper back was found more frequently impacted (52.7%)
than the lower back (28.4%). However, it was the lower
central back that had the highest normal impact velocity
(3.0 m/s). Interestingly, lumbar spinal fractures (34.5-69.4%)
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TABLE 1 The first back regions . 2
. . . Region 0 1 2 3 4
impacting the snow with the
corresponding frequencies and ratios: Frequency 61 154 17 48 44 Back region
. ID
1-upper left and right back, 2-upper Ratio (%) 18.8 47.5 5.2 14.8 13.6
central back, 3-lower left and right back,
4-lower central back :
1
%0 indicates that the back did not hit the ground during the falls.
FIGURE 3 Back-to-snow impact T g z_ | E Back region
velocity grouped by different back £ ° 8 ° - E - X ID
. - 2 N il > < .

regions: 1-upper left and right back, S 8 X 2

Sod 7 X . 8~
2-upper central back, 3-lower left and [ X X T o
right back, 4-lower central back. p values: £ 1 FA] \ﬁ, @ T - 0 T

pii T [l ' '
#%p <0.001, **p <0.01, *p <0.05, p <0.1 ERE ‘j‘ —;— : Sodl —— = =

g ) 4 - 1 2 3 4

Back Reglons Back Regions

L9+

3 8 ° = = Median value

> © | -

B o - ' A Mean value

S = . X

E @ @ Upper standard deviation

8

Y]~ o Outliers

7]

c

s

Back Reg|ons

were found more frequently than thoracic spinal fractures
(21.8-33.2%) in snowboarding-related spinal fractures in
previous epidemiology studies.>*’ Snowboarding backward
falls due to jump landing failure were reported as one of the
leading mechanisms for spinal fractures among snowboard-

*% The higher normal impact velocity of the lower cen-
tral back estimated in this study might partially explain the
higher frequency of lumbar spinal fractures than thoracic
in snowboarding-related spinal fractures. This may also em-
phasize the necessity of higher-level protection for the lum-
bar spine of snowboarders.

Among the backward falls, the normal and tangential
back-to-snow impact velocities were up to 4.8 m/s and
18.5 m/s respectively (Figure 3). In 255 (97%) backward
falls, the normal back-to-snow impact velocity was lower
than the impact velocity of 4.5 m/s applied in the current
BPD testing standard.® The normal and tangential impact
velocities were significantly affected by the initial snow-
boarding speed, slope steepness, and angle of approach
(Figure 4). Surprisingly, the lower the initial speed of
snowboarding before backward falls, the higher the nor-
mal back-to-snow impact velocity, and hence the more vul-
nerable the snowboarder's back could be. This was because
the head hit the snow first mostly during higher-speed
(35km/h and 45km/h) falls while the lower back mostly

in 15km/h falls. These similar fall kinematics were also ob-
served in our previous findings.'*"? Although head injuries
were predicted as the primary injuries during higher-speed
snowboarding falls,"”* the risk of back injuries can be still
present. The tangential impact velocities of back-to-snow
during falls of 35km/h and 45km/h were significantly
higher than those during falls of 15km/h. A higher tan-
gential impact velocity might increase the body rotational
movements, spinal flexions, and thus over-flexion-related
SPI risks during falls. Higher SPI risks due to excessive spi-
nal flexions were indeed observed in snowboarding back-
ward falls at 35km/h and 45km/h than at 15km/h."* The
tangential impact velocity during snowboarding backward
falls could also become the normal impact velocity during
secondary impacts to a fixed obstacle after falls, for exam-
ple. Therefore, the snowboarder with higher initial speeds
might sustain higher impact energy and a higher possibil-
ity of back injuries under these conditions.

4.2 | Back injuries during back-to-
snow impacts

The biomechanical responses of back-to-snow impacts
were subsequently evaluated by applying the mean value
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FIGURE 4 Back-to-snow impact velocity grouped by different levels of the initial condition variables. p values: **p <0.001, **p <0.01,

*p <0.05, p <0.1

(2.4 m/s) of the normal back-to-snow impact velocity
to the snowboarder FE model. The normalized ROM
was higher in most thoracic FSUs than in lumbar FSUs
(Figures D1 and D2 in Appendix D), not depending on the
stiffness of the snow ground or the impacted position on
the back. This suggested that the thoracic spine presented
a higher risk of injury than the lumbar spine during back-
to-snow impacts in terms of flexion-extension rotations.
Similar predictions were also obtained in previous MB
simulations of snowboarding backward falls."”* The nor-
malized ROM exceeded the injury threshold (100%) at the
impacted FSUs or adjacent FSUs in impacts with the rigid
bump surface: T8-T9 with the impact at T8, T12-L1 with
the impact at T12 and L2. Inherently, T12-L1 had been
already demonstrated as one of the most vulnerable spinal
segments during snowboarding crashes.” In contrast, the
normalized ROM was always below the injury threshold
in impacts to the hard or soft snow, indicating less likely
SPIs of excessive flexion-extension.

Vertebral fractures were also predicted using EPS at the
impacted sites during impacts to the rigid floor and hard
snow (Figure 6). The predicted vertebral fractures were

always located at the spinous process (3 cases at L1) and
lamina (1 case at T9) regions. Gertzbein et al.*” found that
isolated spinous process fractures in the thoracic spine ac-
counted for 4% of all thoracolumbar spinal fractures associ-
ated with skiing and snowboarding injuries. The posterior
aspect of the spine hitting the ground was postulated as a
leading mechanism of spinous process fractures in snow-
boarding or other sports.*>*! The spinous process fractures
predicted at the impacted sites in this study also showed
a good agreement with the previously postulated mecha-
nism. Indeed, vertebral compression fractures constituted
the majority (73.0-78.4%) of snowboarding-related thora-
columbar fractures,?®>° which were, however, not seen in
the current back-to-snow impact simulations. One reason
might be that the body rotational velocity and back-to-
snow tangential impact velocity were not accounted for in
the FE simulations. The body rotational velocity and back-
to-snow tangential impact velocity might increase spinal
flexions and induce vertebral compression fractures under
the hyperflexion injury mechanism. Another reason was
that the impact conditions causing a great level of spinal
compression loading were not simulated in this study, for
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TABLE 2 The peak values of the Back compression (%) Impact
back-to-snow impact force and the back force
compression measured respectively at Material Thvrrirs o B 8P T12 L2 L4 (kN)
the T8, T12, L2, and L4 levels for the
backward falls on the rigid floor, hard and Rigid Flat® 24.1 24.1 24.4 18.5 7.15
soft snow with a flat impact surface or a Sph-T8* 32.0 18.8 22.6 20.1 7.92
spherical bump impact surface at the T8 Sph-T12 19.8 27.8 28.6 20.0 6.95
(Lip(hs';:_)ij)li f/sell’:"le)’ L2 (Sph-1.2), and Sph-LZ:“ 162 171 279 221 656
Sph-1L4* 19.9 16.8 23.7 22.5 7.4
Hard Snow Flat 21.1 19.9 21.8 17.8 5.85
Sph-T8 25.5 18.9 22.2 18.8 6.18
Sph-T12 20.8 23.8 24.9 17.8 5.91
Sph-L2* 18.6 19.8 24.1 19.6 5.75
Sph-L4* 19.0 19.9 21.7 16.9 5.8
Soft Snow Flat* 18.6 17.6 21.3 15.4 5.06
Sph-T8 21.9 17.2 20.0 17.1 5.14
Sph-T12* 18.7 20.0 221 16.1 5.23
Sph-L2* 17.1 18.4 21.5 16.1 5.25
Sph-L4 17.4 18.2 20.3 14.9 5.27

At least one rib was fractured in the corresponding cases.
YA chest compression of 25.3% (and 22.0%) measured at T8 corresponds to a 50% (and 25%) probability of

AIS2+ thoracic injuries.”"

Rigid-Flat

Rigid-Sph-T8

N

‘\-_
Effective Platstic 2.4
Strain (E-2)

Rigid-Sph-T12

Rigid-Sph-L2

FIGURE 5 The effective plastic strain of the rib cage cortical bones to show the simulations with fractures and the corresponding
fractured sites: the red cycles indicate the fractured sites on the rib cage and the gray lines on the lateral profile image show the original

contour of the rib cage before deformation

example, when the head hit the snow ground first with a
45° angle between the body and ground. Closed head inju-
ries were indeed found as the most common concomitant
injuries with SPIs.*

Apart from SPIs, chest injuries were also predicted in
back-to-snow impacts. The back compression measured
at the T8 level was up to 25.5% and 21.9% during impacts
to the hard and soft snow (Table 2). The back compres-
sions corresponded respectively to a 51% and 21.9% risk
of AIS2+ injuries according to the injury risk curves in

terms of the THUMS model mid-thorax compressions.**
Rib cage fractures were indeed predicted using EPS in the
current study during impacts to the hard and soft snow
(Table 2 and Figure 5). All the fractures were found at the
lower level of the costal cartilages which collided with the
diaphragm and the abdominal organs during thoracoab-
dominal compression. Rib fractures accounted for 55.2%
of snowboarding-related chest injuries.*® Costal cartilage
fractures were also reported in snowboarding-related in-
juries.***> Nevertheless, the frequency of rib or costal
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T

Rigid spherical bump at T12

~ Hard snow spherical bump at T12
Effective
Platstic 7.3 6.5 5.7 4.9 4.1 3.2 2.4

Strain (E-Z) - | | | | |

cartilage fractures resulting from a blunt impact to the
back in snowboarding was not available in the literature.
Three levels of “snow” stiffness were simulated in
back-to-snow impacts. Unsurprisingly, the biomechan-
ical loadings to the back increased with the increas-
ing stiffness of the impact surface (i.e. soft snow <hard
snow < rigid floor). In more detail, the impacted FSU (e.g.
T8-T9 in back-to-snow impacts at T8) always had a higher
normalized ROM on the stiffer impact surface, which was
nevertheless not always true for other FSUs. The back
compression measured at the impacted FSUs, the peak
EPS of spinal cortical bones, and the back-to-snow impact
force were always higher on the stiffer impact surface. To
be noted, the impact forces of the back to the rigid floor,
hard and soft snow was only up to 7.92kN, 6.18 kN, and
5.27kN respectively. Although these impact forces were
much lower than the force thresholds (24kN for levell
and 12kN for level 2) of a single strike in the current BPD
testing standard,® possible back injuries including verte-
bral and rib cage fractures were predicted in back-to-snow
impacts. This might provide additional biomechanical

FIGURE 6 The effective plastic
strain of the cortical bones of the spinal
vertebrae to show the simulations with
vertebral fractures and the corresponding
fractured segments

————— n
I Max=19.9%

knowledge for the improvement of the current BPD test-
ing: to increase the testing impact energy (e.g. impact
velocity or impactor mass) and/ or to reduce the force
evaluation thresholds to more reasonable values.

4.3 | Limitation

Several limitations of this study still need to be noted.
The biomechanical responses during back-to-snow im-
pacts did not consider the effects of the back-to-snow
tangential impact velocity. The reasons for this com-
promise were twofold: firstly, the THUMS model was
validated against blunt impacts to the back only with
normal impact velocities and the model bio-fidelity was
not warranted under impact conditions with shear ef-
fects (tangential velocity) to the back; secondly, the ma-
terial properties of the snow were only characterized
under normal impact velocities and might not be valid
under a considerable level of shear loadings. Another
limitation is that only one back-to-snow impact velocity
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was simulated: 2.4 m/s, the mean value of the normal
impact velocity obtained from MB simulations. The bio-
mechanical responses shall be further evaluated with
the range of back-to-snow impact velocities obtained in
our snowboarding fall MB simulations. Muscle activa-
tion levels are uncertain during snowboarding falls and
thus the active musculation of the THUMS model was
turned off in this work. It could be interesting to evalu-
ate the effect of active musculation on back injury risks
in snowboarding falls in our following studies. This was
the first study on snowboarding back injuries with FE
modeling and we chose to study the effect of the impact
surface features (stiffness and shape) on injury risks.
However, other crash parameters (e.g. the pre-crash
body posture, the dimensions of the bump impact sur-
face) could influence back injury mechanisms or risks,
and thus remain to be evaluated in future works.

5 | PERSPECTIVES

This study evaluated the back-to-snow impact conditions
and the associated injury mechanisms during typical
snowboarding backward falls. The normal and tangen-
tial back-to-snow impact velocities were found on aver-
age 2.4 m/s and 7.3 m/s respectively. The upper back was
found more likely to hit the snow first, but the lower back
hit the snow with a higher normal impact speed. The
injury risk associated with excessive flexion-extension
ROMs was higher in the thoracic spine than in the lumbar
spine. Vertebral and rib cage fractures were predicted at
the posterior elements of the vertebrae and the costal car-
tilage during back-to-snow impacts. Despite the possible
back injuries, the back-to-snow impact force was always
lower than the force thresholds of the current BPD test-
ing standard. The current work may provide additional
biomechanical knowledge for the future design of back
protections, especially for snowboarders.
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