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ABSTRACT

The concept of facial impact protection mask for cyclists is proposed in response to increased participation in cycling
and the need for injury prevention. The research aims to develop an approach for design of facial impact protection gear
to reduce the risk of severe injury. Impact test equipment and procedure, face surrogate and protection material per-
formance criteria are developed. Three groups of protective materials—rigid crushable, semi rigid, and soft cushion
foams are tested and assessed according to criteria. The criteria are linked to measures of the risk of facial and brain
injuries: HIC (Head Injury Criterion), peak deceleration, Face-bone damage and energy absorption. The impact energy
is simulated by a drop test using a 48 mm-radius-steel hemispherical impactor, with a weight of 4.63 kg similar to that
of headform J specified in AS/NZS standard. The drop-height is 1500 mm, and the linear deceleration force of the im-
pactor is recorded and used to establish the performance of the materials. The HIC is used to predict the risk of brain
injury, whereas the developed face surrogate is used to assess facial bone injury. A 5.4 m/s facial impact to the unpro-
tected-face of a cyclist can result in the risk of severe facial bone fracture and mild brain injury. The impact test results
for rigid foam protection of 40 mm thickness shows no densification (bottom out) and absorbs the impact energy with-
out damage to the Foam-bone of the face surrogate. At 20 mm thickness, rigid polyurethane foams performed best with
Foam-bone damage ranging from 15.1% to 20.5%. Other materials with thicknesses of 20 to 28 mm showed Foam-bone
damage between 21.8% and 35.1%. The HIC values ranged from 267 to 522, with memory foams and expanded poly-
styrene foam having the lowest values. Peak deceleration ranged from 71 g to 105 g for the materials tested. It is con-
cluded that the impact energy can be dissipated by the protection material thereby reducing the risk of severe facial in-
jury to the protected area.
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1. Introduction cial protection equipment for cyclists. Although, at least
one helmet with chin guard is commercially available for
mountain bike riding, there is no published research on
this safety equipment’s performance. The mountain bike
helmet is commonly known as “full face helmet”, which
is a specialized helmet designed for sports activities.
Such a helmet is heavy and weighs ~1 kg, whereas the
typical bicycle helmet weighs ~(0.25 - 0.35) kg, although
Australian standard [7] recommends a maximum of 0.5
kg for the helmet of headform size J.

The present research foresees a concept design for a
facial impact protection mask which is expected to be
comfortable to wear and is of a flexible form to follow
the face contours to reduce the risk of severe injury due
to falls. A first step in the development of the facial mask
is the establishment of test procedure and performance
criteria, followed by testing of potential energy absorbing
materials. For evaluation, the mask is considered as a flat
shape, which represents the zygomas (nose, and left and
right zygoma), and is subjected to impact tests. The
“Corresponding author. overall aim is to develop an approach for the design of

The increasing use of cycling for transportation has
meant an increased number of persons at risk of an acci-
dent and severe facial injury caused by falls. Thomson et
al. [1,2] and Harrison and Shepherd [3] report on severe
facial injury associated with bicycle-related accidents
and suggest the need for face protection. Facial injury
may cause loss of function, loss of facial expression due
to facial nerve damage, poor cosmesis, and loss of per-
sonal identity [4]. Facial fractures, especially in children,
can lead to growth disturbances and condylar joint anky-
losis [5,6]. Currently, the only head protection available
is the bicycle helmet that aims to prevent brain injury due
to an impact in a fall, while the face is left unprotected.
Even though the trend in cycling is increasing, the de-
velopment of additional safety equipment for cyclists has
not been addressed, and hence, a facial impact protection
mask for cyclists is proposed in this research.

A review of the literature has found no research on fa-
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facial impact protection gear. An objective of the re-
search is to test a range of potential and readily available
materials to evaluate their ability to reduce damage to the
developed face surrogate (reported in an earlier paper).
The reduction in risk of brain injury will also be consid-
ered, as well as the energy absorption of the material.
The objectives also include the design of the impactor for
use in the drop tower and selection of performance crite-
ria to evaluate the materials.

A concept design for the facial protection mask is
shown in Figure 1. The commercially available “full
face helmet” protects the lower-jaw bone and joints
(mandible and mandibular condyle) by relying solely on
the hard plastic shell to dissipate impact energy through
its deflection and transmission to the head. The proposed
design would use a liner and padding to crush and dissi-
pate the impact energy.

2. Background

The following literature review includes test standards on
bicycle helmets, protection materials, and performance
criteria for evaluating impact protection materials.

2.1. Test Standards

A review of the literature has found no standard that
covers facial impact protection equipment for cyclists.
There are standards for helmets as protective equipment
for cyclists, and these specify a test procedure for impact
protection of the skull, which is usually represented by a
rigid headform. However, since the present research fo-
cuses on facial impact, which is more fragile than the
skull, the bio-fidelity of the test rig becomes an issue,
which has been summarized by Hampton [8] and led to
various developments of specialized face-compliant head-
form. While commercial face surrogates are available,
they are expensive, and the large number of tests re-
quired for this research justified the development of an
alternative deformable face surrogate having a blunt-
impact-dynamic response comparable to the human face.
A crushable “face surrogate” (representing the zygomas)
was developed and used in the testing. The surrogate

Sideview |sometric view

Front view

Figure 1. Concept design of the facial protection mask at-
tached to the strap of thetypical bicycle helmet.
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development was based on the work of Melvin et al. [9]
and Perl et al. [10] that utilized the biomechanical data
published by Nyquist et al. [11] and Allsop et al. [12].
The face surrogate is a flat sandwich of rubber skin,
Foam-bone (30 mm thick, rigid extruded-polystyrene
foam with a pattern of 6 mm-diameter holes), and rubber
backing. As has been pointed out by Hampson [8], the
damage to the Foam-bone can also be used to assess risk
of facial bone injury.

Since the shape of the facial bone is not as flat as that
of the face surrogate, a focused contact force is used for
the impact studies. To simulate this focused force, a he-
mispherical impactor was designed and built for use in
this study. The design of the impactor is based on AS/
NZS standard [13], with the weight of medium-sized
headform and the shape of the hemispherical steel anvil.
Although actual impact surfaces on roads are likely to
vary from mostly flat shapes to some with corner/wedge
shapes, the spherical shaped impactor provides a repre-
sentation in between these. The impactor is dropped on
to the test samples, which consist of protection material
over the face surrogate.

2.2. Impact Protection Material

The research on head impact protection is well docu-
mented [14-18]. These studies focus on using rigid
crushable foam (foam liner) to manage the impact force
and energy absorption. The test procedure is optimized
for impact protection at the skull, which is represented by
a rigid headform. The foam liner is then crushed by the
headform and a rigid steel anvil. Foam with low stiffness
will reach densification (bottom out) quickly, after which
a high force will be generated. Consequently, a highly
stiff foam liner with high density (70 - 90 kg/m®) is
needed in order to pass the test. Many researchers argue
that the headform is much stiffer than the human skull,
and suggest a lower density foam liner may have more
benefits. Morgan and Szabo [19] incorporated lower den-
sity foam (30 - 35 kg/m’) with higher density (70 - 75
kg/m®) foam and demonstrated an improvement in perfor-
mance, although the rigid headform is used in their study.

Since the stiffness of the facial bone is much less than
that of the skull, a range of even lower density (<30
kg/m’) expanded-polystyrene (EPS) foam liner seems
possible, in addition to a range of semi-rigid foam and
soft material. For example, EVA (Ethylene Vinyl Acetate)
has some shock-absorption application in a mouth-guard
and cricket helmet [20-23], and Polyurethane (PU) me-
mory foam (slow-recovery PU foam) and flexible PU
foam are used for pressure distribution in seat cushions
[18]. Consequently, a range of these materials are evalu-
ated in this study.
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2.3. Performance Criteria

The evaluation of performance involves a number of
criteria relating to head injury and impact energy absorp-
tion of the protection material. In this study, the primary
measure is the risk of brain injury as a result of blunt
impact on the face. The secondary measure is the risk of
facial injury. The last measure is the energy absorption
capability of the protective material. The following sec-
tions present the literature review related to the three
criteria.

2.3.1. Brain Injury Risk Assessment

In many countries, mandatory bicycle helmet wearing
has been enacted, along with the requirement for the
helmet to pass the impact testing specified in the stan-
dards, which aim to assess the risk of brain injury by
measuring the level of linear deceleration of the head
during the impact. A higher deceleration level typically
causes higher risk of brain injury. Most standards impose
a pass/fail criteria, for example, AS/NZS standard [7,13]
requires 1500-mm-drop height of a rigid headform (2.5 -
6.1 kg) fastened with the helmet to be tested. To pass the
test, the helmet crushing must not generate peak lin-
ear-deceleration force (G, ) greater than 250 g, and the
cumulative impact duration must not exceed 3 ms (for
Gpeak > 200 g) or 6 ms (for Gyea > 150 g). The inclusion
of impact duration makes it difficult to compare perfor-
mance between different protective materials, thus, the
HIC (Head Injury Criterion) is used in this study.

HIC was introduced in 1972 by NHTSA (National
Highway Traffic Safety Administration) in the USA [24]
and has been widely used as a criterion to judge the risk
of head and brain injury involving blunt impact on the
head. McLean et al. [25] presented a summary of a cri-
tique and development of HIC, which links to the Wayne
State Tolerance Curve (WSTC) that represents the rela-
tionship between acceleration, pulse duration, and in-
tracranial pressure. It purports to describe the limit to
cerebral concussion. Similar work was performed by the
Japan Automobile Research Institute that developed a
JARI Human Head Tolerance Curve based on impact
studies on monkey skulls, and with a conversion scale to
apply to the human head.

HIC incorporates impact duration in its definition
(Equation (1)) and gives single a value that can be used
to compare performance between protective materials.

25
HIC =max, | (t, —tl)(% tzG(t)dtj n

—_ 1

1
G(t) pulse of deceleration (in unit of g) as a function of
time;
t time in unit of second (s);
ty, 1, selected time under deceleration pulse that gave
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maximum HIC;

t, — t; selected pulse duration with limit of 3 ms <t, —
t; <15 ms.

In order to obtain the HIC value of an impact event,
the Deceleration-Time history (deceleration in units of g
vs. time) of the head is applied as G(t) in Equation (1).
Head impact on different materials will usually have dif-
ferent HIC values. Higher value means a higher risk in
severe brain injury as predicted in Table 1 [26].

Head impact that produces a higher HIC value than the
limit is generally not acceptable. The typical HIC limit
ranges from 700 to 1000, depending on the application.

2.3.2. Facial Injury Risk Assessment

Research on skin penetration and laceration assessment
can be found in forensic sciences and safety in the glass
industry. However, these studies focus on ballistic impact
and laceration caused by impact of a sharp object, as op-
posed to blunt-impact associated with the testing in this
study. As a result, the facial skin injury cannot be as-
sessed in this study. The data on facial bone tolerance are
available [8,27,28], which are summarized in Table 2.

In this study, the face surrogate lacks a pressure sensi-
tive device, and hence, pressure cannot be measured.
Moreover, the peak force and peak deceleration can only
be used if there is no damage to the Foam-bone, i.e., all
impact energy is dissipated in the protection material. As

Table 1. HIC value and predicted injury [26].

HIC Injury

135-519 Headache or dizziness, mild concussion

520 - 899 Unconscious < 1 hour, mild to severe concussion
900 - 1254 Unconscious 1 - 6 hours, severe concussion
1255-1574  Unconscious 6 - 24 hours, severe concussion
1575 - 1859 Unconscious > 25 hours, large haematoma
>1860 Non survival

Table 2. Facial bone tolerance to impact force, peak pres-
sure and peak deceleration.

Tolerance
Facial bone Peak force Peak pressure Peak deceleration
(N) 8] (N/mm?) [8] (9) [27,28]

Nasal bone 342 - 450 0.13-0.34 30
Zygoma 489 - 2401 1.38-4.17 50
Zygomatic arch 890 - 1779 1.38-2.76 -

Maxilla 668 - 1801 1.03 -2.07 100
Mandible 685 -1779 2.76 - 6.20 100
Mandibular ) ) 70

angle

Orbital rim - - 200
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a consequence, this study requires an additional parame-
ter to assess the facial injury. The Foam-bone damage
will be defined as the ratio between the Foam-bone
crushing distance and the Foam-bone’s original thickness.
A lower value of Foam-bone damage is preferred as long
as the HIC is below the limit.

2.3.3. Energy Absorption

The energy absorption (Eap) capability of the protective
material is also an important parameter in head protec-
tion. A material with a high Ey, returns little energy to
the head, and hence, the head has a lower rebound veloc-
ity. Thus, the risk of severe secondary impact is reduced.
McLean et al. [25] explain the preferred padding charac-
teristics of energy absorbing material by analyzing the
shape of Force-displacement curve, which is adapted for
Ea analysis in this study. A material with a high Ey, is
desirable; however, no specific value of Ey, as a criterion
has been established.

3. Methodology

The following section outlines the impact test procedure
and parameters, the experimental equipment and instru-
mentation, the materials tested, and the evaluation crite-
ria: HIC limit, Foam-bone damage, and energy absorp-
tion.

3.1. Impact Energy

The impact energy was provided by dropping a steel
hemispherical impactor (radius 48 mm) in a drop tower
shown in Figure 2. The mass of the impactor was 4.63
kg, which was approximately the same as that of head-
form J specified in AS/NZS standard [13]. The drop
height was 1500 mm, the impact energy was 68 Joules (J)
and the calculated impact velocity (V;) was 5.4 m/s.

3.2. Data Acquisition System

A charge type accelerometer (B & K 4371) and an am-
plifier (B & K Type 2635) were used to generate the ac-
celeration signal, which was digitized by a digital oscil-
loscope (oscill 1, Tektronix TDS 2024) at the sampling
rate of 50 kHz. The impact velocity (V;) was measured by
two LED detectors spaced 100 mm apart, and the time
was recorded by another oscilloscope (oscill 2, Tek-
tronix TDS 210). Video of the impact event of test sub-
ject with a distance scale was recorded using a high-
speed digital camera (Photron APX RS) at 3000 frames/
second with shutter speed of 1/15,000 second. All data
were then transferred to a personal computer for further
analysis of the test results. Figure 2 shows the data ac-
quisition system installed on the drop tower.

Equipment calibration was done by comparing dis-
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placement (double integral of acceleration) from accel-
erometer data with that of the high-speed video. Both
results compared well especially during the loading
phase. By using video data as reference, results from
different impact velocities gave the average maximum
error ~2% during the loading phase, and ~6% during the
unloading phase.

3.3. Test Samples

The test samples were categorized into three groups—
rigid crushable, semi rigid, and soft cushion materials.
All materials were cut to size of 150 mm x 150 mm, and
the thickness ranged from 20 to 40 mm. Table 3 lists all
candidate materials, as well as the face surrogate ma-
terials.

3.4. Test Procedure

A sample of the protective material on the face surrogate
(Figure 3) is placed in the drop tower, and the impactor
is dropped on the sample from a height of 1500 mm. This
procedure simulates an impact on the protected face. The
impact velocity and deceleration (g) versus time are re-
corded, and damage to the materials is observed. In some
instances a high speed camera video recording of the
impact was performed for verification of displacement
and time. In addition, testing on the face surrogate with-
out protection is performed in order to establish a refer-
ence. Tests were repeated 2 to 3 times with a new face-
bone each time. The number of samples tested was lim-
ited because of the long time required to produce the
face-bone samples.

accelerometer

drop assembly

nal
"-..u? E1ifSpeedfcameral

Figure 2. Drop tower and data acquisition system.
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Table 3. Energy absorbing materials tested and face surrogate.

Material group Material description

M easured density (kg/m°)

Thickness (mm) Code (material-thickness)

40 XPS40-40
Extruded polystyrene foam 39.1
20 XPS40-20
40 PUR60-40
Rigid crushable foam Rigid polyurethane foam 56.6
20 PURG60-20
21.0 25 EPS21-25
Expanded polystyrene foam
18.2 25 EPS18-25
Polyethylene foam 130.1 20 PE130-20
Semi rigid foam 137.9 20 EVA140-20
Ethylene vinyl acetate foam
100.6 20 EVA100-20
104.0 28 MEM120-28
Polyurethane memory foam
Soft cushion 83.5 28 MEM90-28
Flexible polyurethane foam 60.3 25 PUf56-25
Extruded polystyrene foam with
6-mm hole pattern (216 holes) 28.5 30 Foam-bone
Face surrogate
(zygoma) Neoprene sponge 145.5 10 RS-10
Abrasaflex rubber 979.5 5 AR-5
Impact Direction cates the extent of facial bone injury.
Protection

Material

T

Face surrogate
RS-10

Foam-bone
AR-5

Figure 3. Impact on protected face.

3.5. Evaluation Criteria

There are four criteria for evaluation: the HIC limit for
brain injury assessment, Foam-bone damage for facial
injury assessment, peak deceleration for facial bone toler-
ance and energy absorption by the protection material.

3.5.1. HIC Limit

For brain injury assessment, a HIC limit of 1000 is nor-
mally used by researchers in the field. The HIC of each
test was obtained by applying the HIC definition (Equa-
tion (1)) to the Deceleration-Time history. Protection
with a lower HIC value was preferred, whereas a HIC
value above 1000 was not acceptable.

3.5.2. Peak Deceleration
Peak deceleration tolerance is given in Table 2 and indi-

Copyright © 2012 SciRes.

3.5.3. Foam-Bone Damage

After the impact, the Foam-bone was observed for any
damage. The Foam-bone damage was defined as the ratio
between the Foam-bone indentation (crushing) distance
and the Foam-bone’s original thickness (Equation (2)). A
lower value of Foam-bone damage is preferred as long as
the HIC value is below the limit. Apart from indentation,
fracture of the Foam-bone was also observed in some
cases. Figure 4 illustrates the indentation and fracture as
a result of direct impact on the surrogate (no protection).

Foam-bone damage

Indentation Distance «100% 2)

~ Foam-bone's original thickness

3.5.4. Energy Absorption (Eap)

The absorption of energy at impact by the protection
material reduces the HIC as well as reducing the impac-
tor’s rebound (bouncing) velocity, which can cause an
additional risk of further injury through secondary head
impact. Thus, the protection material with a higher E,, is
considered better. The Eg, value of a material can be il-
lustrated by analyzing its Force-displacement curve as
shown in Figure 5. The rigid impactor hitting the de-
formable material involves crushing (loading) and bounc-
ing (unloading) phase. The contact force and crushing
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"’%:‘; =
Indentaﬁ% distan%g

Foam-bone’s original thickness

Figure 4. Illustration of Foam-bone damage.

F(N) FD-Curve

Material
fully crushed

Impact starts Displacemeat (m)

Figure 5. Energy from Force-displacement curve.

distance are represented by Loading curve A, whereas
that of bouncing is represented by Unloading curve B.
The energy of the impactor is the product of force by
displacement, thus, the area under these curves represents
the loading and unloading energy phase. If energy loss is
negligible, the area under the Loading curve A represents
the input energy (Energyin,), which is the same as the

kinetic energy at the start of impact. The area under the
Unloading curve B represents the energy returning
(Energyewm) to the impactor. The energy dissipated dur-
ing the impact event (Energyuissipated) 15 Energyinp,: minus
Energy,eum, and is shown in the loop area of the
Force-displacement curve. The E,, value is then calcu-
lated by Equation (3).

_ Enerngissipated

x100% 3)
EnergYinput

If the Foam-bone is not damaged, then the energy ab-
sorption is attributed wholly to crushing of the protection
material. If both the protection material and Foam-bone
are damaged, then energy absorption is shared between
the Foam-bone and the protection material.

4. Test Results and Discussion
4.1. Results of Impact on Protected Face

The test results are listed in Table 4. These results are
used to evaluate the performance of the protection mate-
rials at an impact speed (V) of 5.4 m/s (achieved through
a drop height 1500 mm) by impact testing on the pro-
tected face surrogate. The result of the unprotected face
is also provided as reference. HIC, peak deceleration,
energy absorption, and damage to the materials and face
surrogate are also reported. Figure 6 shows the sample
of the worst Foam-bone damage.

4.2. Risk of Brain Injury Results
The best materials are 40 mm-thick PUR60 and XPS40

Table 4. Impact test results on the protected face and refer ence unpr otected face.

Material arou Protection HIC Peak deceleration Foam-bone E. (%) Foam-bone Protection material
group material Gpeak (9) damage (%) —* visible damage visible damage
XPS40-40 522 105 0.0 78.3 None Dented at top, bottom intact
XPS40-20 461 96 15.1 78.8 Dented Crushed, but no visible break
PUR60-40 276 74 0.0 88.4 None Radial break, crushed at centre
Rigid
PURG60-20 365 83 20.5 85.7 Radial break, badly crushed centre
EPS21-25 267 71 24.0 83.0
Crushed, circular break at centre
EPS18-25 280 71 27.6 81.7
PE130-20 337 83 21.8 88.2
Semi rigid EVA140-20 399 89 25.1 80.2 Dented
EVA100-20 378 86 309 76.1
Crushed, slow recovery, no damage
MEMI120-28 284 76 33.2 90.5
Soft cushion MEM90-28 306 81 334 82.3
PUf56-25 363 86 35.1 83.0
Foam-bone (no protection) - 453 112 48.7 85.1 Dented, fractured -

Copyright © 2012 SciRes.
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Figure 6. Sample of the worst Foam-bone damage (pr otected
by PUf56-25) shows no fracture.

that completely protected the Foam-bone from damage.
However, the corresponding HIC values are very differ-
ent. This is because the PUR60 was severely damaged as
a result of its low resistance to the impactor indentation.
Consequently, the HIC is very low (276). On the other
hand, the XPS40 was slightly damaged (dented at top)
due to its high resistance to indentation that caused the
HIC value to be very high (the highest in this study at
522). As a result, the PUR60-40 was considered the best
protection material due to its superior performance in
reducing risk of brain and facial injury. However, HIC
values for all materials were well below the 1000 limit.
For the other protection materials, the impact energy was
not completely dissipated in the protection material and
some energy was transferred to the face surrogate, hence,
some damage to the Foam-bone was present. The com-
bination of the protection and Foam-bone -crushing
caused the HIC values (267 - 461) to stay within the mild
concussion zone, as predicted in Table 1. Thus, the risk
of brain injury was not significant.

4.3. Risk of Facial Injury Results

The Foam-bone damage was used to rank the face pro-
tection performance of each test, as listed in Table 4.
The Foam-bone damage of 48.7%, which was the case of
no protection, was used as reference. The overall results
showed that the rigid-crushable foam tended to perform
better than the semi-rigid foam, whereas the soft-cushion
foam exhibited poor performance. The best materials
were PUR60-40 and XPS40-40, which showed zero
Foam-bone damage (0.0% Foam-bone damage). The
semi-rigid PE (21.8% Foam-bone damage) showed ex-
ceptional performance that tended to compete with the
rigid foams of the similar thickness. The worst material
was the soft-cushion PUf56 that resulted in 35.1%
Foam-bone damage. However, the absence of “fracture”
in the Foam-bone in all protection tests implied that the

Copyright © 2012 SciRes.

risk of facial bone injury had been significantly reduced.

In the case of zero Foam-bone damage, further as-
sessment can be done by comparing the peak decelera-
tion with the facial bone tolerance in Table 2. The
PURG60-40 (peak deceleration 74 g) provided protection
to the maxilla, mandible, and mandibular angle, whereas
the XPS40-40 (peak deceleration 105 g) failed to protect
most parts of the facial bone.

4.4. Ener gy Absorption Performance

In all tests, the hemispherical impactor generated a fo-
cused contact force that caused the protection material to
fully crush before damaging the underlying face surro-
gate. An example of a video frame is shown in Figure 7.

When there is no face protection, the Foam-bone ab-
sorbed a large amount of impact energy (85.1% Egp) via
its own crushing and fracture, whose illustration was in
Figure 4. Adding a protection layer had varying effects
on the E,, performance, which is discussed below.

In the case of zero Foam-bone damage, which was
protected by 40 mm-thick PUR60 and XPS40, all the
impact energy was dissipated in the protection material.
Thus, the E; could be compared directly between the
two. The results indicated that the PUR60 had a higher
Eap than that of the XPS40 (88.4% vs. 78.3%), hence,
PURG60 was considered better in E,, performance.

On the other hand, the other materials, which were
unable to completely dissipate the impact energy, al-
lowed some energy to transfer and damage the underly-
ing Foam-bone. The combined crushing of the protection
and the Foam-bone gave a total Ey, that could only be
compared within a group of similar Foam-bone damage,
for example, MEM120 was better in E,, performance
than MEM90 (Eg, 90.5% vs. 82.3% at the Foam-bone
damage of ~33%). As a consequence, the overall Ey,
comparison could not be established in this study.

Figure 7. Video frame (at 6.6 ms) shows the crushing of
protection (EPS21-25) befor e crushing of Foam-bone.
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4.5. Summary of Performance of Protection
Materials

This study tested a sandwich of protection material and
frangible face surrogate, and hence, the Ey, was the result
of the combined crushing of both elements. Thus, the Ey,
comparison between protection materials could not easily
be established. However, the damage to the face surro-
gate could be used to directly compare performance in
facial bone injury reduction, whereas the HIC value
could be used to assess the risk of brain injury.

Overall, all tests in this study showed HIC values well
below the limit. Thus, the risk of brain injury was not
significant. Nonetheless, in the case of no Foam-bone
damage, a lower HIC value (e.g., PUR60-40) was pre-
ferred since it tended to further reduce the risk of brain
injury. Moreover, the peak deceleration could be com-
pared with the facial bone tolerance (peak deceleration in
Table 2) for further assessment of facial bone injury risk.

When there is no face protection, the Foam-bone ab-
sorbed a large amount of impact energy via its own
crushing and fracture. Adding a protection layer helped
remove the “fracture” and reduce the Foam-bone damage,
thus, it implied that the risk of facial bone injury had
been significantly reduced.

The rigid-crushable foam of higher density PUR60 and
XPS40 (60 kg/m® and 40 kg/m’) showed better overall
performance, which was in line with the headband study
by Anderson et al. [29]. The performance moderately
dropped with lower density EPS (21 and 18 kg/m®). The
semi-rigid PE130 foam showed exceptional performance
that even surpassed some of rigid-crushable foams. Soft-
cushion and lower density EVA foams (EVA100) exhi-
bited poor performance and were not suitable for impact
energy absorption. The slow-recovery feature of the PE
and MEM foams suggested the materials could be reused,
however, further tests are required to validate the per-
formance for repeated use.

5. Conclusions

The research aims to develop an approach for the design
of facial impact protection gear, and hence, impact test
equipment and procedure are developed and potential
materials are tested for energy absorption. The perfor-
mance criteria for evaluating the mask are HIC value,
peak deceleration, energy absorption and Foam-bone
damage. Three groups of materials were tested, and the
major findings are listed below:

e Adding a protection layer helps reduce the fracture
and crushing of the face surrogate, thus, it implies
that the risk of severe facial bone injury has been re-
duced.

e A 40 mm-thick crushable foam provides more facial
bone protection from risk of injury. However, it is

Copyright © 2012 SciRes.

expected that a thickness of this magnitude would
most likely be used in some parts of the facial mask
design requiring greater protection. At 20 mm thick-
ness, rigid polyurethane foams performed best and
reduced Foam-bone damage within 15.1% to 20.5%.
Other materials tested with thicknesses of 20 to 28
mm showed Foam-bone damage from 21.8% to
35.1%.

A 20 mm-thick polyethylene foam (PE130-20) shows
comparable performance to that of the rigid crushable
foam of the similar thickness. PE’s slow recovery
property suggests it can be re-used.

HIC values range from 267 to 522, with the memory
foam (28 mm) and expanded polystyrene foam (25
mm) having the lowest values. Peak deceleration
ranged from 71 g to 105 g for the materials tested.

In conclusion, the research is seen as a first step to-
wards development of a facial impact protection gear for
cyclists and a test procedure and performance criteria are
proposed. A number of materials to absorb the impact
energy are tested, and a concept design of a mask is also
presented to illustrate its form and how it is worn.
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