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Abstract—Although head injuries are common in cycling,
exact conditions associated with cyclist head impacts are
difficult to determine. Previous studies have attempted to
reverse engineer cyclist head impacts by reconstructing
bicycle helmet residual damage, but they have been limited
by simplified damage assessment and testing. The present
study seeks to enhance knowledge of cyclist head impact
conditions by reconstructing helmet damage using advanced
impact testing and damage quantification techniques. Dam-
age to 18 helmets from cyclists treated in emergency
departments was quantified using computed tomography
and reconstructed using oblique impacts. Damage metrics
were related to normal and tangential velocities from impact
tests as well as peak linear accelerations (PLA) and peak
rotational velocities (PRV) using case-specific regression
models. Models then allowed original impact conditions
and kinematics to be estimated for each case. Helmets were
most frequently damaged at the front and sides, often near
the rim. Concussion was the most common, non-superficial
head injury. Normal velocity and PLA distributions were
similar to previous studies, with median values of 3.4 m/s and
102.5 g. Associated tangential velocity and PRV medians
were 3.8 m/s and 22.3 rad/s. Results can inform future
oblique impact testing conditions, enabling improved helmet
evaluation and design.

Keywords—Head injury, Concussion, Biomechanics, Oblique

impact, Accident reconstruction.

INTRODUCTION

Cycling is becoming increasingly popular in the
United States, with over 103 million Americans
reported to having ridden a bicycle in 2015 (total
population approximately 322 million in 2015).1

However, its growing popularity is paralleled by
increases in related injuries. Cycling-related hospital
admissions have grown 120% in 15 years,31 and in
2015 there was a 12% increase in fatalities over the
previous year.1 Head injuries are among the most
common and serious of injuries from these acci-
dents.11,33 Bicycle helmets, which have been shown to
reduce risk of head injury,26,33 are presently designed
around impact tests prescribed in safety standards.
Standards testing requires that helmets be fitted onto a
surrogate headform and subjected to guided drop tests.
The helmeted headform impacts an anvil from an angle
normal to the anvil surface (termed ‘‘normal’’ impact
herein), and the headform peak linear acceleration
(PLA) must stay below a set threshold for the helmet
to pass. In the US Consumer Product Safety Com-
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mission (CPSC) standard, this threshold is 300 g (>
50% risk of skull fracture or severe brain injury22).12

While standards ensure a minimal adequate level of
protection for bicycle helmets, research suggests that
real-world cyclist head impacts are much more com-
plex than standards’ testing. Namely, cyclist head im-
pacts typically occur oblique to the impact surface,
comprising of normal and tangential incident velocities
and producing both linear and rotational head impact
kinematics.7,27 Linear kinematics are linked to pressure
gradients causing focal injury such as skull fracture or
cerebral contusion, while rotational kinematics are
highly correlated to brain tissue shear strain causing
diffuse injury such as concussion or diffuse axonal
injury.16,18–20

A number of oblique impact rigs have been devel-
oped to more holistically evaluate bicycle helmet per-
formance.2,3,24,25 Although this marks an improvement
in helmet testing, head impact conditions common to
cycling are still relatively unclear. Defining these con-
ditions is challenging due to the unpredictability of
cyclist crashes. Direct instrumentation of cyclists
would provide optimal data; however, because cyclist
crashes are involuntary events, head impacts are gen-
erally infrequent per rider, rendering collection of
naturalistic data through instrumented cyclists
impractical. Alternatively, instrumenting volunteers
and instructing them to crash while cycling is unethical
due to the considerable injury risks involved. Previous
studies have thus approached the study of cyclist head
impacts through computational simulations7,27 or
laboratory reconstructions of helmet damage from
real-world accidents.32,34

Computational simulations of cyclist accidents use
multibody and finite element models to estimate the
conditions associated with cyclist head impacts.7,27

Results from these studies provide invaluable insight
into the nature of such impacts; however, these simu-
lations are limited by a lack of real-world cyclist head
impact data available for validation. Helmet damage
reconstructions rely on the permanent crushing of
conventional bicycle helmets’ expanded polystyrene
(EPS) liner that serves to dissipate energy during a
head impact. The residual damage can be recreated
using laboratory impact tests to undamaged samples of
an identical helmet. Although this approach has
potential, past reconstruction studies have been limited
by simplified test setups and damage assessment tech-
niques.32,34 These studies have utilized normal impact
testing, neglecting to simulate the oblique nature of
cyclist head impacts, and have quantified damage
through visual inspection of helmet liners. Aside from
reduced precision associated with visual inspection,
this approach requires removing the helmet shell from
the liner to take measurements. Many manufacturers

now use in-molding to couple helmet liners to shells,
increasing the potential for considerable liner damage
to accrue during shell removal.

More advanced impact testing and damage quan-
tification methods have been proposed for helmet
damage reconstructions in recent years, largely in the
motorcycle helmet space.5,8,21 Main advances include
the use of computed tomography (CT) to quantify
liner damage non-destructively while also accounting
for potential gaps between the liner and shell.5,21 CT
scans can be converted into 3D models of the liner,
which can then be overlaid with an identical, undam-
aged liner model to compute damage metrics such as
crush depth or volume. Previous work has demon-
strated that CT-derived damage metrics can be recre-
ated with high reliability and precision.5

Reconstructions could also be enhanced through
oblique impact testing. One motorcycle helmet damage
reconstruction study conducted oblique impacts using
a number of anvil types and reported that helmet shell
and liner damage was reflective of the angle and shape
of the anvil surface.8 To the authors’ knowledge, no
peer-reviewed study has employed oblique impact
testing for bicycle helmet damage reconstruction, and
very few have applied CT-based damage quantification
to bicycle helmets. Use of these advanced approaches
to reverse engineer conditions of cyclist head impacts
could greatly enrich understanding of these impacts,
which could in turn stimulate improved helmet design.

The objective of this study was to enhance under-
standing of cyclist head impacts by reconstructing real-
world bicycle helmet damage using oblique impact
testing and CT-based damage quantification.

MATERIALS AND METHODS

Case Information and Exclusion Criteria

Accident-damaged bicycle helmets were donated by
cyclists who experienced crashes in an urban environ-
ment and were evaluated in the emergency department
at George Washington University Hospital (Wash-
ington, D.C.), Oregon Health and Sciences University
(Portland), Beth Israel Deaconess (Boston), or NYU
Langone Medical Center (New York City) from 2015
to 2017. Cyclists were able to donate their helmet as
part of an Insurance Institute for Highway Safety
(IIHS) study investigating cycling infrastructure effec-
tiveness.9 This overarching study stipulated that par-
ticipants be able to give informed consent and recall
the route they were biking at the time of the accident
(excluding cases involving severe memory loss). Cases
involving fatalities or children were excluded, as were
accidents involving trick or tandem riding. Donated
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helmets were accompanied by associated medical re-
ports, details of surrounding road characteristics, and
the patient’s description of the accident. Related pro-
tocols were approved by each hospital’s Institutional
Review Board (IRB) as well as the Virginia Tech IRB
(17-1036).

Donated helmets and associated information were
analyzed to determine the candidacy of each case for
reconstruction. A total of 58 helmets were received.
Helmets were immediately excluded if the patient
claimed that their helmet was not damaged during the
accident (5 cases). Cases involving facial fracture were
also excluded (6 cases), as this implies that the impact
force was primarily directed at the face rather than the
helmet. Helmet damage was visually assessed for the
remaining cases, and helmets that showed no conclu-
sive evidence of damage were excluded. A purchasing
phase then commenced for the remaining 37 helmets to
collect identical samples for reconstruction. Many of
the models, which were manufactured as early as 2004,
were no longer in production by the manufacturer.
Helmet models for which less than three samples could
be obtained were excluded from the study. A total of
18 cases were designated as final reconstruction can-
didates.

Damage Quantification

For all candidate helmets, the nature and length of
scrapes evident on the shell were recorded (the latter
measured using digital calipers), and any damage re-
lated to the retention systems was noted. Each dam-
aged helmet and an undamaged sample counterpart
were then CT scanned (Aquilion, Canon Medical
Systems, Tustin, CA: 120 kV, 200 mA, 0.625 9 0.625
mm pixel spacing, 0.5 mm slice thickness). Scans were
imported into Mimics Research 21.0 (Materialise,
Leuven, Belgium), wherein helmet liners were sepa-
rated from their shell and the surrounding environ-
ment using a Hounsfield Unit (HU) range of 2 960 to
2 850 followed by semi-automated segmentation
operations. Final liner masks were converted into 3D
surface mesh models comprised of >600,000 triangu-
lar elements.

Liner models were imported into 3-matic Research
13.0 (Materialise, Leuven, Belgium) for damage
quantification. An origin was defined at the base of the
undamaged model at the center of its length and width.
Damaged models were aligned with their undamaged
counterpart using automated linear registration to
minimize distances between a subset of similar nodes
on each model. A global registration error was output
from this process. A heat map reflecting approximate
Hausdorff distances between each node on the
undamaged model to the nearest node on the damaged

model was generated (Fig. 1). Heat map bounds were
then set based on the global registration error in order
to visualize the crush region in its entirety while min-
imizing noise.

The surface area exceeding the heat map bounds
was recorded as the crush area. Bounds were then
increased until a single node of the damaged liner was
identified as being furthest offset from the undamaged
liner. The radial thicknesses of the damaged and
undamaged liners through this point were subtracted
to yield max crush depth, and the corresponding point
on the undamaged liner outer surface was recorded as
the max crush location. The distance from this point to
the crush area boundaries along the direction of helmet
shell scraping was measured, and the ratio of superior/
inferior or anterior/posterior measurements was com-
puted to indicate the centeredness of the crush profile.
Finally, a cylinder was defined that encompassed the
crush area and extended radially through both models
(Fig. 1). The volumes of the two models within this
cylindrical region were subtracted to yield crush vol-
ume.

Impact Testing

Impact testing of the undamaged samples of each
helmet was carried out using a custom, oblique impact
rig.3 Oblique impacts were generated through guided
drop tests of a helmeted headform onto an adjustable-
angled anvil (30–90 degrees from vertical in increments
of 5 degrees), creating normal and tangential incident
velocities characteristic of cyclist head impacts (Fig. 2).
National Operating Committee on Standards for
Athletic Equipment (NOCSAE) headforms in small
(53.4 cm circumference), medium (57.6 cm), and large
(61.4 cm) were used to account for the range in helmet
sizes. NOCSAE headforms are common in sports
helmet testing and have enhanced biofidelity compared
to other headforms.10 Helmets were fitted to the
headforms according to manufacturer fit recommen-
dations, then the helmeted headform was positioned in
a support ring connected to the drop tower. The exact
positioning of the headform for each test was mea-
sured using a dual-axis inclinometer (DMI600, Omni
Instruments, Dundee, UK). Once set, the headform
was secured in place using an additional support arm
that released just prior to impact.

Initial impact velocity was recorded by a photogate
for each test (BeeSpi V, NaRiKa Corp., Tokyo, Ja-
pan). Impact kinematics of the headform were col-
lected at 20 kHz using three linear accelerometers
(Endevco 7264B-2000, Meggitt Sensing Systems, Ir-
vine, CA) and a tri-axis angular rate sensor (ARS3
PRO-18K, DTS, Seal Beach, CA) at the headform
center of gravity (CG). Linear accelerations were
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processed using a channel frequency class (CFC) 1000
filter (SAE J211), while rotational velocities were
processed using a CFC of 175.2 Resultant curves were
then computed and used to determine the PLA and
peak rotational velocity (PRV) associated with each
test. Although peak rotational acceleration (PRA) has
historically also been investigated for its role in pro-
ducing concussive injury, PRV has recently been sug-
gested to be a superior correlate to brain tissue strain
leading to concussion.18,20 Further, analysis of the

PRA results (computed via differentiation of rotational
velocity data) revealed strong correlations with PRV
results for most cases herein, reflecting other helmeted
head impact studies.29 As such, only PRV results are
reported.

An iterative process was employed for impact test-
ing, in which each test’s boundary conditions were
updated based on visual assessment of damage from
the previous test. A new, undamaged helmet was used
per test. The orientation of the helmeted headform and

FIGURE 1. Damage quantification process for an exemplar helmet case. The area of crush exceeding 2 2.0 mm is shown for
illustration, with the cylindrical crush volume shown on the right.

FIGURE 2. Oblique impact drop tower used for reconstruction testing. A variety of impact surfaces were employed to simulate
different accident conditions. A sandpaper-coated steel anvil simulates a smooth road condition (left), while a rough anvil
simulates a pockmarked road or sidewalk (top right), and a curbstone anvil provides a focal impact surface (bottom right).
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the angle of the anvil were set to replicate the direction
of surface scraping and the max crush location for each
helmet. It was generally assumed that all impacts were
body driven (i.e. the head led the body in the direction
of travel) unless the accident description hinted
otherwise. The anvil surface was selected to best reflect
the helmet’s surface damage and the patient’s
description of the riding surface (Fig. 2); a steel surface
coated with 80-grit sandpaper was used to simulate
smooth road;14 a ‘‘rough’’ surface comprised of a
mixture of pebbles and sand in epoxy was used to
simulate a pockmarked/bumpy road; and a curbstone
was used to simulate more focal impact surfaces.
Boundary conditions were updated between tests by
adjusting the headform positioning, increasing or
decreasing the anvil angle to alter the scrape length or
visible crush area, and increasing or decreasing the
drop height to alter the crush depth or crush area.

Prior to CT scanning the tested helmets, as many as
three tests were conducted per case using a new,
undamaged helmet per test. The overall goal of testing
was to generate damage both more and less severe than
the original helmet damage so that original impact
conditions could be interpolated using linear models
informed by damage metrics. CT scans were taken of
the tested helmets and damage was quantified using the
same approach used to quantify the original helmet
damage. Damage metrics, including crush area, max
crush depth, max crush depth location, crush cen-
teredness, crush volume, and scrape length, were
recorded and compared to the original damage. If any
test produced a max crush location that was further
from the original helmet max crush location than half
the radius of the original helmet crush area, it was
excluded from the analysis. Additional tests with up-
dated boundary conditions were conducted as needed,
with as many as seven tests in total conducted per case.

Model Development and Statistics

In order to generate estimates of the original impact
conditions and head kinematics, multiple linear regres-
sion (MLR) models were developed for each case to
relate damage metrics to impact conditions and kine-
matics. After testing was completed for a given case,
damage metric results (scrape length, crush area, max
crush depth, crush centeredness, and crush volume)
from the tested helmets were first individually correlated
with test normal and tangential velocities and PLA and
PRV using Pearson’s correlation coefficients. Damage
metrics were correlated to normal and tangential
velocities rather than impact angle and resultant veloc-
ity, as the relationships between damage and normal
and tangential velocities are generally stronger and
thought to be more mechanistic in nature.23

The two damage metrics that produced the most
significant correlations with normal velocity were se-
lected for input into the normal velocity MLR model,
unless either was deemed likely to be associated with
high error for that particular case (e.g. crush area
measurement obscured by a nearby vent). The two
damage metrics and their interaction were input as
model terms given that there were enough trials to
inform such a model; otherwise, models were built
based on various combinations of the damage metrics,
and the model with the greatest overall significance was
determined. Least-significant terms were iteratively
removed from the model until all remaining terms were
significant or a model based on only one term and an
intercept remained.

This process was repeated to determine an MLR
model between tangential velocity and damage metrics,
as well as between PLA and PRV and damage metrics.
Resulting models were then solved using the damage
metric values associated with the original helmet to
generate estimates of the accompanying normal and
tangential velocities and PLA and PRV for each case.
The standard errors (SE) of each model at these esti-
mates were determined. Associated impact resultant
velocities and angles were then computed, with normal
and tangential velocity standard errors propagated
through in quadrature.

RESULTS

The 18 cases included in the present study were
associated with a range of accident characteristics,
damage metrics, and injuries (Table 1). Following
upper extremities, the head was the most commonly
injured body region. Helmet damage locations corre-
sponded with locations of superficial head injuries
(when specified). Concussion was the most common
non-superficial head injury diagnosis (7 out of the 18
cases), with loss of consciousness involved in four
cases. Neck injuries were diagnosed in two cases, nei-
ther of which involved a concussion. Three cases
involved helmets containing technology intended to
reduce rotational kinematics of the head. One such
case was associated with a concussion diagnosis. Hel-
met damage quantification revealed that the locations
of max crush for both concussed and non-concussed
patients were relatively interspersed (Fig. 3), suggest-
ing that the two groups experienced impacts of similar
directionality.

A majority of impacts were to the front and sides of
the helmets, with very few to the top and rear regions
(Table 1, Fig. 3). Five cases showed max crush loca-
tions very close to the helmet rim, and others showed
evidence of surface scraping that extended down to the
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rim despite superior max crush locations. The average
scrape length across all original helmets was 5.7 ± 4.1
cm. Max crush depth ranged from 0.3 to 13.9 mm
across all cases, while crush area ranged from 0 to 88.4
cm2, centeredness ranged from 0.2 to 6.2, and volume
ranged from 2 0.1 to 29.4 cm3 (the negative lower
bound reflects minimal damage for one case combined
with inherent noise from manufacturing differences
and CT processing). Damage related to retention sys-
tems was noted in a few cases and could be recreated to
an extent through impact testing.

A variety of test conditions were required to simu-
late the damage associated with each case. A summary
of the test conditions and results is provided in the
Appendix. The smooth road anvil was used for the
majority of cases. Three helmets did not appear to be
scraped while still presenting with liner damage. Nor-
mal impacts were conducted for these cases. Several
cases indicated that the impact was caused by collision
with a vehicle; however, the description did not specify
what surface the helmet came in contact with. The
decision of which anvil to use for these cases was thus

informed primarily by assessment of surface damage,
with the curbstone anvil selected for two cases.

Data froman average of four tests were included in the
MLR models for each case. In order to interpolate
velocity and kinematic estimates rather than extrapolate,
some cases required more tests than others if initial
testing produced damage that was consistently too severe
or not severe enough relative to the original helmet
damage. Matching impact locations during testing was
often more difficult when steeper anvil angles were
involved, as the headform’s rotation was challenging to
predict and varied with its initial orientation. For cases 5
and 7, data from only two tests could be included in the
MLR models. Estimates for these cases were interpo-
lated, and error was reported as the range between the
solution and the further of the two test values. Case 4 was
associated with a unique damage pattern, in which liner
peaks at the rear of the helmet were avulsed but the
surrounding liner was minimally damaged. Normal-ve-
locity curbstone impacts were conducted for this case. It
was observed that the liner peaks avulsed from the helmet
once the normal velocity reached a particular severity.
Impact conditions and kinematics from the lowest-ve-
locity test producing this avulsion were assigned as the
estimates for this case, while error was determined using
the difference between these results and the results of the
nearest lower velocity test. All other cases showed more
typical damage profiles that could be characterized by a
number of damage metrics.

A typical helmet-specific MLR model is shown in
Eq. 1 (case 14). This normal velocity (Norm) model re-
flects that max crush depth (Depth) and crush area (Area)
were the most significant predictors of normal velocity
for this helmet (p=0.01 forDepth vs.Norm, p=0.09 for
Area vs. Norm). Max crush depth and area, along with
the interaction term, were thus input into the MLR
model. Removing the least significant term produced
Eq. (1)—a finalized MLR model wherein all term coef-
ficients and the overall model were significant (p< 0.02).

Norm ¼ 0:78þ 0:56Depth� 0:01Depth � Area ð1Þ

Across all cases, the normal velocity MLR models
were most frequently informed by max crush depth.
Tangential velocity models were most frequently in-
formed by crush volume, PLA models were most fre-
quently informed by crush area and depth, and PRV
models were informed most frequently by crush area
(followed closely by scrape length and crush volume).
Tangential velocity and PRV models were sometimes
informed by crush centeredness, although crush cen-
teredness was the least common predictor across all
models. Average standard errors associated with nor-
mal and tangential velocity estimates were 0.15 and
0.22 m/s, respectively, while average standard errors

FIGURE 3. Locations of max crush for all cases, modeled on
an exemplar helmet and grouped by concussive injury
diagnosis. A majority of impacts were to the front and sides
of the helmets, often near the helmet rim.
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associated with PLA and PRV were 5.4 g and 1.4 rad/s.
The median normal velocity across all cases was 3.4 m/
s with a 95% range of 0.24 m/s and 6.0 m/s (2.5th and
97.5th percentiles, respectively; Fig. 4). The median
tangential velocity was 3.8 m/s (95% range:2 0.02, 7.5
m/s). The negative lower bound was influenced by a
single case with a tangential velocity estimate of 2 0.04
m/s. This particular helmet had minimal damage,
meaning the results were subject to greater noise ratios.
The estimated impact angles reflected anvil angles used
in testing, with a median of 40.3� across all cases (95%
range: 26.3�, 90�). The median estimated resultant
velocity was 5.5 m/s (95% range: 0.4 m/s, 8.5 m/s).
Average errors associated with impact angle and
resultant velocity were 0.3� and 0.2 m/s.

Estimated head impact PLA ranged from 11.1 to
218.8 g across all cases with a median of 102.5 g. PRV
ranged from 2.1 to 48.1 rad/s with a median of 22.3
rad/s. PLA and PRV generally increased with
increasing normal and tangential velocities, respec-
tively. The correlation between PLA and normal
velocity was significant (R = 0.61, p = 0.01), while the
correlation between PRV and tangential velocity was
not (R = 0.35, p = 0.16). The single case associated

with subarachnoid hemorrhage produced the greatest
PLA of 218.8 g. Kinematic results were not signifi-
cantly different between concussed and non-concussed
groups (p‡0.37). Cases associated with a concussion
produced an average PLA and PRV of 109.8 ± 55.0 g
and 19.3 ± 7.4 rad/s, respectively, compared to aver-
ages of 98.1 ± 58.5 g and 24.2 ± 14.8 rad/s for non-
concussion cases (Fig. 5).

DISCUSSION

The goal of the present study was to use oblique
impacts and CT to investigate common cyclist head
impact conditions and kinematics. Across all donated
helmets, maximum crush locations most often fell at
the front and sides of the helmets, frequently near the
rim. These locations are consistent with previously
reported cyclist head impact locations.7,32,34 Impacts to
the helmet rim are of particular importance, as helmet
safety standards exclude the helmet rim during impact
testing, meaning its impact performance is not regu-
lated. Specifically, five of the cases herein fell at or
below the CPSC test line. The present results supple-

FIGURE 4. Probability density functions (PDFs) of all normal and tangential velocity estimates and associated impact angle and
resultant velocity estimates. The impact angle is the angle between the resultant velocity vector and the impact surface, such that
90 degrees represents a purely normal impact. The vertical lines underneath each plot are the individual data points that make up
the distribution.
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ment a growing body of evidence suggesting that the
rim is a commonly impacted helmet region. Although
not evident in these results, high-energy impact tests
have previously demonstrated liner densification at the
rim for some certified helmets, which in turn transfers
very large and likely injurious forces to the head.4,13

DeMarco et al. subjected helmets to CPSC testing and
found that many allowed PLA values above the 300 g
threshold when tested at the rim (and sometimes above
the rim), even though the helmet were reportedly
CPSC-certified.13 It is therefore recommended that
standards be adapted so that helmet protective capa-
bilities are regulated at the rim.

The median normal velocity and PLA found in the
present study fell considerably below the test velocities
and PLA thresholds defined in standards. The CPSC
standard requires normal impacts against a flat anvil at
6.2 m/s and a imposes a PLA limit of 300 g.12 Only two
of the 18 cases herein were associated with normal
velocities greater than or equal to 6 m/s, and none were
associated with a PLA greater than 219 g. While it is
essential for standards to ensure risk of catastrophic
injury is mitigated, the present results suggest that less
severe impacts are common in cyclist crashes and have
the potential to produce concussion. Additionally, a

majority of impacts herein were oblique, involving
substantial tangential velocities and producing con-
siderable PRVs. As rotational kinematics have been
tied to concussive injury mechanisms,16,18–20 there
would be value in standards assessing the ability of
helmets to reduce both linear and rotational head
kinematics during oblique impacts.

The velocity and kinematic estimates generated
herein were similar to ranges reported from previous
cyclist simulation and damage reconstruction stud-
ies.7,27,32,34 The median normal velocity and PLA in
the present study were near matches to median values
from other reconstruction studies that employed nor-
mal impacts using standards test equipment.32,34 Pre-
vious work has demonstrated that liner crush depth is
strongly correlated with impact normal velocity, which
in turn is well-correlated with PLA.5,24 Given that the
NOCSAE headform mass is comparable to the head-
form mass in standards, it is intuitive that normal
velocity and PLA results might be comparable across
studies. These similarities suggest that the present re-
sults reflect common cyclist head impact conditions.
Utilization of oblique impact testing to quantify
damage has the added benefit of estimating associated
tangential velocities and PRV as well, which has
meaningful implications for injury risk assessment.
Compiling published cyclist simulation data reveals
slightly greater median head impact velocities and
slightly lower angles than this study found,7,27 al-
though overall distributions are markedly similar.

MLR models relating damage metrics to impact
conditions and kinematics for each case revealed that
normal velocity and PLA models were commonly in-
formed by max crush depth, tangential velocity was
commonly informed by crush volume, and PRV was
commonly informed by crush area and scrape length.
However, there were often deviations from these
trends. It is likely that the relationships between
damage metrics and impact velocities or kinematics are
modulated by the specific helmet model as well as the
impact location. For example, proximity of a vent to
the impact location can obfuscate measurement of
scrape length or crush area. There is therefore benefit
to creating individualized models to predict impact
conditions on a case-specific basis.

Grouping kinematic results by concussion diagnosis
revealed surprising trends, or rather a lack thereof. The
high number of concussions in this dataset supports
epidemiological evidence of concussion being a com-
mon injury for cyclists.11 However, risk of concussion
is known to increase with increasing impact kinemat-
ics,28 and rotational kinematics in particular have been
implicated as a causative factor in concussion.16,18–20

In the present study, PLA and PRV were not signifi-
cantly different across concussed and non-concussed

FIGURE 5. PLA and PRV estimates for each case and the
associated concussive injury diagnosis. Concussive and non-
concussive kinematics were interspersed, with average PLA
and PRV not differing significantly across groups.

BIOMEDICAL
ENGINEERING 
SOCIETY

Laboratory Reconstructions of Bicycle Helmet Damage 2791



cases. The average PLA of the concussed group was
consistent with median concussive PLAs reported in
football head impact datasets,28 while the average PRV
of the concussed group was somewhat lower than
median concussive PRVs (Rowson et al.: 21.9 rad/s).29

Although there is considerable subject-to-subject
variation in susceptibility to concussion,28 it is also
possible that differences in injury reporting across
cases contributed to this trend. In the present dataset,
all cases with a diagnosed concussion stemmed from
one hospital. This likely relates to the fact that con-
cussion is characterized by physiological symptoms
rather than anatomical damage, meaning that its
diagnosis can be more subjective and less standardized
across different institutions than other injuries. Inher-
ent error in the reconstruction process may have also
contributed to the lack of trends observed. Regardless,
the high incidence of concussion out of these cases
suggest there is room for improvement in helmet de-
sign to reduce risk of concussion.

The lack of significant differences in kinematics across
concussed versus non-concussed groups may also reflect
the general nature of damage reconstruction studies.
Reconstructing damage to a helmet requires that the
helmet present with a definitive damage region. Perma-
nent EPS crush requires that the foam be subject to
stresses exceeding its yield stress. It is possible that some
cyclists impacted their head at too low of a severity to
induce substantial damage. Supporting this theory, sev-
eral non-concussed patients claimed that their helmet
was damaged during their crash, while visual assessment
and CT scans of the helmet did not identify a definitive
damage region. If a head impact did occur, it is likely that
the associated kinematics were extremely low. Excluding
such cases from reconstruction likely over-weights
resulting non-concussive kinematics and blurs the dis-
tinction between concussed and non-concussed groups.
Additionally, the overarching IIHS study through which
cyclists were recruited required them to remember the
route they were biking on at the time of their crash;9 the
44 patients who did not meet this requirement may have
comprised a number of the possible concussion cases.

There are a number of limitations associated with the
present study. Similar to previous oblique impact studies,
no surrogate neck was used in impact testing.3,24,25 This
decision was motivated by the limited biofidelity of the
commonly-used Hybrid III neck in compressive axial
loading,30 whichmay have been present in large amounts
for cases with damage near the top of the helmet and
impact angles near 90º. However, previous studies have
suggested that the contraction of neck musculature may
affect head impact kinematics to a limited extent,15 and
others have shown that oblique impacts involving a neck
or body mass could result in decreased head kinematics
and increased liner crush depth compared to head-only

impacts.2,17 Additionally, the headform used herein may
produce slight differences in helmet damage compared to
a human head.5 The anvils used also likely produced
marginally more severe results than a road due to exag-
gerated stiffness and frictional properties.6

Assumptions had to be made during testing
regarding the direction of impact and the impact sur-
face. It was also assumed for all cases that the helmet
was positioned correctly on the head prior to impact.
A few cases possibly involved multiple head impacts.
In such cases, the primary impact location was
assumed to be at the max crush location. Two cases
with extensive damage had longer scrape lengths than
could be replicated using a single impact, even when
max crush depth was matched and the steepest angle
was employed. It is possible that extended, body-dri-
ven contact between the head and impact surface oc-
curred in these cases, which would be of lesser force
than the initial impact phase.

Other potential sources of error were evident during
CT scan processing. Although helmet attachments
were removed prior to scanning, the presence of cages
or riveting caused patches of scan artifact for several
cases. These fortunately did not often overlap with the
crush region and were manually corrected. Damage
metric quantification was also complicated at times by
proximity to a vent. MLR models were developed with
consideration given to these issues.

As the present helmets were provided from emer-
gency departments in urban settings, these cases may
reflect higher-severity accidents and may be specific to
an urban environment. However, fatality cases were
excluded, while a number of cases did not involve head
injury at all, suggesting a wide range in head impact
severities was represented. Additionally, the limited
sample size involved in this study precluded assessment
of the effectiveness of different style helmets or helmets
with rotation-mitigating technologies.

Despite its limitations, this study represents one of
the most advanced bicycle helmet damage reconstruc-
tions to-date. Damage to 18 bicycle helmets from real-
world cyclist accidents was quantified using CT and
recreated through oblique impacts. The similarities
between results from this study and past studies, paired
with the low associated errors, instills confidence in the
overall results. The impact conditions and resulting
kinematics determined in this work can help to inform
realistic boundary conditions for oblique impact test-
ing of bicycle helmets, equipping manufacturers to
optimize helmet protective capabilities.

APPENDIX
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