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Featured Application: The results proposed a new approach to evaluate the protection effective-
ness of energy-absorbing floors for fall-related injury prevention. Also, it could help to reduce the
huge associated costs related to fall-related injuries among the children and elderly population.

Abstract: Energy-absorbing floor (EAF) has been proposed as one of several biomechanically effective
strategies to mitigate the risk of fall-related injuries by decreasing peak loads and enhancing system
energy absorption. This study aims to compare the protective capacity of four commercially available
EAF products (Igelkott Floor, Kradal, SmartCells, and OmniSports) in terms of head impacts using
the finite element (FE) method. The stress–strain curves acquired from mechanical tests were
applied to material models in LS-Dyna. The established FE models were then validated using
Hybrid III or hemispheric drop tests to compare the acceleration–time curves between experiments
and simulations. Finally, the validated FE models were utilized to simulate a typical pedestrian
fall accident scenario. It was demonstrated that EAFs can substantially reduce the peak forces,
acceleration, and velocity changes during fall-related head impacts. Specifically, in the accident
reconstruction scenario, SmartCells provided the largest reduction in peak linear acceleration and
skull fracture risk, while Igelkott Floor provided the largest reduction in peak angular velocity
and concussion risk. This performance was caused by different energy absorption mechanisms.
Consequently, the results can contribute to supporting the implementation of EAFs and determine
the effectiveness of various protective strategies for fall-related head injury prevention.

Keywords: energy-absorbing floor (EAF); finite element (FE) method; head impact; fall accident;
injury prevention

1. Introduction

Fall-related injuries among the elderly and children are an enormous health concern
worldwide [1]. For seniors over the age of 65, especially in high-risk environments such
as long-term care, around 60% of elders fall at least once per year [2], which can cause
injuries including hip fracture [3] and traumatic brain injury (TBI) [4]. Similarly, the annual
average number of emergency department visits for adolescents under 14 years old in the
United States exceeded 200,000, with 9.8% having a TBI due to falls from 2001 to 2013 [5].
Considering the alarming rise in incidence and fatality rates of fall-related TBI [6,7], it is
imperative to design and implement effective intervention strategies to contain the social
and economic impact of the prospective increase in fall-related TBI incidence over the
coming decades [8].

Currently, a common approach that is particularly relevant for high-fall-risk envi-
ronments is to reduce the stiffness of the ground surface in order to attenuate the contact
forces applied to the body during a fall impact [9,10]. An energy-absorbing floor (EAF) is a
passive intervention structure with the intention of reducing the incidence and severity of
fall-related injuries [11]. Evidence shows that some low stiffness surfaces like soft foam
could influence balance maintenance and balance recovery abilities and cause a rise in fall
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risk [12]. Thus, EAF is generally designed to achieve a dual stiffness response characterized
by minimizing deformation during movements and enhancing the energy absorption at
the higher loads associated with fall-related impacts [13] without increasing the fall risk.
A typical design pattern consists of a continuous top surface that overlays a series of
support columns, which deform after reaching a critical load threshold.

Previous studies have suggested that certain commercially available EAFs could
potentially reduce the risk of injury among the elderly without increasing the likelihood
of falls based on statistics from incident reports [14]. Wright and Laing [13] investigated
the flooring system on headform impact dynamics based on a mechanical drop tower
and indicated that EAFs (SmartCells, SofTile, and Kradal) provided more protection than
commercial carpet with a 20–80% reduction in impact force and an approximately 60–70%
attenuation in HIC. Certain models of products have also exhibited a reduction in the femur
impact force by up to 50% based on hip impact simulator tests [11] without substantially
impairing balance in older women. However, there is a lack of biomechanical research
concerning the impact process of pedestrian falls, as well as the absence of quantitative
evaluation methods for the protective effectiveness of floor strategies. There is a need to
conduct a detailed simulation analysis of impact dynamics at the human tissue level for the
improvement of injury prevention strategies and corresponding protection effectiveness.

Finite element (FE) models and instrumented headforms have been increasingly used to
investigate head impact dynamics and optimize the performance of safety gears, including
ground surfaces [15]. The advantage of an FE head model is that it can be modeled in
detail to investigate the effect on brain tissue level [16] and can match the anthropometric
characteristics of human heads [12]. Various FE brain models have been developed for
brain injury research, all with varying levels of anatomical detail, material properties, and
boundary conditions between different anatomical regions of the brain [17–20]. Giudice
et al. [21] presented a comprehensive summary of most of these models, such as the Global
Human Body Model Consortium (GHBMC) [22], Imperial College model (IC) [23], KTH
model [24], PIPER 18-year-old model [25], Total Human Model for Safety (THUMS) [26], etc.
Previous research suggested that the intracranial responses could be different depending
on which FE model is used [27]. The FE head model used in this study was previously
developed at the Royal Institute of Technology (KTH) by Kleiven [24] using LS-DYNA.
It includes the scalp, skull, brain, meninges (i.e., dura mater and pia mater), intracranial
membranes, cerebrospinal fluid (CSF), eleven pairs of the largest parasagittal bridging
veins, and a simplified neck with the extension of the spinal cord. The brain elements were
further grouped to represent the primary brain components, including the cerebral gray
matter (GM), cerebral WM, corpus callosum, thalamus, brainstem, midbrain, cerebellar GM,
cerebellar WM, ventricles. Responses of this model have shown a good correlation with
experiments on brain-skull relative motion [28], intracranial pressure [29], skull fracture [30],
and brain strain [31].

Conventionally, head impact kinematics are usually investigated with an isolated head
in simulations to save computational time. This approach is also common in physical testing
to reduce complexity. Although employing a full-body model can represent more realistic
boundary conditions during impacts, leading to more reliable predictions compared to an
isolated head model, its applicability is challenged due to the high computational costs
involved [25]. In this study, a Hybrid III (HIII) 50th percentile headform was also used in
FE simulations and drop tests for validation.

The effect of the protective properties, such as strain attenuation in brain tissue,
kinematics alteration of the head gravity center, and energy absorption during impact, has
not yet been evaluated for various EAFs. Therefore, the aims of the current study are (1) to
establish FE models to describe the mechanical properties of four EAFs, (2) to develop
and validate the FE models against drop tests, and (3) to compare the protective capability
of different EAFs using kinematic-based criteria and tissue-based criteria in a pedestrian
fall accident.
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2. Materials and Methods

To determine the material properties of each EAF, mechanical tests encompassing
compression and tension were performed on the respective specimens. The stress–strain
curves obtained from these tests were subsequently employed to construct material models
for each EAF in LS-Dyna. The validation of the FE models was conducted through drop
tests with an HIII head or a hemispheric impactor. By comparing the acceleration–time
curves extracted from both experiments and simulations within identical initial conditions,
the FE models were validated and further utilized to predict the risk of injury in a pedestrian
fall scenario.

2.1. Specimen Preparation and Mechanical Tests

Four types of EAFs (shown in Figure 1) and one concrete ground with a regular plastic
carpet were selected in this study to give a diversity of floor conditions. Igelkott Floor
(23 mm thick, Igelkott golv AB, Stockholm, Sweden) is a synthetic rubber floor comprised of
a continuous surface layer supported underneath by an array of thin rubber spikes; Kradal
(13 mm thick, Classic Coachworks Pty Ltd., Mortdale, NSW, Australia) [9] is a closed celled
foam based floor with a hard exterior surface of polyurethane elastomers; and SmartCells
(25 mm thick, SATech, Chehalis, WA, USA) [11] is a synthetic rubber floor comprised of a
continuous surface layer supported by an array of cylindrical rubber columns. Omnisports
(8.5 mm thick, Tarkett Sites, Calhoun, GA, USA) [14] is a synthetic vulcanized rubber
underlayment floor with a virgin rubber wear layer on top. A regular 2 mm plastic carpet
on a rigid, concrete ground is set as a reference.
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OmniSports is from its official website (https://proffs.tarkett.se/, accessed on 22 April 2023). (a) 
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spikes/columns, corresponding flat dog-bone shape specimens of the rubber surface layer 
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Figure 1. Four types of energy-absorbing flooring samples compared in this study. The image of
(d) OmniSports is from its official website (https://proffs.tarkett.se/, accessed on 22 April 2023).
(a) Igelkott Floor; (b) Kradal; (c) SmartCells; (d) OmniSports.

All the specimens were cut from related flooring products. Since the Igelkott Floor/SmartCells
are multi-layer structures supported underneath by an array of rubber spikes/columns, correspond-
ing flat dog-bone shape specimens of the rubber surface layer were implemented in tension tests
with an initial cross-sectional area of 16.80 mm2/25.37 mm2 and a length of 21.50 mm/20.50 mm in
the gauge section, respectively. The length-to-width ratio of the samples satisfies the requirement of
a tensile testing standard for rubber-like materials [32]. Since the Kradal and OmniSports are made
of polymeric foams, cylindrical specimens were investigated under compression tests and prepared
with a dimension of 11.60 mm/8.45 mm in thickness and a diameter of 19.30 mm/11.85 mm,
respectively (Figure 2). All the compression and tension tests were conducted at room temperature
using the Instron Universal Testing Machine Model 5567. The compression or tension tests for each
EAF were replicated at least three times to obtain an average value.

https://proffs.tarkett.se/
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Figure 2. Four energy-absorbing floor specimens for the compression/tension tests. (a) Igelkott Floor;
(b) Kradal; (c) SmartCells; (d) OmniSports.

2.2. Finite Element Models of Head and Energy-Absorbing Floors

The KTH head model developed by Kleiven [24], which was validated against various
impact simulations and several cadaveric experiments, was used in this study. Detailed
information regarding the geometry discretization and material choice for each head
component is available in previous studies [33,34]. The head model was subjected to
simulation by incorporating the initial linear and angular velocities obtained from a real-
world accident reconstruction, thereby simulating the ensuing impact process.

A simplification is implemented considering the contact and deformation region of
head-ground collision. The FE models of four EAFs are exhibited in Figure 3. Each type
of EAF was modeled as 140 mm × 140 mm and was placed inside a wooden frame with
a cross-section of 15 mm wide and 25 mm thick and then mounted on the horizontal
surface of the drop-testing apparatus (shown in Figure 4a). The frame is firmly fastened
with screws, allowing the vertical movement of the floor samples while constraining
their lateral movement. It is assumed that the rubber and foam are isotropic and have
homogeneous strain properties. The constitutive behavior of the specimens was modeled
using a simplified rubber/foam material model in LS-Dyna, where the stress–strain curves
are implemented in the material card.
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Figure 4. (a) Setup of HIII drop test against different types of EAFs, (b) corresponding HIII FE
simulation model.

An automatic surface to surface contact incorporated a friction coefficient of 0.45 was
applied between the head and each EAF in all impact cases [16]. Moreover, an interior
contact was defined to prevent the material elements’ self-penetration and inversion under
high impact. A single surface contact was used in LS-DYNA to account for the force
transition within the floor material, which is especially important when foam bottoms out
and buckling rubber has self-contact.

To validate the simulation models of each EAF, drop tests were conducted in ac-
cordance with the current test standards ASTM F1292-22 [35]. These tests involved the
utilization of the HIII 50th percentile headform (4.54 kg) or a hemispheric impactor (6.5 kg
with a diameter of 160 mm). The HIII head was outfitted with nine accelerometers (Endevco
Corp., San Juan Capistrano, CA, USA) in a 3–2–2–2 configuration [36]. This arrangement
allows for the resolution of three-dimensional (3D) angular accelerations using linear ac-
celerometers and correction for centripetal accelerations [37]. The direction of the impact
recorded by the HIII was determined by converting the 3D peak linear acceleration vector
into a spherical coordinate space [38]. The HIII head was dropped from two heights: 0.6
m and 1.0 m, respectively. Only the 0.6-meter-high hemispheric drop test was carried out
for the thinnest EAFs, OmniSports and Kradal. The drop simulations with identical initial
conditions are illustrated in Figure 4b. Each setup was measured at least twice under the
same conditions to obtain accurate results and demonstrate repeatability.

2.3. Data Analysis and Accident Reconstruction Case

The validation of the material model for four types of EAFs was assessed using CORA
(CORrelation and Analysis) plus v 4.0.5 software from PDB—Partnership for Dummy
Technology and Biomechanics. This rating represents an objective method to evaluate the
overall time-history curves between simulation and experiment [39–41], using the phase
shift, size, and shape ratings [42–44]. Detailed introduction and instructions can be found
through its official website.

In this study, both global and local head injury criteria were evaluated. The head
kinematics, extracted from the accelerometer positioned at the head center of gravity (CG),
were analyzed in terms of the resultant linear velocity/acceleration and the resultant
angular velocity/acceleration. Following the recommendations in the ASTM standard [35],
all the kinematics–time curves were filtered by a second-order Butterworth filter with a
cutoff frequency of 300 Hz.
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In addition, the head injury criterion (HIC) was also derived. The HIC value was
calculated [45] (see Equation (1)) based on the filtered resultant linear acceleration obtained
from the simulated head impacts.

HIC = max

(
(t2 − t1)

[
1

t2 − t1

∫ t2

t1

a(t)dt
]2.5
)

(1)

where a is the resultant acceleration profile, t1 and t2 define the time interval that maximizes
the HIC score; usually, t2 − t1 is considered as 15 ms. Angular kinematics has been proven
to be highly related and associated with injuries such as concussions [34]. HIC does not
take rotational motion or quantities into account; thus, angular kinematics and local tissue
injury criteria such as stress and strain were also included in this study.

The von Mises stress (VMS) of the skull bone and the 1st principal Green–Lagrange
strain (MPS) of the brain tissue were obtained using the LS-PrePost (version 4.7.23 64-bit,
29 September 2021). The MPS was defined as the 95th percentile of the highest principal
strain across all elements in the brain tissue to eliminate numerical instabilities for the entire
brain from being disproportionately influenced by the response of a singular element [46–48].
The skull bone was originally modeled with an elastoplastic material model, where plasticity
levels were set to 80 MPa for the cortical bone and 32.7 MPa for the trabecular bone [49]. The risk
of skull fracture corresponding to linear acceleration and the risk of brain concussion related
to the principal Green–Lagrange strain were evaluated using the risk functions presented by
Chan et al. [50] and Fahlstedt et al. [51], respectively.

A pedestrian fall accident scenario described in [52] was evaluated in this study
(Case 3, front impact). In this case, an elderly man fell directly forward and hit the forehead
off the ground without touching any other body part or having obstructions during the fall.
The corresponding head injury record is “Left sided chronic subdural hematoma. Right
sided acute subdural hematoma. Midline shift to left”. During the accident reconstruction
conducted using MADYMO, Gilchrist and Doorly [52] imposed an initial velocity and
posture to a multi-body model representing a standing posture human, simulated the fall
process, and thereby obtained the head kinematics just before the ground impact. The linear
and angular velocities of the head before impact were then input into the head FE model
in LS-DYNA as the initial conditions. The converted initial resultant linear velocity is
5.35 m/s (vxyz = 1.6, 0, −5.1), and the rotational velocity is 1.36 rad/s, both applied to the
center of gravity of the head in head-only simulations. All simulations were performed
using an explicit dynamic solving method on a multi-core Linux cluster (8.1.1 Xeon 64,
4 CPUs, LS-Dyna revision 13.0.0, double precision).

3. Results
3.1. Validation of Energy-Absorbing Floors Model Using Drop Tests

According to the results of compression or tension tests performed on EAF specimens,
the average loading–displacement curves from multiple tests were obtained. The strain
rate dependency for the Igelkott floor and Kradal is taken into account with a table of
stress–strain curves. The stress–strain curves and force–displacement curves of EAFs are
illustrated in Appendix A. The main parameters in the material model are presented in
Table 1. The hysteretic unloading factor and unloading shape factor were obtained by
measuring the shape and area of the unloading phase in the force–displacement curves
extracted from the drop tests [53,54].

Table 1. Summary of four EAFs’ main material properties and dimensions.

Igelkott Floor Kradal SmartCells OmniSports

Poisson’s ratio 0.49 0.01 0.49 0.3
Hysteresis unloading factor 0.2 0.15 0.2 0.05

Unloading shape factor 4.0 4.0 4.0 5.0
Thickness (mm) 23 13 25 8.5
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The validation of the constitutive material model for each EAF was performed by
comparing the results obtained from the drop tests. Figure 5 provides a visual comparison
of the acceleration–time curves derived from both the experimental and simulation data.
The black line corresponds to the experimental results, while the red dot line represents
the simulation outcomes. Accordingly, Kradal and OmniSports exhibited a slight overesti-
mation, whereas Igelkott Floor and SmartCells demonstrated a slight underestimation in
terms of the simulation results.
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The material models for four EAFs strongly correlated with the experimental results,
with a total CORA rating of ≥0.9. The average values of phase shift, size, shape, and overall
rating for various FE models are reported in Table 2. A high overall CORA rating indicates
that the material model of each EAF is highly correlated with the experimental data and
has a good agreement with the observed behavior. Meanwhile, the maximum deviation of
peak acceleration is less than 3.5%. It suggests that FE models can be used to predict the
behavior of each EAF accurately in subsequent simulations.

Table 2. Results of average CORA rating for four types of EAFs.

Corridor Shape Size Phase Shift Overall

Igelkott Floor 0.977 0.996 0.883 1.0 0.979
Kradal 0.982 0.980 0.907 1.0 0.966

SmartCells 0.976 0.985 0.994 1.0 0.993
OmniSports 0.937 0.964 0.814 1.0 0.936

3.2. Comparison of Head Kinematics and Injuries

Subsequently, the validated FE models were utilized to assess the protective properties
of the four EAFs in a representative pedestrian fall accident scenario. The head kinematics–
time curves, encompassing resultant linear acceleration/velocity and resultant angular
acceleration/velocity, are presented in Figure 6. Generally, the concrete ground with the
regular plastic carpet produced the highest peak linear acceleration (G-max), while the
SmartCells produced the lowest. The same trend was observed for the peak angular
acceleration (PAA). SmartCells with the highest reduction in G-max and PAA results in
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the highest peak angular velocity (PAV), while the Igelkott Floor has the smallest PAV
with the second largest reduction in G-max and PAA. The two thinnest EAFs, Kradal
and OmniSports, produced similar kinematics, but the time for peak value had a small
deviation of around 2 ms.
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Figure 7 illustrates a comparison between the von Mises stress (VMS) of the cortical skull
(Figure 7a), the 1st principal strain of the brain tissue (Figure 7c), and the CT scan of the fall
accident case (Figure 7d). The most critical situation was observed in terms of VMS on the
skull and MPS in the brain tissue when the head impacted against the concrete, as depicted by
the extensive red areas. Regarding the VMS on the cortical skull, the SmartCells presented the
lightest and smallest areas of stress, followed by the Igelkott floor. Meanwhile, for the MPS in
brain tissue, the Igelkott showed minimal area, followed by OmniSports. Upon comparing
the patient’s CT medical images, it can be observed that the high MPS region of the brain
tissue corresponds to the subdural hematoma region—Figure 7d marked with arrows.

The HIC and risk of head injuries were calculated and presented in Table 3. In this
particular reconstruction case, the EAFs effectively reduced the VMS in the skull by varying
degrees (41%, 12%, 66%, and 10%), but such a high-velocity head impact results in HIC
value all above the threshold of 1000. SmartCells shows the lowest HIC value and VMS
and the lowest risk of skull fracture, followed by Igelkott Floor, while OmniSports had the
highest among all EAFs for these three indicators. Igelkott Floor demonstrates the largest
reduction in PAV, MPS, and the risk of concussion, followed by OmniSports. Specifically,
all EAFs have more than a 90% probability of skull fracture injury except SmartCells and
have more than a 65% probability of concussion except Igelkott Floor.
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Table 3. Simulation results of the fall accident cased against different EAFs.

HIC Peak Angular
Velocity [rad/s]

Peak von Mises
Stress [MPa]

Peak 1st
Principal Strain

Risk of Skull
Fracture *

Risk of
Concussion **

Igelkott 2400 18 47 0.171 0.947 0.375
Kradal 3493 23 70 0.216 0.984 0.703

SmartCell 1304 24 27 0.225 0.456 0.765
OmniSports 4356 20 72 0.209 0.991 0.652

Concrete 10,507 25 80 0.253 0.999 0.901

* Based on the risk curve function from Chan et al. (2007) [50]. ** Based on the risk curve function from Fahlstedt
et al. (2022) [49].

3.3. Comparison of Energy Absorption and Floor Deformation

Figure 8 presents a comparison of the deformation characteristics of the EAFs obtained
from the head impact simulations. Each EAF model is illustrated in three different states:
the initial, at 2 ms, and at the maximum deformation, respectively. Regarding the Igelkott
Floor (Figure 8a), the deformation mechanism of the floor under the head impact area can
be characterized as a typical buckling with a fixed-fixed end condition since the spikes
at the ends are securely connected to the upper and lower layers. The presence of an
array of thin spikes prevents the bottoming-out phenomenon. Conversely, in Kradal
(Figure 8b), a distinct bottoming-out phenomenon can be observed. When terminated to
large compressive strains, the foam cells inside the floor collapse, causing the opposing cell
walls to crush together [55], resulting in contact between the top and bottom hard exterior
surfaces. In the case of SmartCells (Figure 8c), the thick hollow rubber cylinder undergoes
lateral collapse without experiencing bottoming out. This can be attributed to the presence
of connecting rubber on the top half, positioned between each column. The connecting
rubber not only restricts the deformation but also causes the buckling to primarily occur
in the bottom half of the column. Additionally, the thinnest OmniSports (Figure 8d) does
not show a significant bottoming-out phenomenon, which can be attributed to its higher
Young’s modulus at low strains compared to the Kradal.

Figure 9 illustrates a visual representation of energy distribution in the accident
reconstruction simulations, including the head kinetic energy, EAF internal energy, and
EAF sliding energy. Head kinetic energy exhibits a similar trend to their corresponding
linear velocities generally, and is attenuated to an approximate minimum value against
different EAFs during impact. EAF internal energy indicates that SmartCells exhibits the
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highest peak energy absorption, resulting in a minimal G-max during head impact. It is
followed by Igelkott Floor, while Kradal and OmniSports have the lowest peak value.
However, Igelkott Floor demonstrates the greatest energy absorption after impact, while
SmartCells exhibits the smallest. By considering the head’s kinematics, it is revealed that
less energy from the Igelkott Floor is ultimately transferred to the head in this impact
scenario, as evidenced by the lowest linear and angular velocities of the head after impact
(as shown in Figure 6). Additionally, a portion of the head kinetic energy is absorbed as a
term of sliding energy by SmartCells and Igelkott Floor, which is contributed by the internal
contact of buckling rubber structures. The sliding energy of Kradal and OmniSports, which
lack this mechanism, is negligible.

Figure 8. Comparison of peak von Mises stresses (MPa) of four energy-absorbing floors in the
accident reconstruction case: the former is at 2 ms and the latter is at the maximum deformation state,
respectively. (a) Igelkott Floor; (b) Kradal; (c) SmartCells; (d) OmniSports.
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4. Discussion

This study offers valuable insights into the performance of EAFs under head impact,
providing new avenues for reducing the risk of fall-related head injuries in high-fall-risk
environments. While previous literature has discussed that compliant materials indeed
decrease the risk of head injury, this study highlights that more can be done in terms of
risk prevention with the different energy-absorbing mechanisms and capabilities. The FE
models of four commercially available EAF products were established based on mechanical



Appl. Sci. 2023, 13, 13260 11 of 16

tests and subsequently validated using HIII/hemispheric drop tests, demonstrating a high
level of consistency with a total CORA rating exceeding 0.93. These validated FE models
were then employed in a series of simulations to assess the protective effectiveness of the
EAFs in mitigating fall-related head injuries.

Specifically, in the accident reconstruction scenario, the use of Igelkott Floor, Kradal,
SmartCells and OmniSports resulted in a 77%, 67%, 87%, 58% reduction in the HIC, a 28%,
8%, 4%, 20% reduction in the PAV of the head center of gravity, a 41%, 12%, 66%, 10%
reduction in the VMS of the skull, and a 32%, 15%, 11%, 17% reduction in MPS within the
brain tissue, respectively. Among the EAFs, SmartCells provided the largest reduction in
G-max and resulted in the lowest skull fracture risk, around 45.6%. On the other hand,
Igelkott Floor provided the largest reduction in PAV and resulted in the lowest concussion
risk of around 37.5%. Kradal and OmniSports exhibited similar behavior in terms of head
kinematics and energy absorption.

We did not find a strong association between brain strain reduction and contact
force decrease. It has previously been found that large contact forces cause high stresses
in the skull with an associated higher risk of skull fractures, while the human brain is
more sensitive to large strains due to rotational loading [47]. The brain injury risk was
calculated based on previously developed risk curves based on concussions in sports [50,51].
SmartCells has the highest attenuation in G-max under high-velocity impact and a similar
capability for MPS reduction as Kradal. Igelkott Floor ranks second in terms of G-max
attenuation and shows the largest reduction in MPS. These observations are primarily
influenced by the energy-absorbing mechanisms of different structures and materials.
Generally, floors with greater thickness and lower surface stiffness tend to undergo greater
deformation upon impact, leading to increased contact area and contact time. Meanwhile,
the different end constraints of the columns (fixed-fixed for thin spikes and fixed-sliding
for hollow cylinders) also contribute to the buckling deformation [56]. For a column or
spike, which can be considered as a single energy-absorbing unit inside the SmartCells and
the Igelkott Floor, its axial stress during buckling depends on the cross-sectional area and
effective length. The latter structural unit, due to being composed of a multitude of slender
spikes, has more buckling in various directions and thus influences the head rotational
kinematics in angular impact, which is associated with less brain tissue strain and better
reduction of concussion risk.

This study focuses on head injuries, but other injuries, such as hip fractures, are equally
common in fall incidents. Laing and Robinovitch [11] used a hip impact simulator to assess
femoral neck force for four energy-absorbing floors and reported that two commercially
available compliant floors (SmartCell, SofTile) can attenuate femoral impact force by up
to 50% while having only a limited influence on balance in older women. Bhan et al. [9]
indicated that safety floors demonstrated significantly increased energy absorption (20.7%
to 28.3%) compared to a baseline resilient-rolled-sheeting system. Michal et al. [57] used a
materials testing system to characterize the ability of floors to absorb energy during simulated
head and hip impacts. The results suggest that the safety floors effectively absorb substantial
impact energy without increasing footfall deflections. Numerous reports [13,58,59] compared
the reduction in head linear kinematics, including peak force and HIC, and determined the
protective performance. The results in terms of reduction in angular kinematics and brain
strain in this study further illustrate the potential for brain injury risk reduction of EAFs.

There are some limitations associated with the current study. Firstly, the FE simulations
are implemented without the inclusion of the neck and the rest of the body, which could
influence the impact dynamics and kinematics of the head [60–65]. Fahlstedt et al. [16]
compared the difference in linear and angular head kinematics between a head-only
model and a full-body model during the impact against playground surfaces with various
stiffness. The results indicated that the head-only model presented slightly higher values
compared to the full-body model [49] in linear kinematics, while the angular kinematics
were underestimated by the simplification of excluding the body. It indicated that the
current method is conservative if we assume the full-body model more accurately captures
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the actual scenario. More research is needed to understand the influence better. Secondly,
the lack of data from real-world fall accidents involving brain trauma is also one of the
limitations. Given that only one typical head impact case was selected, fall accidents in
the real world can vary greatly. Validation of the head kinematics in several reconstructed
cases and statistical analysis of the initial conditions at the impact moment is beyond
the scope of the current study but could be considered in future research. Additionally,
the drop validation was conducted with a unidirectional impact, while the falls can have
a vector of motion that induces shear in the floor material. The oblique loading and
mechanical properties in the shear/anisotropic deserve further study. There are also other
floor products or variations with different mechanical properties and energy absorption
efficiencies that were not specifically examined in this study. Further research could explore
these additional options to provide a more comprehensive understanding of the potential
range of flooring solutions.
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Appendix A

The mechanical behavior of Igelkott floor and Kradal under dynamic tension or
compression were considered using rate dependency curves, whereas constant stress–
strain were used on SmartCells and OmniSports. In this case, the acceleration–time curves
in the simulation and experimental results have a good agreement and a high CORA score.
The strain rates in dynamic mechanical tests are 0.01 s−1, 0.1 s−1, 1.0 s−1, and 10 s−1,
respectively. An empirical formula [66], based on the Gibson model [67], and a constitutive
equation [68] are implemented to extrapolate and describe the rate-dependent stress–strain
curves of the samples. The stress–strain curves of four EAFs used in LS-DYNA were
illustrated in Figure A1. The experimental stress–strain curves of four EAFs in mechanical
tests are illustrated in Figure A2. The force–displacement curves of four EAFs drop tests
are illustrated in Figure A3.



Appl. Sci. 2023, 13, 13260 13 of 16

Figure A1. The stress–strain curves of four EAF specimens used in LS-DYNA, (a) tension tests of
Igelkott Floor, (b) compression tests of Kradal, (c) tension tests of SmartCells, (d) compression tests of
OmniSports, respectively.

Figure A2. The experimental stress–strain curves of four EAF specimens from mechanical tests under
the same strain rate, (a) tension tests of Igelkott Floor, (b) compression tests of Kradal, (c) tension
tests of SmartCells, (d) compression tests of OmniSports, respectively.
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Figure A3. The force–displacement curves for HIII drop tests and hemispheric drop tests, (a) Igelkott
Floor HIII 60 cm; (b) Kradal HIII 60 cm; (c) SmartCells HIII 60 cm; (d) Igelkott Floor HIII 100 cm;
(e) SmartCells HIII 100 cm; (f) Kradal hemispheric 60 cm; (g) OmniSports hemispheric 60 cm.
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