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Head injuries constitute an increasing public health concern. Although motor vehicle injuries have steadily
declined in Sweden, the number of injuries and fatalities among unprotected vulnerable road users (VRUs)
continues to rise. Inspired by playground surfaces, rubberized asphalts have recently been developed as impact-
absorbing pavement (IAP), with the dual objectives of enhancing collective safety and minimizing injuries,
while promoting higher-value applications within the waste hierarchy. This study aims to biomechanically
evaluate IAP’s head injury protection performance by conducting laboratory oblique impact tests to obtain impact
kinematics and finite element (FE) simulations to estimate brain strain responses. A total of 30 impact tests were
performed on five kinds of asphalt samples under three impact locations. Eleven kinematics-based and five strain-
based head injury metrics were analyzed and compared. For example, the peak linear acceleration (PLA), peak
angular velocity (PAV), and max principal strain (MPS) were lower than 150 g, 36 rad/s, and 0.4 during oblique
impact against the IAP prototype. The results demonstrated that the IAP achieved a comparable head protection
performance to helmets, indicated by both the linear-based and rotational-based head injury metrics at 6 m/s.
These findings show that IAP has significant potential to reduce head injuries among unprotected VRUs and
contribute to a safer traffic environment.

injuries are more likely to result in permanent medical impairment com-
pared to other trauma types [4]. With the increased use of alternative
modes of transportation [5], the urgency to address TBI among VRUs

1. Introduction

Traumatic brain injury (TBI) constitutes an increasing public health

concern worldwide. Although motor vehicle injuries have steadily de-
clined in Sweden, the number of injuries and fatalities among vulnerable
road users (VRUs) continues to rise [1]. VRUs primarily include pedestri-
ans and bicyclists, who are at a greater risk of sustaining severe injuries
in traffic crashes, and thus require enhanced protective countermea-
sures. According to the National Highway Traffic Safety Administration
(NHTSA, 2021) [2], the proportion of traffic fatalities among VRUs in-
creased from 28% in 1980 to 34% in 2019. Furthermore, reports from
the Federal Highway Administration (FHWA) indicate the percentage of
VRUs fatalities from 2011 to 2020 was higher than that of total traffic fa-
talities [3]. Injury data from Swedish cyclists also demonstrate that head
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is expected to rise further, necessitating effective prevention strategies
[6].

Currently, most road surfaces are constructed from stiff asphalt, com-
posed of crushed stone bound by bitumen, which provides little protec-
tion and leaves the VRUs (e.g., cyclists) reliant primarily on personal
protection equipment (e.g., helmet) [7]. Inspired by playground sur-
faces, impact-absorbing pavement (IAP) is being developed in which a
portion of the crushed stone is replaced with rubber granules derived
from recycled car tires [8]. The IAP concept was developed as the start-
ing point for a design regeneration-rethinking approach for safer roads
and implementing green policies to encourage people to cycle or walk
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instead of massively using cars. The role of such material is to make
the sidewalks and/or bike lanes surface layer less dangerous and reduce
possible human injuries resulting mainly from falls [9]. This promising
approach aims to enhance the impact-absorbing capability without al-
tering the inherent properties of pavement [10].

The IAP materials differ from conventional rubber-modified asphalts
in that they incorporate a significantly higher proportion of crumb
rubber derived from end-of-life tires [11]. They also differ from play-
ground rubber tiles by including a lithic skeleton composed of mineral
aggregates in their formulation [12]. This structural design enhances
impact-absorbing performance while simultaneously improving the me-
chanical response and load-bearing capacity of the pavement [9]. The
use of end-of-life materials in asphalt not only addresses environmen-
tal concerns and reduces economic costs [13-15], but also contributes
to improving the safety of urban roadways. Additionally, sidewalks and
pedestrian areas can benefit from IAP, which provides passive protec-
tion for collective safety, independent of individual protective devices.
Rubber playground materials have been successfully used for years as
paving materials to minimize injuries in children’s parks or similar [16],
while the possibility of adapting IAP to roads - that would mean that the
material should be able to reduce the risks of injuries for VRUs in ur-
ban areas and be possibly produced, laid, and maintained using already
known road paving methods- has started to be developed into roads and
explored recently in terms of use in real case scenario and case of po-
tential fall on it [17,18].

However, there is a lack of methods to evaluate the head protec-
tion performance of IAP biomechanically. Preliminary studies [19,20]
employed a hemispherical aluminum impactor (according to EN 1177 :
2018+AC:2019 standard, the Head Injury Criterion Meter) to measure
the linear acceleration attenuation of the flat surface during a free fall.
Nevertheless, the direct vertical impact conditions with primary linear
motion neglect the aspects that oblique impacts (with both linear and
angular motions) are more common in real life, and the angular-related
motion is the primary cause of brain trauma. Real-world cyclist head im-
pacts are more complex than the current test standard. They typically
occur as oblique impacts, involving both normal and tangential incident
velocities that generate a combination of linear and rotational kinemat-
ics [21,22]. Linear kinematics are associated with pressure gradients
that can cause focal injuries such as skull fractures [23], whereas ro-
tational kinematics are highly correlated with brain tissue shear strain,
leading to injuries like concussions or diffuse axonal injuries [24,25].
Therefore a 45° oblique impact emerges as a more suitable and reliable
approach for head protection assessment of IAP since this angle falls
central to a range of reported cyclist head impact angles from simula-
tion studies [26]. Oblique tests, including impacts by guided free-fall
onto an angled anvil [27,28], frequently employ a Hybrid III (HIII) 50th
percentile male anthropomorphic head and neck combination [29,30].
These kinematic measures are further used to define the loading of finite
element (FE) models of the human head to study brain injuries [31,32].

In addition to experimental approaches, state-of-the-art computa-
tional methods are also widely used to investigate the injury protec-
tion of safety gears (e.g., helmets). Over the past decades, a variety
of human head models with different levels of anatomical detail and
modeling complexity have been incorporated to support brain injury
research. One major advantage of FE head models is their ability to pro-
vide detailed predictions of the brain tissue response while preserving
the anthropometric characteristics of the human head [12]. Moreover,
continued efforts on integrating advanced machine learning techniques
to predict injuries have also led to higher efficient tools [33-36].

The current study aimed to address how the IAP can improve head
safety for unprotected VRUs in real traffic scenarios. To this end, we
conducted oblique impact tests for different rubberized asphalts at three
impact locations. The extracted experimental kinematics were then inte-
grated into a biofidelic FE head model to predict the strain distribution
and peak values. The head protection performance was evaluated based
on both kinematics-based and strain-based injury metrics. This study
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provides new insights into the biomechanical evaluation of road safety
solutions.

2. Materials and methods
2.1. Rubberized asphalt material

The materials developed, which contain 56% rubber by volume,
were evaluated following up on field trials conducted in Imola, Italy,
as detailed in a previous study [17]. Note that this study is intended for
materials designed exclusively for use on pedestrian paths and bike lanes
within urban settings. The material developed is significantly softer than
traditional pavements and is specifically designed to function as an IAP,
as it contains an unusually high rubber content - over 50% of the to-
tal mixture volume - compared to other rubberized asphalt pavements.
The use of rubber is motivated by the objective of obtaining an elastic
material that fosters the circular economy of tires in the transportation
ecosystem.

This mixture was created by partially replacing a portion of the min-
eral aggregates (0 - 4 mm) with an equal volume and similar particle size
distribution of rubber, using a Hot-Rolled Asphalt (HRA) sieving curve
as a reference. The HRA is recognized for its relatively high content of
fine aggregates compared to other standard mixes, which can enhance
the structural matrix of the produced specimens. The final specimens
contain 22% vol of aggregates and filler, and 56% vol of rubber (smaller
than 4 mm). All the samples were produced at room temperature using
the dry process coupled to a bitumen-based emulsion modified with SBS
polymers (PmE) with a dosage of 21% by total mixture mass. Finally, 1%
wt. of cement was used as an additive to the mixture and a breaking facil-
itator for the emulsion, the IAP components were illustrated in Fig. 1a).
The mixing process lasted 1 to 2 minutes to have a fully coated and ho-
mogeneous mixture. This assessment was made using the organometallic
procedure described in EN 12697-55. More information on the material
properties could be projected from prior research [10] using the Uni-
axial Compression Test. Both Uniaxial unconfined stress-relaxation test
and the axial unconfined destructive compression procedure were per-
formed in this study. The materials produced with the same quantity of
rubber and cold procedure are much softer than materials containing
less rubber and hot-mix procedure.

The mixtures were compacted using the gyratory compactor meth-
ods (EN 12697-31) to produce samples of 100 mm of diameter and 46
+ 1 mm thickness (see Fig. 1b). Multiple samples were produced for a
various number of gyratory cycles namely 10, 20, 30 and 80 to compare
the laboratory compaction to the field one [18]; nevertheless, to align
with preliminary results, samples with the levels of compactions provid-
ing similar results with comparison to the on-site parameters, E30 and
E80 (30 and 80 cycles) are the only considered for this study. The sam-
ples with the same formulation were artificially aged in the laboratory
to produce EA30 and EA80 samples.

2.2. Oblique impacts setup

The oblique impact tests were conducted at the helmet lab at KTH
Royal Institute of Technology. The oblique test contains an aluminum
column, a non-moving concrete base, an angled anvil, and a HIII head-
form. A cantilevered arm held the headform in place during the free-fall
and was automatically retracted before impact. The headform was in-
verted and placed on a U-shaped free-falling trolley that fell past a
45° anvil [37]. The 45-degree anvil setup has been widely adopted in
oblique head impacts in recent studies [38-40] and is included as a stan-
dardized condition, such as the UN ECE 22.06. The rubberized asphalt
samples were placed on the angled anvil and fixed by a C-shape struc-
ture to constrain the boundary during oblique impacts (see Fig. 1c).

The bare headform was then dropped onto the IAP directly at three
impact locations (Fig. 2, referred to as Xrot, Yrot, and Zrot). Each impact
was repeated two times at the same location using the same sample.
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Fig. 1. lllustration of study design and methodology. (a) The rubberized asphalt used for impact-absorbing pavement (IAP) was composed of aggregates, emulsion,
rubber granules, cement, and filler. (b) After cycling, the IAP sample was fixed to the angled anvil and integrated into the head drop test setup. (c) Oblique
impacts were conducted using the HIII headform. (d) The three directions’ kinematics, including linear acceleration and angular velocity, were recorded through the
accelerometer inside the headform. (e) The experimental kinematics were imposed on the finite element head model to analyze the brain response.

3 ms 6 ms

0 ms

9 ms 12 ms 15 ms

Fig. 2. Snapshots from the high-speed camera of the HIII headform oblique impacts against IAP E30 at three locations (Xrot, Yrot, and Zrot) from a drop height of
150 cm. Each oblique impact was recorded for 30 ms. Related kinematics were illustrated in the Appendix.

Four IAP samples, i.e., E30, E80, EA30, and EA80, were tested at a drop
height of 150 cm, and another E30 was tested at 205 cm (which refers
to E30_2, to achieve an impact velocity of 6.0 m/s). The drop height
(150 cm) was according to the existing velocity adopted by the EN1078
standard for radial testing [41] to homologate bicycle helmets, and the
impact angle (45°) corresponded to CEN TC158 (EU) New rotational
test method [42]. In total, five IAP samples were tested in 30 oblique
tests.

Six-degree-of-freedom headform kinematics were captured with a 3-
2-2-2 accelerometer array sampled at 25 kHz [43]. All data channels
were filtered with an SAE 180 filter with a cut-off frequency of 1000
Hz. The high-speed video was shot at 1000 FPS and checked after each
test to make sure each test was performed as intended [7]. An example
of head kinematics extracted from the headform was shown in Fig. 1d,
which illustrated an oblique impact on the Xrot against IAP E30 from a
150 cm drop height.

2.3. Finite element simulations

To estimate the dynamic response inside the brain during the oblique
impact, the experimental kinematics from the laboratory tests were ap-
plied to the FE head model (see Fig. 1e). The model was developed
at the KTH Royal Institute of Technology by Kleiven [49]. It includes
the scalp, skull, brain, meninges (i.e., dura mater and pia mater), in-

tracranial membranes, cerebrospinal fluid, eleven pairs of the largest
parasagittal bridging veins, and a simplified neck with the extension of
the spinal cord. The brain was modeled as a homogeneous and isotropic
structure, with its stress-strain nonlinearity represented by a second-
order Ogden-based hyperelastic constitutive model and viscoelasticity
by a six-term Prony series [49]. Detailed information regarding the geo-
metric discretization, material properties of each head component, and
the interface conditions between intracranial structures of the KTH head
model can also be found in previous studies [53,54]. Responses of this
model have shown a good correlation with experiments such as brain-
skull relative motion [55] and intracranial pressure [56]. To enable the
calculation of tract-related deformation of white matter, the axonal fiber
tract was embedded within white matter [52]. Note that the fiber tract
was only used in the post-processing procedure for strain calculation
and did not have any mechanical contribution.

Fifteen FE simulations were performed according to five samples at
three impact locations. The input kinematics for each simulation were
derived from the mean values of two repeated tests, including direc-
tional linear accelerations and angular velocities, as shown in Fig. A.1.
These six kinematic impulses were extracted from the accelerometer ar-
ray embedded in the HIII headform and were applied to the center of
gravity of the head model and constrained to the rigid skull [57]. All sim-
ulations lasted the same duration as the input kinematics (30 ms) and
were conducted using an explicit dynamic solving method on a high-
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Eleven kinematic-based and five strain-based head injury metrics used in this study. Note that the coordinate system (XYZ) used to compute the kinematic-based

metrics is the same as the laboratory tests.

Kinematics-based ~ Description Notes

PLA max(a(t))
PAV max(w(t))
PAA max(a(t))

max { (l2 —tl) (# /t: a(t)dt)z's}
wewn(2) () ()

HIC [44]

@y, @, and w, are the maximal angular velocities along x-, y-, and z-axes, while @
corresponding critical values (66.2, 59.1, and 44.2 rad/s) according to GHBMC brain model respectively.

acceleration along x-, y-, and z-axes, w,, are 211, 171, and 115 rad/s; «,

a(t) is the resultant linear acceleration.
() is the resultant angular velocity.
a(t) is the resultant angular velocity.

a(t) is the resultant linear acceleration and t, — ¢, is a time interval of 15 ms.

ve> @y, and @, are

where w; and «a; (i = x, y, z) are the maximum angular velocity and angular
are 20.0, 10.3, and 7.76 krad/s?; r

icr2

icr

is 2, according to GHBMC brain model.

a(?) is the resultant angular acceleration and 7, — ¢, is a time interval of 36 ms.

m = 4.5 kg is the mass, I;; is the principal moments of head inertia and i is the components of the

acceleration in three axes according to a HIII dummy head.

UBTIC [46] {2( |:wl*+ (af—a),*)e_?] } wi = w;/w,, and & = a;/a,
. 25

RIC [47] max { (t,-1,) (ﬁ % a(:)dx) }

HIP [48] max {m Y, a,(t) [ a;(t)dt + Y I;0,(t) [ a;()dt}

KLC [49] ky max, |o(t)| + k, HIG;4

k, = 0.004718, k, = 0.000224 according to KTH head model, () is the maximum angular velocity, and

HIC;4 is HIC with a time interval of 36 ms.

GAMBIT [50] ma"{[(%)2+ (mﬂ(_f”)z}]/z}

DAMAGE [51] pmax, {|5(1)|}

a, = 250 g and a, = 25,000 rad/s are the thresholds for the corresponding acceleration.

B is a scalar factor set to 2.9903 according to GHBMC brain model; §(7) is displacement time histories of the
three coupled masses.

Strain-based Description

MPS The maximum value of the 1st principal Green-Lagrange strain in the brain across the simulation.
MTON [52] The maximum value of normal strain oriented along the white matter fiber tract across the simulation.
MTPN [52] The maximum value of normal strain perpendicular to the white matter fiber tract across the simulation.
MTOS [52] The maximum value of shear strain oriented along the white matter fiber tract across the simulation.
MTPS [52] The maximum value of shear strain perpendicular to the white matter fiber tract across the simulation.

performance computing system (HPE Cray EX supercomputer which
features a CPU partition based on AMD EPYC processors, LS-DYNA revi-
sion 13.0.0, double precision) which details can be found in our previous
studies [58-60].

Five strain-based metrics were employed (listed in Table 1) to eval-
uate how the rubberized asphalt influences the brain injury pattern.
These included one brain tissue-level strain (maximum principal strain
(MPS)) and four white matter tract-related strains (maximum tract-
oriented normal strain (MTON), maximum tract-perpendicular normal
strain (MTPN), maximum tract-oriented shear strain (MTOS), and max-
imum tract-perpendicular shear strain (MTPS) [61]). The MPS was ex-
tracted for all brain tissue elements (N = 4,124) and directly output
from the simulation. These elements encompass major anatomical re-
gions such as the cerebral cortex, brain stem, white matter, thalamus,
cerebellum, and corpus callosum. In contrast, the tract-related strains
were only computed for white matter elements (N = 1,197) with the ex-
act mathematical equations in the previous study [62]. The peak strain
values of all related elements were recorded during the oblique impact
simulations.

2.4. Data analysis

Various brain injury criteria have been employed in TBI research,
typically based on translational and/or rotational parameters of head
kinematics, derived from experimental data fitting or reduced-order me-
chanical models [63,64]. In this study, we selected eleven kinematics-
based head injury metrics (detailed in Table 1) to quantify head dy-
namic responses and IAP protection performance during oblique im-
pacts. These metrics include two linear motion-based indices (peak
linear acceleration (PLA) and head injury criterion (HIC) [44]), six ro-
tational motion-based indices (peak angular acceleration (PAA), peak
angular velocity (PAV) [38], Brain Injury Criterion (BrIC) [45], Uni-
versal Brain Injury Criterion (UBrIC) [46], Rotational Injury Criterion
(RIC) [47], and Diffuse Axonal, Multi-Axis, General Evaluation (DAM-
AGE) [51]), and three metrics that combine both linear and angular mo-
tion (Head Impact Power (HIP) [48], Kleiven Linear Combination (KLC)

[49], and the Generalized Acceleration Model for Brain Injury Threshold
(GAMBIT) [50]). Equations and detailed explanations for these metrics
are provided in Table 1. For example, PLA is used to predict the risk of
skull fractures and focal brain injuries [65,66], and PAA has been pro-
posed as a predictor for subdural hematoma (SDH) [67,68]. Given that
these pathologies are commonly observed in VRU casualties, these met-
rics were employed to evaluate the head protection performance of the
IAP and were post-processed using Python (v 3.12). Additionally, ker-
nel density estimation was applied to visualize the distribution of peak
strains across all elements during oblique impacts.

3. Results
3.1. Head injury metrics

Fig. 2 displays high-speed camera snapshots of five IAP samples
tested at a drop height of 150 cm. The headform initiated rolling on
the rubberized asphalt at approximately 3 ms and detached from the
angled samples at around 15 ms. Under a given impact location, no sig-
nificant differences in headform motion were visually observed among
different asphalt types.

Fig. 3 illustrates a comparison of selected head injury metrics be-
tween the IAP and helmets with or without a rotational protection
system (RPS) at 6.0 m/s oblique impacts, while all head injury met-
rics of IAP are illustrated in Fig. 4. IAP is comparable with helmets in
oblique frontal impacts (Yrot), but slightly less protective than helmets
in oblique side impacts (Xrot). The mean values and standard deviations
for these metrics, calculated across five samples, are summarized in Ta-
ble A.1. Overall, the IAP demonstrates the potential to effectively reduce
the risk of severe head injuries. For example, the PLA across all impact
cases averaged 114.89 + 17.68 g, well below the 180 g threshold as-
sociated with a less than 5% risk of skull fracture [69]. The HIC value
was 424.96 + 146.44, remaining below the 700 threshold that suggests
a low probability of severe brain injury (AIS 4+) [70]. As a reference,
HIC of 1000 is equivalent to an 18% probability of a severe (AIS 4) head
injury, a 55% likelihood of a serious (AIS 3) injury, and a 90% proba-
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Fig. 3. Comparison of head injury metrics in oblique impacts at 6.0 m/s on Xrot and Yrot, between rubberized asphalt and helmets. The boxplots correspond to
helmets data reported by previous studies [39,61], where the light yellow box represents the helmets with rotational protection system (RPS), while the light blue box
represents the helmets without this technology. The black dots represent the metrics of impact-absorbing pavement. The Zrot was omitted because of the different
impact positions. Notes that these datasets were obtained under different lab conditions.

bility of a moderate (AIS 2) head injury to the average adult [71]. The
HIP was 20.22 + 5.06 kW, also below the 48 kW threshold associated
with a 50% probability of an AIS 5 injury based on real-world trauma
cases [72].

Similarly, the PAV and PAA were 31.70 + 2.87 rad/s and 5.26 + 0.60
krad/s? respectively, both falling below the critical thresholds (46.5
rad/s and 16 krad/s?) suggested for severe diffuse axonal injuries (DAI)
[73,74]. However, certain metrics indicate a risk of mild traumatic brain
injury (mTBI). For instance, the BrIC averaged 0.57 + 0.09, which is
near the 0.68 suggested threshold, corresponding to a 33% probability
of concussion (AIS 2+4) or a 5% probability of DAI (AIS 4+) based on
scaling from animal experiments [75]. Additionally, GAMBIT of 0.46 +
0.07 was close to 0.5, which represented a 5% risk of AIS 4+ brain in-
jury [76]. At the brain tissue level, MPS was 0.34 + 0.03, approaching
the 36% risk level for mTBI [77].

IAP exhibited a pronounced increase in linear-based injury metrics
with increasing impact velocity. For example, when the impact velocity
rises from 5.4 m/s to 6.0 m/s, the metrics that include linear kinemat-
ics (PLA, HIC, HIP, KLC, and GAMBIT) showed increases of 34.78%,
88.14%, 63.38%, 39.18%, and 34.78%, respectively (in Fig. 4). In con-
trast, pure rotational-based metrics and strain-based metrics exhibited
small variations across different asphalts or impact velocities. For E30
at 5.4 m/s and 6.0 m/s, the purely rotational-based metrics (PAV, PAA,
BrIC, UBrIC, RIC, and DAMAGE) increased by 11.40%, 16.94%, 14.34%,
14.69%, 49.25%, and 14.42%, respectively. Similarly, the strain-based
metrics (MPS, MTON, MTPN, MTOS, and MTPS) within brain tissues
increased by 13.87%, 18.97%, 17.54%, 14.79%, and 11.69%, respec-
tively (in Fig. 4). All the strain-based metrics were below 0.4, and the
standard deviations remained below 0.04, suggesting that variations in
impact velocity exerted only a minor influence on the head protection
performance of the IAP. These findings suggest that while IAP can effec-
tively reduce the severity of impacts, further optimizations are necessary
to mitigate peak kinematics and brain strain.

3.2. Brain strain distribution

Fig. 5 exhibits the MPS distributions of brain tissues at three impact
locations (Xrot, Yrot, and Zrot) during oblique impacts, while Fig. A.3
shows the tract-related strain distribution. Fig. 6 illustrates the MPS dis-
tributions of brain tissues in isometric, coronal, sagittal, and horizontal
views between high-ranking (4-star) and low-ranking (1-star) helmets
[39] and IAP (E30_2), respectively. The impact locations affected the
brain strain peaks and their distribution. The oblique impact on Zrot
caused a higher peak strain, followed by Xrot and Yrot. A large volume

of the brain experienced an MPS of more than 0.3 in Zrot impact against
all IAP samples, which produced large stains in the temporal lobes. Yrot
impact produced large strains in the parietal lobe, while the Xrot im-
pact only caused relatively lower strains across the brain. Similar trends
were observed for tract-related strain distributions, where only a small
volume of white matter underwent strains greater than 0.2. Oblique im-
pacts against IAP led to relatively higher MTPN but lower MTPS among
the tract-related strain metrics. Overall strain patterns at 6.0 m/s were
comparable to those at 5.4 m/s.

The Pearson’s correlation coefficient between strain-based metrics
(MPS, MTON, MTPN, MTOS, MTPS) and kinematic-based metrics is
shown in Fig. A.2. In general, the five strain-based metrics exhibited
strong correlations (>0.7) with rotational-based metrics such as PAV,
PAA, BrIC, UBrIC, and RIC. Exceptions included MTON with PAV, PAA,
and RIC, as well as MTPS with BrIC and UBrIC, which showed com-
paratively weaker associations. In contrast, all five strains were corre-
lated with the linear motion-related kinematics (e.g., PLA and HIC).
In contrast, all strain-based metrics demonstrated only weak to mod-
erate correlations with linear kinematic metrics such as PLA and HIC.
These results are similar to the results reported by a previous study [61],
and suggest that rotational kinematics are more strongly associated with
strain-based injury metrics, which are indicative of brain injuries such
as concussion.

The kernel density estimate and coefficient of determination (%) be-
tween element-wise MPS from different IAP samples are performed in
Fig. 7, while those of four tract-related strains are illustrated in Fig. A.4.
All 12 values exceeded 0.98, indicating that variations in IAP configura-
tions did not significantly affect the brain strain distribution. Addition-
ally, there was no discernible difference between different IAP cycles
(e.g., E30 vs. E80, EA30 vs. EA80) or between artificially aged samples
(e.g., E30 vs. EA30, E80 vs. EA80), as evidenced by the density distribu-
tion in the kernel density estimate and the scatter dots closely following
the y = x line.

4. Discussion

This study biomechanically evaluated the head protective effective-
ness of the IAP through oblique impacts. Five IAP samples were tested at
three impact locations and two drop heights. Eleven kinematics-based
and five strain-based head injury metrics were analyzed and compared.

An interesting observation was that the proposed IAP demonstrated
head protection performance comparable to helmets. Several previ-
ous studies have assessed helmet performance through oblique impacts
[78,79]. Specifically, Zhou et al. [61] and Fahlstedt et al. [39] tested 17
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Fig. 5. Maximum principal strain (MPS) distribution of brain tissues during oblique impact against five asphalt samples at three impact locations (Xrot, Yrot, and
Zrot), where the E30_2 represented the E30 sample under the impact velocity at 6.0 m/s. The color bar indicates strain from 0 to 0.3.

helmets at an impact velocity of 6.0 m/s across three impact directions,
two of which (Xrot and Yrot) matched the experimental configurations
used for evaluating the IAP E30 at the same velocity, thus enabling a
direct performance comparison in Fig. 3. Generally, helmets equipped
with RPS displayed lower values across all injury metrics than other hel-
mets and the IAP. For linear-based injury metrics (e.g., PLA and HIC),
values recorded for the IAP were slightly higher than the median values
for helmets without RPS, yet remained below their maximum values.
For purely rotational-based metrics (e.g., PAV, PAA, BrIC, UBrIC, RIC,
and DAMAGE), the IAP values were even lower than the median values
observed for helmets without RPS in Yrot. For metrics combining lin-
ear and angular motion (e.g., HIP, KLC, and GAMBIT), the IAP values
were slightly above the mean values of the helmets, but still within a
comparable range.

The head injury metrics for helmets and IAP were obtained under dif-
ferent conditions, so direct comparisons should be interpreted with cau-

tion. Although both oblique impacts used the same headform (HIII 50th
percentile male), impact velocity (6.0 m/s), and angled anvil (45°), the
contact conditions differ significantly. In helmet testing, the interface
between the helmeted headform and the angled steel anvil is covered
with 40-grit sandpaper, whereas in the IAP tests, there is direct contact
between the bare headform and the IAP. The sandpaper was used on
the metal anvil to replicate the realistic frictional interaction. In con-
trast, during the IAP tests, the rubberized asphalt surface itself already
possesses frictional characteristics representative of real road surfaces;
thus, no additional sandpaper is required. Previous studies [80,81] have
highlighted the critical role of tangential forces in influencing rotational
kinematics and brain injury. These tangential forces are proportional to
both the coefficient of friction and the normal impact force. For exam-
ple, Bonin et al. [82] demonstrated that the addition of HIII headform
coverings, such as stockings or hair, can reduce peak rotational head
kinematics. Similarly, Stark et al. [83] reported that rotational head
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Fig. 6. MPS distribution of brain tissues in coronal, sagittal, and horizontal views for Xrot and Yrot. Zrot impacts between helmets and IAP were excluded due to
differences in impact orientation. The suffixes “4-star” and “1-star” correspond to helmet ranking reported by previous studies [39]. The color bar indicates strain

levels ranging from 0.0 to 0.3.
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illustrated in the Appendix.

kinematics are more sensitive to variations in inertial properties than
to frictional differences, whereas linear kinematics are more affected by
changes in frictional characteristics than by inertial parameters. The hel-
meted headform exhibits slightly higher inertia than the bare headform
due to the additional mass of the helmet. The Zrot orientation was ex-
cluded in the comparison because of the different impact orientations.
Previous studies [72] have shown that head injury metrics are highly
dependent on the impact direction. Therefore, further research is nec-
essary to compare the head protection performance at Zrot.

The newly developed IAP’s ability to maintain low rotational accel-
eration and velocity is a significant breakthrough. Its rotational per-
formance exhibits comparable head protection performance to helmets
in identical testing scenarios, marking a substantial advancement in
safety innovation. Additionally, the asphalt samples were fixed using
a C-clamp during oblique impact testing, and their dimensions were
constrained by the U-shaped free-falling trolley. This setup introduced
an idealized boundary condition that restricted the lateral displacement
and shear deformation of the rubberized asphalt. However, IAP would
likely undergo greater lateral motion and shear in real-world scenarios,
which has the potential to increase energy absorption further and re-
duce peak kinematics. It indicated that IAP may achieve higher head
protection performance in practical applications than in laboratory ex-
periments. Further studies are needed to validate this assumption and
to better understand the performance of head protection. The combina-

tion of both IAP and helmet use holds significant potential for enhancing
head protection for VRUs. While helmets are designed to absorb impact
energy and reduce the severity of head injuries, pavement character-
istics can also play a role in mitigating injury. Pavement, as a collec-
tive form of protection, can benefit all users, including those who do
not wear helmets. However, it is important to approach this combina-
tion with caution, as previous studies have shown that while helmet
use combined with softer surfaces may reduce skull fractures, it can
have a counterintuitive effect on the brain tissue, possibly due to the
increased contact area and contact time [20]. Therefore, while the po-
tential synergy between helmet use and improved pavement materials
seems promising, further research is needed to fully understand the syn-
ergy effect.

The 56% volume value of rubber aligns with previous laboratory
trials aimed at determining an optimal threshold that balances injury
reduction performance with maintaining sufficient structural resistance.
Since the material is intended for an outdoor path and must withstand
loads, even if limited to pedestrians or lightweight vehicles, this balance
is crucial. As the number of gyratory compaction cycles increases, the
samples become more compacted, reducing the space available for air
voids [84] and consequently decreasing air-related attenuation. Com-
paring the material at 30 and 80 cycles, both identified as relevant from
a material cohesion perspective, was essential to understanding the in-
fluence of compaction on injury reduction properties. Additionally, the
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aging of asphalt materials over a full life cycle in outdoor conditions
tends to increase the hardening process, thus the stiffness of the material
[85,86]. The tested materials appeared stiffer on the surface compared
to the non-aged ones, highlighting the necessity of evaluating aged sam-
ples for injury performance to assess the potential evolution of their
properties. However, since the laboratory procedure was simplified by
considering only restricted heat and UV exposure, the results may not
fully capture the complexity of real in-situ aging conditions, introducing
a source of uncertainty in the results. Even though these two mentioned
parameters, the compaction level and the aging, are well known to in-
fluence the material itself, in the studied form, they did not result in
significantly different values in terms of impact-absorbing performance.

The incorporation of recycled tire rubber and the demonstrated in-
jury reduction capabilities position this material as a valuable asset in
supporting communities’ efforts toward more responsible consumption
and adherence to circular economy principles. Additionally, its perfor-
mance aligns with developing more sustainable cities and communities
[87]. Ongoing research is focused on optimizing the performance of
IAP by refining mix designs and improving its mechanical properties to
ensure durability and effectiveness under various environmental condi-
tions. By rethinking traditional pavement materials and designs, IAP is
prepared to contribute significantly to the development of safer, more
sustainable cities. Some studies have argued that the use of personal
protective equipment may lead to increased risk-taking behavior due
to a perceived sense of safety [88-90]. Although this study did not in-
vestigate behavioral responses of pavement users, the goal of IAP is
to provide passive protection that enhances overall safety, regardless
of individual behavior or equipment usage. Nevertheless, continued re-
search and innovation in IAP design and injury biomechanics are essen-
tial to fully realize its protective potential, ensure broader applicability
across diverse user groups, and support its long-term implementation
in real-world traffic environments. In particular, coupling experimen-
tal findings with a broader set of real-world accident data and clinical
records will enhance the translational relevance of IAP-related safety
assessments.

Although the current study focuses on controlled laboratory impact
scenarios, the real-world implementation of IAP introduces additional
complexities. In practical applications, the IAP layer is designed to re-
place the upper portion of existing pavement systems—typically the
surface and, in some cases, the binder course—while leaving the sub-
base and base layers intact. Preliminary installations in both Sweden
[9] and Italy [17] have demonstrated that the IAP adheres well to
traditional base layers without compromising structural integrity. How-
ever, interfacial bonding remains a critical factor in ensuring long-term
performance, particularly in layered pavement systems. Future studies
could further explore the structural effects of integrating IAP with di-
verse sub-layer compositions and construction methods. Environmental
factors also play an important role in IAP performance and durabil-
ity. Although the rubberized component offers certain advantages in
terms of resilience, exposure to UV radiation, temperature extremes,
snow accumulation, and freeze-thaw cycles can influence material ag-
ing and impact-absorbing behavior. Previous complementary laboratory
simulations [10,18] have also been carried out to assess performance
under freeze-thaw cycles and high-temperature/UV exposure, suggest-
ing that the IAP retains its protection performance under a range of
environmental stressors. Continued formulation refinements—such as
tuning rubber content and enhancing binder properties—are necessary
to optimize both safety and longevity across diverse geographic regions.
Furthermore, real-world pavements often exhibit surface irregularities
and curvature that differ from the idealized test conditions used in the
current setup. Although the samples used here were fabricated via stan-
dard laboratory compaction protocols to capture representative surface
textures, they were flat and uniformly constrained. Future testing with
large-scale, curved, or semi-free samples may better reflect field con-
ditions such as road camber or embedded surface defects, and help
validate the robustness of the observed protective performance under
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more realistic geometries. Collectively, these considerations highlight
the importance of further translational research to bridge the gap be-
tween controlled laboratory validation and real-world performance.

This study has some limitations that should be clarified. First, only
one IAP sample at 6.0 m/s was included for each impact location, which
may not accurately represent the average performance of IAP. This
choice was based on the observed consistency in IAP performance at 5.4
m/s, so we assumed that the aging and cycling processes of rubberized
asphalt would not affect head protection performance. The circumfer-
ential boundary conditions of the asphalt were not considered in the
experiments. Future work will include testing more IAP samples at vari-
ous impact velocities and under different initial conditions. Second, the
oblique impact tests employed a HIII headform in its bare configuration.
Although this headform is widely used, its biofidelity is limited (such as
moments of inertia and coefficient of friction) compared to human head
properties [91,92], which may influence the accuracy of head kinemat-
ics during impact. The newly developed headform with high biofidelity
(e.g., EN17950 with adapted mass moments and realistic friction char-
acteristics) will be considered in the future evaluation study. Third, the
comparative analysis of head protection efficacy between asphalt and
helmets was conducted under different test conditions. For instance,
there is no sandpaper covering the IAP surface, and different head mod-
els also introduced variability. Direct comparisons of strain distribution
outcomes should be interpreted with caution. The synergy effect that
combines helmets and IAP also remains to be investigated. Fourth, to
the best of our knowledge, only two studies [62,93] have computed in
vivo DTI-based strain fields. Both studies were performed based on an
open-access dataset [94]. Despite their availability, these data are mea-
sured from impact loading far from the injury level, and we tend to think
they are less relevant for the validation of a head model with intended
usage for injury prediction. Further research is necessary to improve the
applicability and generalization of these findings.

5. Conclusion

This study biomechanically evaluated the head protection perfor-
mance of the impact-absorbing pavement through oblique impacts. A
total of 30 impact tests were performed on five kinds of asphalt samples
under three impact orientations, with each test repeated twice. Sixteen
head injury metrics were analyzed and compared.

The results demonstrated that the proposed IAP effectively reduces
both peak linear and rotational head kinematics and substantially re-
duces the risk of severe head injuries, even achieving a comparable head
protection performance to helmets. These findings indicate that IAP has
significant potential to reduce head injuries among unprotected VRUs
and contribute to safer traffic environments.
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In the appendix, we list the summary of sixteen head injury metrics of all rubberized asphalt (Table A.1), the kinematics of each oblique test
extracted from the HIII headform (Fig. A.1), Pearson’s correlation coefficient between strain-based metrics and kinematic-based metrics (Fig. A.2),
tract-related strain distributions during oblique impacts in the FE simulations (Fig. A.3), and the coefficient of determination (r2) between element-

wise tract-related strain (Fig. A.4).

Table A.1

Summary of sixteen head injury metrics of all rubberized asphalts in the form of mean + standard deviation at three impact locations
(Xrot, Yrot, and Zrot) and two drop heights (150 cm and 205 cm).

PLA PAV PAA HIC BrIC UBrIC RIC HIP
Xrot  108.60 + 19.51  34.45+1.12 5.66+0.34 386.84 +158.12 0.55+0.02 0.19+0.01 0.32+0.06 18.75+5.24
Yrot  115.63 +17.84  28.83+1.23 497 +0.53  423.38 +151.67 0.49+0.02 0.19+0.01 0.19+0.03  20.08 + 4.96
Zrot 12044 +17.51 31.83+251 5.15+0.73  464.67 +152.49  0.68 +0.06  0.29+0.03  0.23+0.07 21.84 + 5.62
KLC GAMBIT DAMAGE MPS MTON MTPN MTOS MTPS
Xrot 0.25 + 0.04 0.43 + 0.08 0.28 + 0.01 0.35 + 0.01 0.23 + 0.01 0.32 + 0.01 0.24 + 0.01 0.23 + 0.01
Yrot 0.23 + 0.04 0.46 + 0.07 0.30 + 0.02 0.31 + 0.02 0.23 + 0.02 0.20 + 0.01 0.18 + 0.01 0.17 + 0.01
Zrot 0.25 + 0.05 0.48 + 0.07 0.40 + 0.04 0.35 + 0.04 0.28 + 0.04 0.31 + 0.04 0.23 + 0.03 0.19 + 0.02
Xrot Yrot Zrot
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Fig. A.1. Kinematics including linear acceleration, angular velocity, and angular acceleration of 30 oblique impacts extracted from the HIII headform. Five kinds of
rubberized asphalt samples under three impact locations (Xrot, Yrot, and Zrot), each test repeated twice. The solid curve in each sub-figure represents the average
kinematics, while the filled region bounds the minimum and maximum recorded kinematics of the repeats.
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Fig. A.2. Pearson’s correlation coefficient between five strain-based metrics and eleven kinematic-based metrics, with strong correlations (>0.7) indicated in dark
blue.
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Fig. A.3. Four tract-related strain distribution of white matter during oblique impacts at three impact locations (Xrot, Yrot, and Zrot). From left to right are five IAP
samples: E30, EA30, E8, EA80, and E30_2, respectively. Part of the brain tissues in the subfigures were rendered transparent to visualize the white matter. The color
bar indicates strain from 0 to 0.3.
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Fig. A.4. The kernel density estimate and the coefficient of determination (%) between element-wise tract-related strain from different rubberized asphalts during
oblique tests at three impact locations (Xrot, Yrot, and Zrot), where the E30_2 represented the E30 sample under the impact velocity at 6.0 m/s.

Data availability
Data will be made available on request.
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