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a  b  s  t  r  a  c  t

Novel  compliant  flooring  systems  are  a  promising  approach  for reducing  fall-related  injuries  in seniors,
as they  may  provide  up  to  50%  attenuation  in peak  force during  simulated  hip  impacts  while  elic-
iting  only  minimal  influences  on balance.  This  study  aimed  to determine  the  protective  capacity  of
novel  compliant  floors  during  simulated  ‘high  severity’  head  impacts  compared  to common  flooring
systems.

A headform  was  impacted  onto  a common  Commercial-Carpet  at 1.5,  2.5,  and  3.5  m/s  in  front,  back,
and  side  orientations  using  a mechanical  drop  tower.  Peak  impact  force  applied  to  the  headform  (Fmax),
peak  linear  acceleration  of  the  headform  (gmax)  and  Head  Injury  Criterion  (HIC)  were  determined.  For
the  3.5  m/s trials,  backwards-oriented  impacts  were  associated  with  the  highest  Fmax and  HIC values
(p  <  0.001);  accordingly,  this  head  orientation  was  used  to  complete  additional  trials  on  three  common
floors  (Resilient  Rubber,  Residential-Loop  Carpet,  Berber  Carpet)  and  six novel  compliant  floors  at each
impact  velocity.  ANOVAs  indicated  that  flooring  type  was  associated  with  all  parameters  at  each  impact
velocity  (p  <  0.001).  Compared  to  impacts  on  the Commercial  Carpet,  Dunnett’s  post  hoc  indicated  all
variables  were  smaller  (25–80%)  for the  novel  compliant  floors  (p  <  0.001),  but larger  for  Resilient  Rubber
(31–159%,  p <  0.01).
This  study  demonstrates  that  during  ‘high  severity’  simulated  impacts,  novel  compliant  floors
can  substantially  reduce  the  forces  and  accelerations  applied  to a  headform  compared  to  com-
mon  floors  including  carpet  and  resilient  rubber.  In  combination  with  reports  of minimal  balance
impairments,  these  findings  support  the  promise  of  novel  compliant  floors  as  a  biomechanically
effective  strategy  for reducing  fall-related  injuries  including  traumatic  brain  injuries  and  skull
fractures.
. Introduction

Fall-related injuries in adults over the age of 65 are a major pub-
ic health issue in Canada, and are associated with direct annual
osts of over $2 billion [1].  A substantial portion of this figure may
e attributed to fall-related traumatic brain injuries (TBI), which
re precipitated by falls in up to 90% of cases [2].  Seniors are hos-
italized twice as often as the general population for fall-related
BI, while over half of all fall-related deaths in older adults are
ue to TBI [3].  The incidence of fall-induced TBI and associated
Please cite this article in press as: Wright AD, Laing AC. The influence of he
simulated fall-related head impacts. Med Eng Phys (2011), doi:10.1016/j.m

eaths has been rising at alarming rates, increasing by over 25%
etween 1989 and 1998 [4].  The risk for fall-related TBI increases
ubstantially with age; persons over the age of 85 are hospitalized
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for fall-related TBI over twice as often as those aged 75–84, and over
6 times as often as those aged 65–74 [5].  Although initial improve-
ments in health outcomes are common following TBI, these types of
injuries often lead to residual disability. Thus, prevention remains
the optimal approach for reducing associated injury and disability
[4]. Considering the ageing Canadian population [6],  it is imperative
that effective intervention strategies be designed and implemented
to stem the social and economic impact of the anticipated rise in
fall-related TBI incidence over the coming decades.

Development of effective intervention strategies necessitates
an understanding of the cause of TBI. While the exact pathway
between mechanical insult and cognitive deficit is not yet fully
understood [7],  it is generally recognized that the majority of fall-
related TBI occur as a result of the head directly striking another
surface [8,9]. Even without fracture of the skull, direct impact can
adform orientation and flooring systems on impact dynamics during
edengphy.2011.11.012

cause linear and rotational accelerations of the brain within the
brain cavity, creating pressure fluctuations and shear strains that
may  lead to the tearing of small blood vessels and widespread dis-
ruption of axons [8,10–13]. The type and severity of intracranial

d.
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njuries resulting from direct head impact, including intracranial
aemorrhaging and diffuse axonal injuries, is highly influenced by
he mechanical properties of the impact surface [14–16]. Indeed,
revious research reports that unsuitable surfacing has been found
o account for between 79 and 100% of severe head injuries in
layground environments [17].

Towards the goal of reducing fall-related TBI in older adults,
ne promising approach entails the installation of novel compli-
nt flooring systems. Novel compliant flooring systems (NCFs) are
enerally designed to provide a dual-stiffness response character-
zed by minimal deflection during locomotion, and a transition
o increased compliance at the higher loads associated with fall-
elated impacts. For example, one design type incorporates a
ontinuous top surface overlaying an array of rubber columns that
uckle once a critical load threshold is reached. Certain models of
hese commercially available products have been shown to atten-
ate the impact force applied to the proximal femur by up to 50%
uring simulated lateral falls compared to commercial-grade vinyl
18], suggesting a significant protective capacity against hip frac-
ures. This degree of force attenuation is far greater than levels that
ave been reported for common single-stiffness surfaces including
ooden floors (7%), carpets (15%), and carpets with underpadding

24%) [19–21]. However, no independently obtained information is
urrently available with respect to the influence of common floors
ersus novel compliant flooring systems on impact dynamics dur-
ng simulated head impacts.

Evaluation of head impact dynamics is commonly accom-
lished using mechanical impact simulators. Such tests have
ound widespread use in the development of safety standards for
evices including helmets, airbags, and playground surfaces. Many
eadforms have been developed to match the anthropometric char-
cteristics of ‘average’ human heads, including the Hybrid III and
OCUS headforms. The National Operating Committee on Standards
or Athletic Equipment (NOCSAE) has also developed biofidelic
eadforms, which include a glycerin-filled ‘brain cavity’ to opti-
ally simulate the behaviour of the human head in response to

mpact [22,23]. Decades of head impact research have produced
isk curves and associated injury thresholds for skull fracture and
BI following impact based on force and acceleration profiles, as
ell as derived injury criteria such as the Head Injury Criterion

HIC) [24–28].  Simulated head impacts have been widely used to
valuate head injury risk, including during falls on taekwondo mats
29], falls onto playground surfaces [27], and impacts during ath-
etic competition [30]. Despite the widespread use of simulated
ead impacts using headforms, the effect of headform orientation,
nd consequent impact location, has rarely been reported.

Accordingly, our objectives in the current study were to deter-
ine: (a) the ‘high severity’ orientation for simulated head impacts

sing a biofidelic surrogate human headform based on measures
ssociated with risk for skull fracture and TBI including peak resul-
ant acceleration of the headform centre of gravity (gmax), Head
njury Criterion score (HIC), and peak impact force applied to the
eadform (Fmax); and (b) the influence of 10 flooring surfaces on
hese outcome variables during ‘high severity’ impacts, relative to

 common compliant flooring surface (commercial-grade carpet
ith underpadding). We  hypothesized that the added compliance

ssociated with the headform’s ear (during side impacts) and nose
during front impacts) would lead to reductions in the magnitudes
f all outcome variables compared to impacts of the back of the
ead. Furthermore, we hypothesized that during impacts in the

worst case’ head orientation, impacts onto novel compliant floor-
ng systems would result in lower applied forces and accelerations
Please cite this article in press as: Wright AD, Laing AC. The influence of he
simulated fall-related head impacts. Med Eng Phys (2011), doi:10.1016/j.m

e.g. gmax, HIC, and Fmax) compared to impacts onto a commercial-
rade carpet. Finally, we also hypothesized that the commercial
arpet would provide significant force and acceleration attenuation
elative to a commercial-grade resilient rubber floor.
 PRESS
ring & Physics xxx (2011) xxx– xxx

2. Materials and methods

2.1. Test system

A mechanical drop tower [31] was used to impact a medium-
sized surrogate human head developed by the National Operating
Committee for Standards on Athletic Equipment (NOCSAE) onto
various flooring surfaces (Fig. 1). Detailed specifications have been
reported previously [22,23], but in brief, the headform was com-
prised on a glycerin-filled acrylonitrile butadiene styrene (ABS
plastic) brain cavity, surrounded by separate urethane skull and
facial features. An adjustable mechanical release enabled impacts
at velocities of 1.5, 2.5, and 3.5 m/s, which were tracked using
an infrared light gate velocimeter (Model VS300, GHI Systems,
Aurora, ON, Canada) positioned immediately above the impact
surface (Fig. 1). The accuracy of the calculated impact velocity
values was  verified using optical tracking of infrared emitting
markers on the headform and headform carriage assembly (Opto-
trak Certus, Northern Digital Inc., Waterloo, Canada). Using energy
conservation principles, the most severe impact velocity theoret-
ically represents a pure free-fall onto the head from a height of
62.5 cm,  representing a potential scenario involving a fall out of
bed. Although the precise characteristics of typical falls in older
adults that lead to head injury are not known, it was anticipated
that, during a fall from standing position (initial height of the
head ∼1.8 m),  the impact velocity of the head would be substan-
tially lower than theoretical free-fall calculations (∼5.9 m/s) due to
protective responses and initial contact of other body parts with
the ground. Pilot testing and previous research using mechanical
impact simulators to assess impact dynamics of the hip further
informed the chosen impact velocities [18]. A triaxial accelerometer
(Model 2707A, Endevco Corporation, San Juan Capistrano, CA, USA)
mounted at the centre of mass of the headform recorded impact
accelerations, while a load cell (Model 925M113, Kistler Instru-
ment Corporation, Amherst, NY, USA) mounted beneath the impact
surface measured impact forces. Force and acceleration data were
sampled at 20,000 Hz. In all cases, 3 sequential trials were com-
pleted for each impact condition. The flooring samples were moved
between trials to prevent repeated impacts onto the same loca-
tion, and in all cases were positioned on top of a plywood interface
surface which supported the entire sample and simulated wooden
subflooring (Fig. 1).

2.2. Determining the ‘high severity’ impact orientation

A level loop ‘Commercial Carpet’ (Carpetcomm), pile
height = 6 mm,  face weight = 882 g/m2 with 6 mm  underpad (a
common compliant flooring system often found in commercial
housing settings) was  used as a control condition in this study. In
order to determine the ‘high severity’ impact orientation, trials
were conducted onto Carpetcomm flooring using three headform
orientations (front, side, and back) at three impact velocities (1.5,
2.5, and 3.5 m/s), with order of condition combination randomly
determined.

2.3. Novel compliant floors versus common flooring systems

Nine additional flooring conditions were tested in this study
under the ‘high severity’ impact orientation at 1.5, 2.5, and 3.5 m/s
impact velocities. These included institutional-grade resilient
sheeting, two  additional common compliant floors (Residential-
Loop Carpet, Berber Carpet) and six NCF conditions (Fig. 1b).
adform orientation and flooring systems on impact dynamics during
edengphy.2011.11.012

The former entailed 2 mm thick resilient rolled sheeting made
from a matrix of rubber and natural fillers (Resilient) appropriate
for installation over concrete or wooden subfloors in institu-
tional settings (Noraplan Classic, Nora Systems Inc, Lawrence,

dx.doi.org/10.1016/j.medengphy.2011.11.012
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Fig. 1. (A) Schematic of the mechanical head impact simulator with the following elements highlighted: (i) mechanical release; (ii) headform with accelerometer mounted
at  centre of mass; (iii) light gate velocimeter; (iv) flooring sample positioned on plywood interface surface; (v) load cell; (vi) concrete base. (B) Pictures of the floor conditions
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ested  (clockwise from top left): Resilient (Resilient), Commercial Carpet (Carpetcomm)
2  mm Kradal (Kradal12 mm), 24 mm Kradal (Kradal24 mm), and SofTile (SofTile); not sh
esilient  overlay (SofTileresilient).

A,  USA). The ‘Residential-Loop Carpet’ (Carpetres-loop) condition
ntailed a polypropylene pile-loop carpet (pile height = 9 mm,
ace weight = 1085 g/m2) with 6 mm foam-rubber underpadding
esigned for residential settings. The ‘Berber Carpet’ (Carpetberber)
ondition was the thickest of the carpets, consisting of a syn-
hetic weave looped polypropylene (pile height = 10 mm,  face
eight = 1221 g/m2) also used primarily in residential settings. Six
CF conditions were also tested. ‘SmartCell’ (SATech, Chehalis, WA,
SA) was a 25 mm tall synthetic, 50-durometer rubber flooring

ystem comprising a continuous surface layer overlying a series
f cylindrical rubber columns 14 mm in diameter and 19 mm
part, centre-to-centre. The ‘SofTile’  floor (SofSurfaces, Petrolia,
N, Canada) used a similar design, with 50 mm diameter columns

paced at 70 mm intervals; we tested the 50 mm thick model. The
ofTile and SmartCell floors were also tested with a resilient rubber
verlay (SofTileresilient and SmartCellresilient, respectively), represent-
ng a design scenario likely necessary for clinical settings. Two
esigns from Kradal (Acma Industries Ltd., Upper Hutt, Wellington,
ew Zealand) comprised the final NCF conditions, including 12 mm

Kradal12 mm) and 24 mm (Kradal24 mm) thick tiles with a relatively
tiff top surface over a closed cell polyurethane base layer that
ncorporates suspended micro-spheres. During testing, the order
f floor-velocity combination was randomly determined.

.4. Data analysis

Accelerometer data was processed according to ASTM Standard
1292-04 for testing impact attenuation of surfacing materials dur-
ng simulated head impacts [27]. In brief, a fourth-order, dual-pass,
Please cite this article in press as: Wright AD, Laing AC. The influence of he
simulated fall-related head impacts. Med Eng Phys (2011), doi:10.1016/j.m

ow-pass digital Butterworth filter (1000 Hz cutoff) was used before
alculating the resultant acceleration from the accelerations in each
f the three orthogonal axes. gmax was recorded as the single largest
alue from the resultant acceleration–time history for each impact.
ential-Loop Carpet (Carpetres-loop), Berber Carpet (Carpetberber), SmartCell (SmartCell),
in this figure are SmartCell with Resilient overlay (SmartCellresilient) and SofTile with

The HIC score was  also calculated for each impact, according to the
following equation [27]:

HIC = max

[
(T1 − T0)

[
1

T1 − T0

∫ T1

t=T0

ardt

]2.5
]

(1)

where ar is the resultant acceleration profile and T0 and T1 define
the time interval that maximizes the HIC score. Fmax (Fig. 2) was
determined from the force–time profile after filtering using a dual-
pass, low-pass 4th order digital Butterworth (500 Hz cutoff).

2.5. Statistics

2.5.1. Determination of the ‘high severity’ headform orientation
A two-way ANOVA was used to assess the influence of impact

orientation and impact velocity on gmax, HIC, and Fmax. When sig-
nificant interactions were found, simple effects were analyzed
to determine the influence of impact orientation at each impact
velocity, with Tukey’s post hoc used to compare across the three
orientations.

2.5.2. Floor testing
A two-way ANOVA was used to assess the influence of floor con-

dition and impact velocity on each of the outcome parameters. If a
significant interaction was found, simple effects were analyzed to
determine the influence of floor condition at each impact velocity.
Dunnett’s post hoc test (which is appropriate when a baseline com-
parator condition exists) was  used to compare each floor relative
adform orientation and flooring systems on impact dynamics during
edengphy.2011.11.012

to the control condition, Carpetcomm.
To account for the use of three dependent variables, we  used

an alpha of 0.0167 (i.e. 0.05/3) for ANOVAs. Post hoc tests were
conducted with an experiment-wide significance level of 0.05 using

dx.doi.org/10.1016/j.medengphy.2011.11.012
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SC
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K12 

CB 

CR-L 

CC 

R 

Fig. 2. Representative force versus time profiles from 2.5 m/s  impacts onto a sub-
set of the floor conditions tested, including Resilient (R), Commercial Carpet (CC),
Residential-Loop Carpet (CR-L), Berber Carpet (CB), 12 mm Kradal (K12), SofTile (ST),
and SmartCell (SC).

Table 1
Mean (SD) of peak resultant acceleration (gmax) and Head Injury Criterion (HIC) for
impacts onto the front, side, and back of the headform at each impact velocity on
the  control Commercial Carpet condition. These results informed our decision to use
impacts on the back of the headform to compare across floor conditions.

Variable Orientation Impact velocity (m/s)

1.5 2.5 3.5

gmax (g) Front 30.7 (0.4) 62.6 (2.0) 94.1 (5.7)
Side 62.8 (7.0)* 123.3 (5.3)* 263.0 (9.9)*

Back 54.7 (3.4)* 122.7 (3.8)* 262.1 (11.1)*

HIC Front 27.0 (1.3) 107.9 (9.1) 250.4 (15.8)
Side 48.8 (9.3)* 282.8 (58.4)* 827.9 (29.0)*

Back 39.1 (3.9) 258.0 (23.7)* 1068.0 (40.6)*,a

a Significantly greater than Side orientation (p < 0.05).
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Fig. 3. Mean (SD) of peak force (Fmax) for impacts onto the front, side, and back of
the  headform at each impact velocity for the control Commercial Carpet condition.
*  indicates significant (p < 0.05) increase relative to front, and indicates significant
(p < 0.05) increase relative to side.
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Fig. 4. Mean (SD) for: (a) peak impact force (Fmax); (b) peak resultant acceleration
(gmax), and (c) Head Injury Criterion (HIC) score for simulated head impacts across
floor condition at each impact velocity. Floor conditions include Resilient (R), Com-
mercial Carpet (CC), Residential-Loop Carpet (CR-L), Berber Carpet (CB), SmartCell
(SC), SmartCell with Resilient overlay (SCR), 12 mm Kradal (K12), 24 mm Kradal (K24),
SofTile (ST), and SofTile with Resilient overlay (STR). * indicates significant (p < 0.05)
decrease compared to CC floor, and + indicates significant (p < 0.05) increase com-
pared to CC floor for a given impact velocity. Note that all variables were significantly
reduced for impacts onto novel compliant flooring systems at all impact velocities.
* Significantly greater than Front orientation (p < 0.05).

PSS statistical software package (Version 19.0, SPSS Inc., Chicago,
L, USA).

. Results

.1. ‘High severity’ orientation

Results from two-way ANOVAs indicated a significant inter-
ction between impact orientation and impact velocity for all
utcome parameters (p always < 0.001). Subsequent ANOVA results
ndicated a significant effect of orientation for all variables at each
mpact velocity (p always < 0.001). Tukey’s post hoc indicated that
ack and Side impacts consistently yielded higher gmax, Fmax, and
IC values when compared to Front impacts at all impact veloc-

ties (Table 1 and Fig. 3). During impacts at velocities of 1.5 and
.5 m/s, no differences in any of the outcome parameters were
ound between Back and Side orientations. At 3.5 m/s, gmax values
ere not different, however HIC and Fmax values were significantly
Please cite this article in press as: Wright AD, Laing AC. The influence of headform orientation and flooring systems on impact dynamics during
simulated fall-related head impacts. Med Eng Phys (2011), doi:10.1016/j.medengphy.2011.11.012

reater for Back impacts.

dx.doi.org/10.1016/j.medengphy.2011.11.012
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.2. NCFs versus common flooring surfaces

Based on the results in Section 3.1,  all additional testing was
ompleted using impacts to the Back of the headform. The data is
ummarized below and in Fig. 4. It should be noted that impacts at
.5 m/s  were not conducted for the Resilient floor in order to protect
he mechanical integrity of our testing system.

.2.1. Peak acceleration (gmax)
Peak accelerations ranged from 54 to 262 g for impacts onto

he carpet conditions, from 90 to 170 g onto the Resilient floor,
nd from 27 to 157 g on the NCFs (Fig. 4). ANOVA indicated a sig-
ificant interaction between floor condition and impact velocity
F = 137.6, p < 0.001). At 1.5 m/s, there was a significant effect of
oor (F = 92.6, p < 0.001). Dunnett’s post hoc demonstrated that,
ompared to Carpetcomm, peak accelerations were lower for all of
he NCF conditions (p always ≤ 0.002). Similar effects were found
or impacts at 2.5 m/s  (F = 431.4, p < 0.001) and 3.5 m/s  (F = 558.7,

 < 0.001), whereby peak accelerations were consistently lower
or the NCF conditions compared to Carpetcomm (p always < 0.001).
cross all three impact velocities, gmax was attenuated by at least
5% and up to 70% for impacts onto NCFs compared to Carpetcomm.

During impacts at both 1.5 m/s  and 2.5 m/s, gmax was  sig-
ificantly larger for impacts onto Resilient (64% and 39% larger,
espectively (p always < 0.001)) relative to Carpetcomm. We  also
bserved this effect for impacts onto Carpetres-loop at 1.5 m/s  and
.5 m/s  (20% larger, p = 0.01; and 12% larger, p = 0.001, respectively)
elative to Carpetcomm. However, at 3.5 m/s, gmax was  17% lower for
arpetres-loop relative to CC (p < 0.001). Carpetberber impacts were not
ifferent from Carpetcomm at 1.5 m/s  (p = 0.975), but yielded reduced
max values at 2.5 m/s  (7%, p = 0.047) and 3.5 m/s  (18%, p < 0.001).

.2.2. Head Injury Criterion (HIC)
HIC scores ranged from 39 to 1068 for carpeted conditions across

ll tested impact velocities, between 101 and 496 onto the Resilient
oor (not tested at 3.5 m/s), and from 14 to 482 onto NCF conditions
Fig. 4). A significant interaction was found between floor condi-
ion and impact velocity whereby the attenuation in HIC scores
rovided by NCFs increased as impact velocity increased (F = 268.3,

 < 0.001). Subsequent one-way ANOVAs indicated that floor con-
ition was associated with HIC at each impact velocity (F = 236.5,
40.2, 356.5 at 1.5, 2.5, and 3.5 m/s  respectively, p always < 0.001).
unnett’s post hoc revealed that HIC scores were consistently lower

or impacts onto NCFs relative to Carpetcomm. NCFs reduced HIC
cores by 33–63% at 1.5 m/s, by 41–76% at 2.5 m/s, and by 55–85%
or impacts at 3.5 m/s  (p always < 0.001).

Similarly to the results for gmax, the HIC scores for impacts onto
he Resilient floor were 159% larger than those onto Carpetcomm

t 1.5 m/s  (p < 0.001), and 92% larger at 2.5 m/s  (p < 0.001). HIC
as significantly larger for impacts onto Carpetres-loop compared

o Carpetcomm at 1.5 m/s  (p = 0.001) and 2.5 m/s  (p < 0.001), but was
educed at 3.5 m/s  (p = 0.008). Compared to Carpetcomm, HIC was  not
ifferent for impacts onto Carpetberber at 1.5 m/s  (p = 0.92), but was
ignificantly lower at both 2.5 m/s  and 3.5 m/s  (p < 0.001).

.2.3. Peak force (Fmax)
Peak impact force across impact velocities ranged from 3045

o 11,583 N for impacts onto the carpet conditions, from 4676
o 8721 N for the Resilient condition, and between 1487 and
552 N onto the NCFs (Fig. 4). We  observed a significant inter-
ction between floor condition and impact velocity (F = 395.7,

 < 0.001). During impacts at 1.5, 2.5, and 3.5 m/s, floor was
Please cite this article in press as: Wright AD, Laing AC. The influence of he
simulated fall-related head impacts. Med Eng Phys (2011), doi:10.1016/j.m

ignificantly associated with Fmax (F = 1085, 1252, 1522 respec-
ively, p always < 0.001). Post hoc analysis provided that, compared
o Carpetcomm, Fmax was always significantly lower for impacts
nto NCFs (p always < 0.001). At 1.5 m/s, peak force attenuation
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provided by the NCFs ranged from 27 to 52%, similar to that at
2.5 m/s  (29–59%) and 3.5 m/s (26–64%).

Carpetcomm provided some force attenuation relative to Resilient;
Fmax values were 50% larger for impacts onto Resilient at 1.5 m/s, and
31% larger for impacts at 2.5 m/s. Fmax was 8% larger for impacts onto
Carpetres-loop at 1.5 m/s  (p < 0.001), 4% larger at 2.5 m/s (p = 0.023),
but not significantly different at 3.5 m/s  (p = 0.251). Compared to
Carpetcomm, impacts onto Carpetberber produced peak forces that
were not significantly different at 1.5 m/s  (p = 0.493); Fmax was,
however, 12% lower at 2.5 m/s  and 7% lower at 3.5 m/s  (p < 0.001).

4. Discussion

In the current study, we first examined the influence of head-
form orientation on indices of skull fracture and TBI risk and found
that impacts onto the back of the headform represented the ‘high
severity’ orientation based on resultant acceleration and force pro-
files. We  then assessed the influence of flooring type on head
impact dynamics during these ‘high severity’ impact scenarios. Our
hypothesis that the headform would experience lower forces and
accelerations during impacts onto novel compliant floors (NCFs)
than onto the Commercial Carpet was  supported in 54 of 54 possible
comparisons (6 floors × 3 impact velocities × 3 variables (Fmax, gmax,
HIC)). Regarding our second hypothesis, we observed that impacts
onto Commercial Carpet yielded significantly lower values for all
outcome variables compared to Resilient in six of six possible com-
parisons (2 impact velocities × 3 variables). Although not compared
statistically, it can be inferred that the outcomes for the NCFs would
also be substantially reduced compared to Resilient based on their
relationship to the Commercial Carpet. Interestingly, an interaction
effect between floor condition and impact velocity was observed
for all three outcome parameters. This interaction was  generally
characterized by increased attenuation in outcomes in the NCF con-
ditions as impact velocity increased, suggesting that the protective
capacity of these floors may  be greater as impact severity increases.
Overall, these results indicate that the NCFs tested in this study are
capable of substantially reducing indices of skull fracture and TBI
risk compared to common flooring materials during simulated falls
involving head impacts.

Several possible explanations exist for our observation that
backwards headform orientation was  the most severe impact ori-
entation we  tested. First, the test system used in this study was
rigidly mounted to the vertical guide rail, and so did not incorpo-
rate a biofidelic neck component (Fig. 1). As such, the differential
range of motion and stiffness properties for neck flexion, exten-
sion, and lateral bending were not simulated. However, a consistent
orientation of the headform with respect to the mounting sys-
tem was  used in all conditions, which allowed us to isolate the
influence of headform characteristics on impact dynamics. Accord-
ingly, another possible explanation for the high severity impacts
being represented by the backwards orientation may  relate to the
construction of the NOCSAE headform itself. The headform is com-
prised of a high durometer urethane skull covered with a lower
durometer urethane that forms the skin and anatomical features of
the head (such as the nose, ears and lips). A mass-spring model of
the headform-floor system suggests that impact orientations with
the lowest effective stiffness will result in lower peak forces and
accelerations. Hooke’s law states that an element’s stiffness is pro-
portional to its cross-sectional area divided by length (in our case
equivalent to the headform-floor contact area and headform ure-
thane thickness, respectively). A Hertzian contact model suggests
adform orientation and flooring systems on impact dynamics during
edengphy.2011.11.012

that the large radii of curvature for the back of the headform results
in a larger contact area compared to the nose, while the thickness
of the urethane is largest for the nose and lowest in the occipital
region. These characteristics are predictive of increasing effective

dx.doi.org/10.1016/j.medengphy.2011.11.012
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tiffness across the front, side, and back of the headform, respec-
ively, which corresponds to our observation of increasing impact
everity across these orientation conditions.

Our definition of the back of the headform as a ‘high sever-
ty’ impact orientation is specific to our test system, and is not
ntended to contribute to the discussion regarding the effect of
mpact location/direction on head injury risk during real-world
alls involving head impact. Early studies suggested that real-world
mpacts to the lateral aspect of the human head are most likely to
ead to concussion [32], which corresponds to finite-element mod-
ls demonstrating a lower tolerance for lateral impacts compared
o anterior–posterior or axial impacts [33–35].  In an analysis of
ead impacts experienced by collegiate football players, 46% of con-
ussive impacts occurred to the top of the head, whereas frontal,
ateral, and occipital impacts were responsible for 31%, 15%, and
% of observed concussions, respectively. However, no significant
orrelation was found between impact location and clinical out-
ome severity [36]. The finding in the current study that impact
everity was substantially affected by headform orientation during
mpact suggests that this factor should be considered and reported
n future research involving simulated impacts with headforms.
urthermore, although the headform used in this study was cho-
en based on its high level of biofidelity including a glycerin-filled
avity to simulate brain movement [23], further development of
eadforms that aim to mimic  the orientation-sensitive response of
he human head might be warranted.

It is worthwhile to consider the observed Fmax and HIC scores
n context with proposed injury thresholds. Using free-falling
mpactors, the skull fracture thresholds of various cranial bones
ave been estimated by several groups. For example, Nahum
nd colleagues estimated a minimal force tolerance level of
560–7117 N for the frontal bone [37]. More recently, through the
se of acoustic emission sensors, Cormier et al. have suggested
hat forces between 1885 and 2405 N are associated with a 50%
isk of frontal bone fracture [38]. While the peak forces observed
n the current study were much greater than either of these pro-
osed thresholds, the surface area of the impact interface must
e considered before making inferences related to fracture risk.
he impactors used in the aforementioned studies had a contact
rea of 6.45 cm2. While the exact contact area between head-
orm and flooring surface was not measured in this study, firmer
oors (Resilient, Commercial Carpet) would have likely undergone
maller deformations following impact, leading to much smaller
ontact areas compared to the NCFs tested. Based on animal and
adaveric data, the expanded Prasad–Mertz curves suggest that a
IC score of 1000 is associated with a non-zero risk of a fatal head

njury, an 18% probability of severe head injury, a 55% probability
f a serious injury, and a 90% probability of moderate head injury
or the average adult [25,26]. For impacts at 3.5 m/s  onto Commer-
ial Carpet, HIC scores exceeded this threshold (mean (SD) = 1068.0
40.6)). Furthermore, the HIC for the Resilient floor condition was
95.9 (6.2) at an impact velocity of only 2.5 m/s. In contrast, the

argest mean HIC value from 3.5 m/s  impacts onto any of the NCFs
as less than 500 (Kradal12 mm: 482.0 (24.5)), with all other NCF

urfaces yielding average HIC scores of less than 300. In clini-
al terms, these results suggest that the risk of moderate head
njury for an average adult is 5–25% for a fall involving 3.5 m/s
ead impact onto the novel compliant floors we tested, compared
o an 80–90% risk onto the common compliant floors. For the
CFs, outcomes corresponded with floor thickness. For example,
t 3.5 m/s  the HIC was 161.5 (4.3) for the 50 mm  SofTile product
likely the least appropriate for indoor implementation), compared
Please cite this article in press as: Wright AD, Laing AC. The influence of he
simulated fall-related head impacts. Med Eng Phys (2011), doi:10.1016/j.m

o 237.0 (6.6) for the 25 mm SmartCell, and 482.0 (24.5) for the
2 mm Kradal12 mm floor. Additional studies should be considered
hich investigate the design features that are most predictive

f biomechanical effectiveness during head impact, in addition
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to practical factors including usability, durability, and ease of
implementation.

Our results are in accordance with previous reports of the force
attenuative properties of specific novel and common compliant
flooring systems. Maki et al. [20] used a mechanical fall simulator
to determine peak deceleration and peak force during simulated
hip impacts onto common flooring surfaces (although they did not
specify the impact velocity achieved). They report that, in compar-
ison to impacts onto a vinyl floor similar to the Resilient condition
used in the current study, padded carpets provided the great-
est level of impact attenuation (up to 23%). Others have reported
force attenuative values as high as 56% and 73% when incorpo-
rating PVC underlay beneath vinyl and carpet floors, respectively
[39–41];  however, these values may  overestimate the protective
capacity of these flooring conditions as the effective compliance of
the pelvic region was  not incorporated into their testing system.
Most recently, Laing and Robinovitch [18] reported that the same
SmartCell floor tested in this study attenuated peak femoral impact
force by 17.3% compared to a commercial-grade vinyl for impacts
at 2 m/s, and 22.5% at 3 m/s, while a 100 mm thick SofTile prod-
uct provided peak force attenuation of 44.9% and 45.5% at 2 and
3 m/s, respectively. In the current study, Commercial Carpet low-
ered peak forces by 30% compared to the Resilient floor for impacts
at 2.5 m/s. Impacts onto the SmartCell floor produced peak forces
that were at least 51% lower than the Commercial Carpet (thus,
80% lower than Resilient). SofTile reduced peak forces by at least
59% compared to Commercial Carpet (∼90% lower than peak forces
onto Resilient). These values are higher than those reported for sim-
ulated falls on the hip as our headform is likely much stiffer than the
pelvis’ effective stiffness of approximately 40 kN/m [42,43]. These
data, in conjunction with additional studies that have assessed the
influence of floor stiffness during falls on the upper limb [44] and
buttocks [45], suggest that compliant floors have the potential to
decrease the risk of a wide range of fall-related injuries.

For novel compliant floors to be an effective intervention strat-
egy in reducing fall-related injuries, they must have the capacity
to decrease impact loads and accelerations while having mini-
mal  concomitant influences on the balance and mobility of the
target users. Numerous reports have established that some com-
pliant surfaces may  decrease postural stability and consequently
increase the likelihood of falling. Compared to rigid surfaces, com-
pliant foam surfaces have been associated with increased postural
sway during quiet stance [46–49],  as well as a lowered trajectory
of the whole-body centre-of-mass (COM), reduced toe clearance,
and increased step length, step width, and step width variability
during gait [50,51]. Regarding common compliant flooring sys-
tems tested in this study, thick carpet has been shown to increase
anterior–posterior sway for older adults when visual fields are
altered [46], although these effects are not observed under nor-
mal  vision conditions [52,53]. Regarding novel compliant flooring
systems, Laing and Robinovitch [18] found that medial-lateral pos-
tural sway on a SmartCell floor was not different than on a rigid
surface for community-dwelling elderly women, and that scores on
the Timed Up and Go test (a predictor of fall risk [54–56])  were not
different for SmartCell, SofTile and a rigid floor condition. Further-
more, Wright and Laing [57] found that the displacement profiles
of both the centre of mass (a balance indicator) and the underfoot
centre-of-pressure (a balance control variable) were not affected by
SmartCell and SofTile floors in community-dwelling elderly women
during backwards perturbations. Despite these encouraging find-
ings, further research is needed to ascertain if and how balance
control is affected on these floors during activities of daily living for
adform orientation and flooring systems on impact dynamics during
edengphy.2011.11.012

older adults residing in high-risk settings (retirement homes, nurs-
ing homes, hospitals) where NCFs are most likely to be installed.

There were several limitations associated with this study, the
majority of which are specific to the test apparatus. First, while little

dx.doi.org/10.1016/j.medengphy.2011.11.012
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onclusive information is available with respect to the character-
stics of ‘typical’ falls and subsequent head impacts experienced
y older adults [58], it is unlikely that all injurious real-world
alls involving head impact are characterized by the purely ver-
ical cranial trajectory that our test system simulated. Although
he relative importance of linear versus rotational accelerations
n TBI pathology is still a matter of debate, rotational accelera-
ions are nonetheless hypothesized to be a primary risk factor
59,60], and such rotational effects were minimized in our sim-
lated impacts. However, the test method we used is similar to
hose used for national standards on assessing the protective capac-
ty of playground surfaces [27] and sports helmets [22], allowing
or comparisons of the protective capacity offered by these dif-
ering intervention strategies. Second, the Head Injury Criterion
utcome that we reported is reliant on measurements of exter-
al linear kinematics of the head, and is not specific to direction
f impact, nor is it able to reflect the response of the brain within
he cranial cavity [12,61]. However, the complex etiology of head
njuries makes it immensely difficult to establish accurate injury
riteria and associated injury thresholds, so despite its limitations,
he HIC represents the best and most widely used risk prediction
ool currently available [16,59]. Lastly, the impact velocities used in
his study may  not reflect those experienced during ‘typical’ head
mpacts, which may  be greater than 3.5 m/s. Pilot testing at higher
mpact velocities caused damage to our mechanical test system,
ncluding a rupture of one headform’s glycerin-filled brain cavity.

 compromise between headform biofidelity and external validity
ould be achieved through the use of a more durable headform (e.g.
ybrid III, FOCUS) to assess the protective capacity offered by floor-

ng surfaces at higher impact velocities. However, future research is
eeded to characterize the inputs that should be incorporated into

 biofidelic test method for simulating fall-related head impacts in
lder adults (e.g. distributions of head orientation, impact veloci-
ies, and load trajectories). In addition, the risk of injury across these
oading scenarios must be characterized, similar to research being
onducted for sports-related head impacts [33,36,59,61–66].

There are additional biomechanical issues that need to be stud-
ed to fully characterize the potential protective capacity of novel
ompliant floors during head impacts. For example, additional
tudies should investigate the potential influence of surface compli-
nce on the rotational accelerations experienced within the brain
avity during oblique head impacts. Furthermore, the deformation
f compliant floors around the skull during obliquely oriented head
mpacts might increase the system coefficient of friction leading
o a slowing of the head’s horizontal velocity and a concomitant
ncrease in neck bending loads due to the inertia of the body.
uture studies should characterize such factors towards the goal of
eveloping flooring systems that optimize potentially competing
emands for protection across a range of injury types. Further-
ore, research is needed to investigate the host of additional

actors that must be considered in determining the clinical feasi-
ility of novel compliant floors, including cost-benefit analyses for
ew and retrofitted facilities [18,67],  any additional demands that
ight be placed on the facility staff (e.g. while using lift assists or

olling wheelchairs and beds), as well as the viscoelastic behaviour
nd durability of the floors during prolonged and repeated load-
ng. Nonetheless, the results of the current study are encouraging,
ndicating that the novel compliant floors tested can substantially
educe the magnitudes of widely used indices of skull fracture and
BI risk compared to common flooring products.

In order to limit the expected increase in the incidence of
all-related TBI (and other fall-related injuries) in seniors over
Please cite this article in press as: Wright AD, Laing AC. The influence of he
simulated fall-related head impacts. Med Eng Phys (2011), doi:10.1016/j.m

he coming decades, it is imperative that effective intervention
trategies be designed and implemented. Novel compliant flooring
ystems appear to be a promising approach, capable of providing
ubstantial protective capacity against head injury and other

[
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fall-related injuries without introducing impairments to bal-
ance and mobility [18,55].  The added benefit of being a
passive intervention approach precludes the need for active
user compliance and adherence to ensure effectiveness,
unlike intervention strategies such as exercise, pharma-
cological agents, and wearable hip protectors. The results
of this study further support the development of clinical
trials to test the effectiveness of NCFs in high-risk environ-
ments such as hospitals, seniors’ centres, and residential-care
facilities.
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