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The Effect of Impact Compliance, Velocity, and Location in Predicting Brain Trauma for Falls in Sport
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Abstract
Peak linear and angular acceleration are commonly used to measure concussion risk.
In efforts to better understand the importance of loading factors affecting head dynamic response,
the purpose of this study was to examine the effects of impact velocity, location, and compliance on
head acceleration. A Hybrid III headform and modified neckform attached to a drop tower were
subject to 4 impact velocities (1.5, 3.0, 4.5, 6.0 m/s) and 3 surfaces: steel, vinyl nitrile foam, and
Rubatex R338 rubber foam to represent falls onto a hard surface, a helmeted fall (i.e. football
helmet), and a gymnastics mat, respectively. Each combination of velocity and compliance were
tested at front, front boss, side, and rear boss negative azimuth. Regression analysis were conducted
for each impact location and revealed that compliance had a consistently stronger influence on head
dynamic response than velocity.
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I. INTRODUCTION
Sports are a major source of concussion as a result of the number of people who participate as
well as the frequency of this injury in the population [1‐4]. In Canada, over 7.2 million people
participated in sports in 2010 [5], contributing to nearly 1.5 million suffering short and long‐term
consequences [6]. In the US, sports‐related accidents have been estimated to cause up to 3.8 million
concussions [7]. Concussive injuries are characterised by clinical signs and symptoms that typically
resolve within one week post‐injury; however, in severe cases, prolonged symptoms can last from
months to years [8‐9]. In worst‐case scenarios, the long‐term effects of concussion cause disability
that affects work and school, contributing to the overall economic burden [8].
Falls and collisions are among the most common causes of concussion in sport [2][10‐12].
Concussions as a result of a fall present a unique element of risk as the head falls from a height and
makes contact with the rigid, unyielding earth, where the majority of the impact energy is
transferred to accelerate the head. In a collision, the two striking bodies can move relative to each
other before and after the impact, which will affect the nature of the impact energy transferred to
the head. The focus of this study will examine fall‐type events. The rate of energy transfer can be
modulated by adding compliance, either to the head by wearing a helmet, or putting foam or a mat
on the ground [13]. The type of surface (i.e., turf, grass, ice, wooden gym floors) and whether the
head is helmeted will affect impact energy attenuation, changing the nature of loading [14].
Therefore, the variables that influence head injury risk from falls include impact velocity (height of
the fall) and impact compliance (overall stiffness of an impact). An unprotected head colliding with a
rigid, stiff surface corresponds to a low compliance condition, whereas a head colliding with a soft
surface would be a high compliance condition. Lastly, impact location on the head has been
identified as a factor that influences head injury severity. [15] examined the effect of impact location
on the duration of loss of consciousness of primates noting that side impacts were associated with a
decrease tolerance to concussion. [16‐17] attributed the directional sensitivity to skull and brain
geometry and interior structures, like the falx and tentorium that play a role in overall brain trauma
effects. They found that coronal motions resulted in the largest amounts of axonal damage to the
primate brain.
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Commonly used kinematic variables to measure head injury risk include peak linear and angular
acceleration. Early experimental research on cadaver and animals demonstrated that linear
acceleration correlated highly with dynamic pressure responses in the brain [18]. These pressure
gradients resulted in intracranial stresses that disrupt the neural tissue function responsible for
concussive traumas [19]. In addition, angular acceleration was noted to be important for causing
trauma due to the relative weakness of the brain to shear strain [20]. In a number of animal
experiments conducted by [21] and [22], increasing levels of angular acceleration were linked with
increased shear strain injuries in the brain [21‐23].
Sports‐related falls can occur under a variety of conditions: falling onto wooden gym floors such
as in basketball or cheerleading, falling on grass with or without a helmet, as in soccer or American
football, and onto mats or crash pads, common in wrestling and gymnastics [2]. The variety of
impact surfaces or compliances possible as well as the various impact velocities and locations on the
head contribute to the wide ranging potential conditions that may cause risk of injury. Previous
research has demonstrated that impact velocity increases head acceleration, whereas compliance
decreases peak values but in doing so, elongates the acceleration pulse [13][24]. Head impacts to
different locations on a Hybrid III headform has been shown to result in unique acceleration
responses, where non‐centric vectors tend to result in relatively higher angular accelerations [25].
The majority of this research examined impact variables in isolation; however, the authors
hypothesize that impact velocity, compliance, and location interact to influence head dynamic
response. These interactions likely contribute to the challenges with predicting head injury risk using
head acceleration. The purpose of this study was to describe the effects of impact velocity,
compliance, and location on peak resultant linear and angular acceleration of the head, and to
determine which factor has the strongest influence on response.
II. METHODS
Equipment
Head dynamic response was collected using a 50th percentile adult male Hybrid III headform
instrumented with 9‐uniaxial linear accelerometers (Endevco 7264C‐2KTZ‐2‐300, California, USA)
positioned in a 3‐2‐2‐2 array, to capture linear and angular acceleration [26]. A Hybrid III headform
(Michigan, USA) was used in conjunction with a customised neckform developed at the University of
Ottawa (Ottawa, Canada), and composed of separate circular plates held together with a standard
Hybrid III neck cable. The non‐directional neck was comprised of four steel circular plates, one steel
top plate, and four butyl‐rubber disks weighing 1.30 kg. This neckform was used in place of the
standard Hybrid III neckform (weight = 1.40 kg) to ensure uniform directional response. Acceleration
signals were sampled at 20 kHz and filtered using a CFC class 1000 filter, specifying a low‐pass filter
with a 1650 Hz cutoff frequency [27].
A monorail drop tower was used to simulate simplified fall‐type events and consists of a six‐
metre tower, a sliding carriage and motor, and a quick release anvil adapter attached to a concrete
base. The headform and neckform were attached to a sliding carriage and glides over the tower rail
via ball‐bearings. The motor lifts the headform, neckform, and sliding carriage unit to a specified
height and the unit is released in a guided drop to obtain the desired test velocity. A flat steel impact
anvil was attached to the anvil adapter to serve as the test surface. Due to the numerous impact
scenarios that are possible within the sports environment, the authors were tasked with selecting
levels of impact variable that are representative of the possible range of conditions, but to also
balance the number of permutations of each variable, and total number of impacts. Three impact
surfaces were selected to represent a range of different types of compliance representative of
causing concussion from falls in sports. Steel was selected to represent a non‐compliant condition (5
ms duration event), such as unprotected falls onto rigid surfaces i.e., ice surface in figure skating. A
0.025m thick vinyl nitrile foam was used to obtain a 15ms duration response characteristic of
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protected or helmeted fall [28]. A 0.067m thick Rubatex R338 rubber foam was selected to represent
falls onto well‐padded surfaces, such as a gymnastics mat, lasting approximately 25ms in duration.
Figure 1 demonstrates the impact surface (in solid lines) and the respective anvils used to match the
linear acceleration response of each. Each compliance was subject to Shore A testing to determine
the relative stiffness of each material (ASTM Standard D2240), where 3.0, 17.8 and 99.3 correspond
to the Rubatex rubber foam, vinyl nitrile foam, and steel surface, respectively (Figure 1).

Fig 1. Linear acceleration‐time (ms) for bare head Fig
2.
Impact
locations
falls onto ice, football helmet to ground, and demonstrated on steel anvil.
head to gymnastics mat shown in solid lines.
Dotted lines depict time histories for steel, vinyl
nitrile foam, and R338 foam for similar pulse
durations.
Experimental Testing
Four impact velocities: 1.5, 3.0, 4.5, 6.0 m/s were selected to capture the range of plausible
falling events. These levels of velocity are consistent with those reported by [29] who investigated
different falling scenarios using the full body Hybrid III anthropometric test dummy (ATD) for front,
side, and backward falls (2.9 ‐ 5.8 m/s). Four impact locations were selected to capture motion
among different planes. Front centre gravity (FCG) and side centre gravity (SCG) have motions
occurring in primarily the sagittal and frontal planes, respectively. The front boss centre gravity
(FBCG) location will cause motion along a plane that is mid‐way between the frontal and sagittal
planes. Lastly, a non‐centric impact condition was chosen to elicit a high rotational response; the
rear boss negative azimuth (RBNA) has the rear boss impact site with a 45° rotation in the horizontal
plane, aligning the vector in the same orientation as the SCG but occurring through the rear boss site
(Fig 2). These conditions are consistent with previous research conducted by [25] eliciting low and
high levels of injury risk based on linear and angular acceleration of the Hybrid III headform [30]. The
Impact variables (velocity, compliance, and location) were selected to capture the range of dynamic
response associated with concussive events, however, combinations of impact variables producing
responses above 500g were avoided due to equipment constraints and represents risk well above
concussion [30‐32]. As a result, the steel condition (A 99.3) was only tested at 1.5 and 3.0 m/s and
the vinyl nitrile (A 17.8) and Rubatex foams (A 3.0) were tested at four velocities for all locations. 40
unique conditions (A 99.3: 2x4; A 17.8: 4x4; and A 3.0: 4x4) were tested for three trials, for a total of
120 impacts. Stepwise multiple linear regression is a type of regression analysis where the sequence
of independent variables input into the predictive models are based on the correlation matrix,
where the independent variable with the highest Pearson product‐moment correlation coefficient is
input first, followed by the next highest correlated variable and so on. Unstandardized beta
coefficients in each model provide an indication of the incremental effect of the independent
variable in its original units (in this study, Shore A stiffness value or m/s) on dependent variable
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(linear or angular acceleration). These values are the slope coefficients in the formula for the
predictive equation. The standardized beta coefficients convert the effects of the independent
variable into z‐score equivalents, allowing for a better comparison of the relative influence of each
independent or predictor variable on dependent variable. For this part of the study, impact location
was treated as a categorical variable, therefore, step‐wise multiple linear regressions were run to
determine the relative influence of compliance and velocity (examination of Beta coefficients) at
each location for linear and angular acceleration (p < 0.05). To test for main effects and interactions,
a 3‐way ANOVA for velocity, location, and compliance were conducted on the dependent variables.
Further analyses include running one‐way ANOVAs and Tukey post hoc tests for location (FCG, FBCG,
SCG and RBNA) at each level of velocity (1.5, 3.0, 4.5, 6.0 m/s; p <0.05) under each compliance.
III. RESULTS
Regression Analysis
Significant multiple linear regressions were found at each impact location for linear and angular
acceleration. The unstandardized beta coefficients (B), corresponding standard error values (SE B),
and standardized beta coefficients (Beta) are reported in Table I and II along with F ratios and R2
values. The addition of impact velocity as a predictor variable in the multiple regression analysis
significantly improved the R2 value, therefore the discussion will focus on Model 2 parameters in the
tables. The larger Beta coefficients for impact compliance relative to velocity, demonstrates that this
factor has a stronger influence on linear and angular acceleration. These findings were consistent for
all locations. Additionally, trends in the Beta values (across location) seem to suggest that
compliance tends to be more influential on angular acceleration (0.823 – 0.991) than it is to linear
acceleration (0.732‐0.961). On the contrary, velocity tends to be slightly more influential on linear
acceleration (0.535 – 0.748) than it is to angular acceleration (0.317 ‐ 0.703).
TABLE I. MULTIPLE LINEAR REGRESSION RESULTS FOR LINEAR ACCELERATION
Predictor
Model 1
Model 2
Variable
B
SE B
Beta
B
SE B
Front
Compliance 1.887
0.467
0.606**
2.680
0.315
45.940
6.852
Velocity
2
R 0.368
0.763
F 16.290**
43.404**
Front Boss
Compliance 1.707
0.502
0.540*
2.533
0.320
50.667
7.013
Velocity
R2 0.292
0.759
F 11.539*
42.415**
Side
Compliance 1.794
0.281
0.770**
2.239
0.191
27.302
4.177
Velocity
0.842
R2 0.593
F 40.802*
72.158**
Rear Boss
Compliance 1.134
0.379
0.492*
1.750
0.247
Velocity
37.88
5.420
0.729
R2 0.242
F
8.935*
36.737**
* p ≤ 0.05; ** p ≤ 0.001
Location
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Table II. multiple linear regression results for Angular acceleration
Location
Predictor
Model 1
Variable
B
SE B
Beta
Front
Compliance 142.99
23.878
0.748**
Velocity
R2 0.560
F 35.614**
Front Boss
Compliance 93.197
18.020
0.699*
Velocity
R2 0.489
F 26.748*
Side
Compliance 217.161
22.455
0.877**
Velocity
R2 0.770
F 93.530*
Rear Boss
Compliance 125.923
34.210
0.571*
Velocity
R2 0.326
F 13.549*
* p ≤ 0.05; ** p ≤ 0.001

Model 2
B
177.127
2004.181
0.760
42.846**
123.238
1842.073
0.835
63.313**
245.204
1719.583
0.857
81.029**
181.379
3400.576
0.758
42.223**

SE B
19.363
421.564

Beta
0.930**
0.483**

11.161
244.669

0.924**
0.630**

19.277
422.587

0.991**
0.317**

22.366
490.302

0.823**
0.703**

Effect of Location
Significant main effects for impact velocity, compliance, and location as well as an interactions
between each variable were found for linear acceleration (F (12,80) = 937.621 , p = <0.001) and
angular acceleration (F (12,80) = 7.738, p = <0.001 ). Figures 3 and 4 are plots of peak resultant
acceleration by velocity for each impact location. For linear acceleration (Fig 2), head impact results
from [13] cadaver head impact tests are approximated and serve as a reference. Statistically
significant results for steel (A 99.3) show that at 1.5 m/s, the side (133 g) had the highest values and
rear boss the lowest (74g; p<0.05), however as impact velocity increased (3.0m/s), the front had the
highest value (359 g) followed by front boss (343g), side (296g), and rear boss (240g; p < 0.05). For
angular acceleration (Fig 3), the side consistently produced the highest responses (14 900 and 31
000 rad/s2), followed by rear boss, front, and front boss with the lowest values at 3.0 m/s (p<0.05).

Figure 3. Peak resultant linear acceleration against velocity for low (A 99.3), medium (A 17.8), and
high (A 3.0) compliance conditions plotted with [13] cadaver data.
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For a more compliant surface (0.025m vinyl nitrile foam; Shore A 17.8), significant differences
were noted at the lower velocities, however these differences are not meaningful until 4.5 m/s
where all locations were significantly different from each other (73‐120g), with the front boss having
the highest results at 4.5 and 6.0 m/s (p<0.05). For angular acceleration, it was the rear boss
location (non‐centric condition) that displayed higher values across velocity (p<0.05).
At the highest compliance (0.067m Rubatex foam; A 3.0), significant differences in peak resultant
linear acceleration were not observed until 4.5 m/s. The front boss had the highest values, followed
by front, then side and rear with the lowest values (p<0.05). For angular acceleration, the rear boss
had the highest values starting at 3.0 m/s (p>0.05)

Figure 4. Peak resultant angular acceleration against velocity for low (A 99.3),
medium (A 17.8), and high (A 3.0) compliance conditions.

IV. DISCUSSION
Peak resultant linear and angular acceleration are among the most commonly used kinematic
measures of concussion risk. Injury reconstruction research involving simulations of head impact
events in contact sports such as American football and rugby, as well as instrumented helmets used
to measure head acceleration within games and practices, has provided valuable data sets with
which researchers can interpret the levels of loading associated with injury probability [33‐37]. The
intention of this study was to supplement the understanding of concussion risk by describing how
impact variables (compliance, velocity, and location) contribute to creating magnitudes of head
acceleration.
[13] had conducted similar research in 1964, using cadavers subjected to full‐body drop tests
onto a rigid anvil with and without a crash helmet. They tested a number of velocities and measured
peak linear acceleration. An approximation of their results are plotted in Figure 3, where adding a
helmet (compliance) decreases the magnitudes of peak linear acceleration, thus higher velocities are
required to achieve similar levels of acceleration. The headform drops onto steel tend to be stiffer in
comparison to the cadaver test and is likely due to the lack of biofidelity of the Hybrid III headform
at high energies, but the results from the crash helmet from [13]’s data fits within the medium
compliance results selected to represent a helmeted condition. Adding compliance to the impact,
results in lowering peak linear acceleration but extending the duration of the pulse. The trade‐off
between decreasing the magnitude by spreading out the force footprint, and elongating the
acceleration pulse is no new concept to those designing head protection as this is precisely how
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helmets work [14][38].
In an impact, velocity and compliance are two critical factors that influence the total amount of
energy transferred to the head. What the authors were interested in evaluating was which of these
impact variables contribute the most to creating peak head acceleration in environments that
involve falling onto rigid and compliant surfaces common to sport environments. Overall, the
regression analysis revealed that impact compliance, is a stronger contributor to both peak linear
and angular acceleration than impact velocity, meaning that falling onto stiffer surfaces contributes
to increasing head acceleration faster than velocity. In other words, efforts should prioritize
decreases in the stiffness of an impact, over attempting to mitigate impact velocity in general falling
scenarios, when risk is defined by peak head acceleration. While there is overlap in the Beta
coefficients, data trends suggest that compliance tends to be more influential on angular
acceleration than linear, however velocity may be more influential for linear than angular
acceleration (that is, second to impact compliance). The relative contribution of compliance and
velocity is dependent upon location however; the side was the most influenced by compliance (Beta
values = 0.961 and 0.991 for linear and angular acceleration respectively) and the least influenced by
velocity (0.535 and 0.317) of all locations.
The role of impact location on head injury risk has been demonstrated throughout the literature.
Based on animal research, the brain tends to have a decreased tolerance to concussive effects from
lateral loading, or side impacts [15][17]. This is consistent with findings from [37] and [39] who
conducted video analysis of Australian rules football and rugby and found that impacts to temporal
area were the most prevalent in resulting in concussion. On the contrary, impacts to the front were
more prevalent for injury among high school American football players, whereas impacts to the side
and rear were more common among elite players [40‐41]. While it is difficult to conclude a location
based human tolerance to head injury from the research conducted across various sports, it is not
unreasonable to suggest that the head and brain have a directional sensitivity to injury [17][22][42].
The location based findings in this study do not necessarily support a directional injury tolerance
but simply illustrate that location plays a role in the magnitude of head acceleration. While
significant differences were found, many of these differences were not necessarily meaningful,
especially at the lower velocities. Impacts to the front or front boss tend to result in relatively higher
values of linear acceleration across compliance and velocity. This is likely a result of these impacts
occurring through the centre of gravity of the head as well as contribution from the mass of the neck
due to its slightly raised orientation in relation to the anvil at the base of the drop tower. The
neckform used in this study was chosen to represent the mass of neck without any directional
biases. The standard Hybrid III neckform has directional constraints (particularly in extension) and
while these effects are appropriate to simulate neck flexion/extension, they are not well described
under high dynamic loads from direct impacts. Therefore to remove any potential directional biases
associated with the neck at higher impact energies, to maintain the neck mass, and to isolate the
effects of the impact variables sought, the non‐directional neckform was used.
For angular acceleration, it was hypothesized that the rear boss negative azimuth location would
result in the highest values across all levels of compliance and velocity, since this vector is located
outside the centre gravity. The side had considerably higher angular accelerations than all other
locations for the steel. For compliant conditions, the rear boss negative azimuth produced the
highest values which is consistent with previous research, demonstrating that non‐centric impacts
result in higher head rotations [16][25]. The high responses at the side are likely due to the close
proximity of the accelerometers with respect to the impact, the tethering effect of the neckform, as
well an interaction between the headform surface (including vinyl skin) and the anvil [43‐44]. The
headform is comprised of hollowed steel covered with a vinyl outer skin that takes on an ellipsoid
shape. These physical characteristics of the Hybrid III headform as well as the local contact
characteristics associated with the three different types of surfaces (steel, VN and Rubatek foams)
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interact in a manner that create unique acceleration‐time traces. An example of the resultant linear
acceleration‐time traces for different locations are illustrated in Figure 5 for 3.0 m/s. For steel,
impact energy is rapidly transferred to the head and therefore it is hypothesized that the local
geometry of the head and the vinyl skin contribute to the unique responses observed. For the
compliant conditions (A 17.8 and A 3.0), the foams increased the contact time between the head
and anvil, likely allowing both the head and neck to rotate as a unit throughout entire pulse,
especially at the non‐centric rear boss NA location. Although the authors did not measure contact
characteristics, such as peak force and force footprint in this study, these factors would help to
explain the contact phenomena associated with each location and how the impact force is
transferred from the anvil to the headform. In fall‐type events, the bulk of the impact energy is
translated into compressing and shearing of the compliant materials on headform (i.e., the vinyl
skin) or anvil. The same types of processes likely occurs under collision‐type events but to a different
extent due to two relatively movable masses colliding. While surface geometries influence the
contact mechanics during an impact, flat surfaces (steel and foam) were used in this study to simplify
the number of conditions tested in a nearly fully‐crossed research design.

Figure 5. Exemplar resultant linear acceleration‐time curves at 3.0 m/s for Shore A 99.3 (steel) on the
left and Shore A 17.8 (VN foam) on the right.
An understanding of the types of effects impact variables have on head acceleration is an
important aspect of developing strategies for head protection. While decreasing the overall stiffness
of an impact during a fall should be prioritized in keeping head accelerations at a low level,
interactions between compliance, velocity, and location contribute to the difficulty in predicting
head injury risk. Historically, head protection has been designed to manage primarily linear
acceleration, and while it has been rather successful [13][45], it is important that levels of angular
acceleration are not increased, for example the rear boss NA in this study had the lowest levels of
linear acceleration but high levels of angular at the medium compliance.
V. CONCLUSIONS
Compliance, or stiffness, was more influential than velocity on peak linear and angular acceleration
for fall‐type events in sport. Interactions between compliance, velocity, and location contribute to
the challenges with predicting injury risk based on head impact events. Impact location alone
contributes to unique magnitudes of linear and angular acceleration, as in the case with the rear
boss NA (non‐centric condition), characteristic of relatively low linear acceleration, but high angular
for compliant surfaces. These findings suggest that effective strategies for managing injury risk from
head acceleration during fall‐type events in sport, should first consider mechanisms to decrease the
stiffness of the impact. Secondly, when working within the confines of a level of compliance,
strategies should include managing both linear and angular acceleration for specific impacts
locations.
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