
Flexural properties and shock-absorbing
capabilities of new face guard materials
reinforced with fiberglass cloth

Maxillofacial traumatic injuries sometimes occur in con-
tact sports such as soccer, rugby football, and American
football (1–5). The face guard (FG) has been introduced as
a protective device for the early and safe return to play of
athletes after sustaining maxillofacial traumatic injury,
and the effectiveness of FGs has been widely recognized
(6–16). However, the guidelines for FG fabrication have
not yet been established, and FGs have been fabricated
through trial and error withmaterials and designs selected
based on clinical usage (17).

A FG is required to fulfill the following three
requirements: (i) to protect the player from re-injury
(protection ability), (ii) to not hurt other players (safety),
and (iii) to not narrow the player’s field of vision
(maintain the performance) (9). In particular, the first
two requirements are stated in Article 4 of the Laws of
the Game for the Federation lnternationale de Football
Association (FIFA) as follows: ‘a player may use
equipment other than the basic equipment, provided
that the sole purpose is to provide physical protection
and that no danger is posed to the wearer or any other
players’ (18). It has already been reported that any
effects on the field of vision must be minimized to
maintain the performance (requirement 3), which is
illustrated by the clinical effectiveness of the FG design
based on objective data from visual field tests (19, 20).

According to a questionnaire given to the players after
FG usage, they were satisfied with the protective ability
of the FG but were dissatisfied with its fit, claiming that
it slipped off while playing and narrowed their field of
vision; therefore, thinner and lighter FGs are required. In
particular, professional players insisted on improvements
to the FG’s field of vision and bulkiness (16, 20).

Typically, thermoplastic resins have been used as the
FG material. The molding temperature of the thermo-
plastic resin is a very important aspect of the FG
fabrication process. If the required molding temperature
is low enough, then expensive vacuum and/or pressure
thermoforming machines are not required because the
materials can be easily molded using hot water and finger
pressure (12, 15–17). However, thermoplastic resins with
low molding temperatures exhibit relatively low mechan-
ical properties; therefore, FGs that use these thermo-
plastic resins are generally thicker than those that use
high molding temperature thermoplastic resins (21).

According to previous research on the impact absorp-
tion properties of FGs and mouth guards (22–25), a
combination of hard thermoplastic material and soft
cushioning material can provide remarkable shock
absorption properties. To further improve the capacity
for shock absorption, lining the inner surface of the hard
thermoplastic material with the cushioning material is
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Abstract – Aim: Experimental materials incorporating fiberglass cloth were used
to develop a thin and lightweight face guard (FG). This study aims to evaluate
the effect of fiberglass reinforcement on the flexural and shock absorption
properties compared with conventional thermoplastic materials. Material and
Method: Four commercial 3.2-mm and 1.6-mm medical splint materials
(Aquaplast, Polyform, Co-polymer, and Erkodur) and two experimental
materials were examined for use in FGs. The experimental materials were
prepared by embedding two or four sheets of a plain woven fiberglass cloth on
both surfaces of 1.5-mm Aquaplast. The flexural strength and flexural modulus
were determined using a three-point bending test. The shock absorption
properties were evaluated for a 5200-N impact load using the first peak intensity
with a load cell system and the maximum stress with a film sensor system.
Results and Conclusions: The flexural strength (74.6 MPa) and flexural modulus
(6.3 GPa) of the experimental material with four sheets were significantly greater
than those of the 3.2-mm commercial specimens, except for the flexural
strength of one product. The first peak intensity (515 N) and maximum stress
(2.2 MPa) of the experimental material with four sheets were significantly lower
than those of the commercial 3.2-mm specimens, except for one product for each
property. These results suggest that the thickness and weight of the FG can be
reduced using the experimental fiber-reinforced material.



more effective than placing the cushioning material on
the outer surface of the hard thermoplastic material.
However, the outer surface of the FG then has to be
covered with soft material to prevent injury to the wearer
and other players (15–18, 22). As a result, a thick FG
consisting of three layers narrowed the field of vision for
the wearing player (20). To solve this problem, a
reduction in the thickness of the hard thermoplastic
material was attempted by reinforcing the conventional
thermoplastic material with fiberglass. Thermoplastic
materials that are reinforced with fiberglass are widely
known as fiber-reinforced plastic (FRP) materials. This
study aimed to evaluate the effect of fiberglass reinforce-
ment on the flexural properties and shock absorption
capability compared with conventional thermoplastic
materials in an effort to develop a thin and lightweight
FG. The null hypothesis was that the flexural properties
and shock absorption capability of the 1.6-mm-thick
experimental FRP FG materials are not significantly
different from those of the 3.2-mm-thick commercial FG
materials.

Materials and methods

Four commercial thermoplastic resins for medical
splints, including Aquaplast (AP; Homecraft Rolyan,
Huthwaite, North Nottingham, UK), Polyform (PF;
Homecraft Rolyan), Co-polymer (CP; Advanfit,
Kumamoto, Japan), and Erkodur (ED; Erkodent,
Pfalzgrafenweiler, Germany), as well as two experimental
FRP materials, were examined. Thicknesses of 1.6 mm
(1/16 inch) and 3.2 mm (1/8 inch) were selected for the
commercial thermoplastic resins (Table 1). For CP and
ED, no 1.6-mm-thick products were available; therefore,
1.6-mm-thick specimens were prepared from 3.2-mm-
thick product using a hot press machine (modified AH-
1T; As One Co., Osaka, Japan) at 150�C for ED and
190�C for CP with a final compression load of 5000 N.

The softening temperatures of the commercial
thermoplastic resins were confirmed using the needle
penetration method. A 15 mm · 15 mm piece of each
1.6-mm-thick commercial thermoplastic resin was placed
on a stainless steel plate and heated in a hot air drying
oven (INCUBATOR CI-610; Advantec Co., Chiba,
Japan) at heating intervals of 5�C for a storage period
of 15 min. A penetration needle device (with a 2.0-mm-
diameter needle weighing 50 g) was placed perpendicular
to the surface of the thermoplastic resin. The softening
temperature of the material was determined as the
temperature at which the needle penetrated 1.0–1.5 mm
into the resin. Five specimens of each material were
evaluated.

Two experimental FRP materials were prepared from
AP and sheets of plain woven E-fiberglass cloth (M100X
104H; Unitika, Osaka, Japan; density: 100 g m)2) using
the heat press method: one containing two sheets of
fiberglass cloth with one sheet on each surface (AP-G2)
and the other containing four sheets of fiberglass cloth
with two sheets on each surface (AP-G4). A 3.2-mm-
thick AP sheet was prepared to a 250 mm length and
150 mm width using an ultrasonic cutter (Labo Sonic
Cutter model NE87; Nakanishi Inc., Tochigi, Japan).

A piece of AP was powdered by frost shattering using a
vibration mixer mill (MM301; Retsch GmbH, Haan near
Düsseldorf, Germany) and liquid nitrogen. The sheets of
fiberglass cloth were cut to 300 mm in length and
200 mm in width. The AP sheet was placed between
the fiberglass cloth sheets and pressed using a hot press
machine at 180�C with a final compression load of
6000 N. Additionally, powdered AP was sprinkled on
the area where the thermoplastic material poorly
impregnated the fiberglass cloth, and the material was
hot pressed again at a final compression load of 8000 N
to make it 1.5 mm in thickness. Therefore, the fiberglass
cloth was not exposed on the surfaces of either AP-G2 or
AP-G4.

Specimens for the three-point bending test (100 mm in
length and 15 mm in width) were prepared using an
ultrasonic cutter and waterproof abrasive paper. After
measuring the specimens with a micrometer (293-421-20;
Mitsutoyo, Kanagawa, Japan; minimum reading:
0.001 mm), the three-point bending test was conducted
with a support span width of 40 mm and a crosshead
speed of 1.0 mm min)1 using a universal test machine
(Model 1123; Instron, Canton, MA, USA). The data
from the three-point bending test were stored on a
personal computer. The flexural strength, flexural mod-
ulus, and bending load at a 1-mm middle-span deflection
per 1 mm specimen width (BL1) were calculated based
on the following equations using statistical software
(Series IX; Instron):

Flexural strength = 3Fl/2bh2

Flexural modulus = F1l
3/4bh3d

BL1 = F2/b

where F is the maximum load (N), l is the width of the
support span (mm), b is the width (mm) of the specimen,
h is the height (mm) of the specimen, F1 is the load (N) at
a point in the straight-line portion of the trace, d is the
deflection (mm) at load F1, and F2 is the load (N) at the
1-mm middle-span deflection. Five specimens of each
material were examined.

Specimens for the shock absorption test (100 mm in
length and 100 mm in width) were prepared using the
ultrasonic cutter and were covered with a sheet of
cushioning material (1.6-mm-thick Neoprne; Homecraft
Rolyan) on both sides using a cyanoacrylate adhesive.
The impact load of a freefalling object (500-g steel rod
with a 3/16-inch-diameter rounded end) from a height of
25 cm was applied to the specimens using an impact
testing machine (modified IM-201; Tester Sangyo Co.,
Saitama, Japan) (Fig. 1).

Two measuring systems were used: one was a load cell
system, and the other was a film sensor system. For the
load cell system, three dynamic compression load cells
(LMB-A-2KN; Kyowa Electronic Instruments Co.,
Tokyo, Japan) were placed 120� apart below a 10-mm-
thick stainless steel platform, and the specimen was
placed at the center of the platform. Changes in load
during and after the applied impact loading (with and
without specimens) were recorded via a sensor interface
(EDX-100A; Kyowa Electronic Instruments Co.) to a
personal computer using an analysis software
(DCS-100A; Kyowa Electronic Instruments Co.) at a
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sampling rate of 20 kHz. The sum of the loads recorded
by the three load cells was calculated, and the maximum
sum of the loads after the applied impact load was
registered as the first peak intensity. The results without
the specimen were recorded as a reference.

For the film sensor system, a precut type of film sensor
(Presheet: Prescale sheet type; Fujifilm Business Supply
Co., Tokyo, Japan) was placed under the specimen.
There were seven measurable pressure ranges of film
sensors; an appropriate sheet was selected for each
condition. The induced red patch at the load impact
point (with and without the specimens) was recorded
using a camera system (Data Shot FPD-100; Fujifilm
Business Supply Co.). The maximum stress and the
impressed area were analyzed by analysis software (Data
Shot FPD-100S; Fujifilm Business Supply Co.). The
results without the specimen were recorded as a refer-
ence. Five impact loads were applied for each specimen,
and five specimens were examined for each condition.
The obtained results were analyzed using one-way
analysis of variance with Tukey’s honestly significant
difference multiple comparison test; the analysis was
performed using statistical software (jmp ver. 9; SAS
Institute Inc., Cary, NC, USA) with a significance level
of 5%.

Results

The measured softening temperatures were consistent
among the five specimens for each material. The soften-
ing temperatures ranked as follows: AP (70�C), PF
(70�C), ED (150�C), and CP (190 �C).

Except for AP-G2 and AP-G4, none of the specimens
fractured during the three-point bending test; therefore,
the maximum stress during the test was considered the
flexural strength. The flexural strengths of the 1.6-mm
specimens ranged from 18.5 to 67.2 MPa, while those of
the 3.2-mm specimens ranged from 32.1 to 86.3 MPa.
The flexural strengths of the 3.2-mm specimens were
greater than those of the 1.6-mm specimens for the same
material. The flexural strength of AP-G4 was greater
than those of the 3.2-mm specimens, except for ED-32.

The flexural moduli of the commercial medical splint
materials ranged from 0.5 to 2.3 GPa but were fairly
consistent for the same material, regardless of thickness.
The flexural moduli of the experimental FRP materials
were greater than that of AP; the flexural modulus of
AP-G4 (6.3 GPa) was significantly greater than those of
the other materials.

The BL1s of the 1.6-mm specimens ranged from 0.12 to
0.56 N mm)1,while those of the 3.2-mmspecimens ranged
from 0.97 to 3.33 N mm)1. The BL1s of the 3.2-mm
specimensweregreater than thoseof the1.6-mmspecimens
when the same material was used. The BL1 of AP-G4
(1.35 N mm)1) was significantly greater than those of the
other specimens, except for PF-32, CP-32, and ED-32.

After the shock absorption test, an obvious trace of
the steel rod was observed on each specimen, and
extensive radial cracks from the trace were found on all
of the ED-16 specimens. The first peak intensity without
the specimen was 5256.5 ± 343.6 N, and the first peak
intensity decreased when the specimens were inserted.
The first peak intensities of the 1.6-mm commercial
medical splint specimens ranged from 923 to 1221 N and
were significantly greater than those of the 3.2-mm
specimens, which ranged from 415 to 571 N. The first
peak intensity of AP-G4 (515 N) was significantly lower
than those of the other 1.6-mm specimens but not
significantly different from those of the 3.2-mm speci-
mens, except for PF-32.

The maximum stress of ED-32 could not be deter-
mined because it was below the stress range of the film
sensor sheet. The maximum stresses of the 1.6-mm
commercial medical splint specimens ranged from 25.6 to
45.7 MPa and were significantly greater than those of the
3.2-mm specimens, which ranged from below 0.5 to
5.2 MPa. The maximum stress of AP-G4 (2.2 MPa) was
significantly lower than those of the 1.6-mm commercial
medical splint specimens and not significantly different
from those of the 3.2-mm specimens, except for ED-32.

The impressed stress distribution areas of the 1.6-mm
commercial medical splint specimens ranged from 34.8 to
47.5 mm2 and were significantly greater than those of the
3.2-mm specimens, which ranged from 0.0 to 29.2 mm2.
The impressed stress distribution area of AP-G4
(4.9 mm2) was significantly smaller than those of the
other 1.6-mm specimens and not significantly different
from those of the 3.2-mm specimens, except for ED-32
(Table 2).

Discussion

The 3.2-mm-thick thermoplastic resins for medical
splints that were examined in the present study were
used as FG materials in previous studies (12, 15–17, 19).
However, the available information of these thermoplas-
tic resins’ properties was limited. Although minimum
properties have not yet been established, FGs made with
a 3.2-mm thermoplastic resin have been successful in
clinical use. Therefore, the minimum requirements for
FG materials are considered to be the weakest values of
the 3.2-mm thermoplastic resins.

The measurement of the softening temperature was
important to understanding the moldable temperature

Fig. 1. Shock absorption test. The experimental force of impact
was applied by a free-fall drop and impact testing machine
(modified IM-201; Tester Sangyo Co., Saitama, Japan) that
consisted of a free-falling object (500 g) and a vertical rod.
Shock absorptions were comparatively assessed under the two
combinations of examination materials.
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(12, 17). The needle penetration test used in the present
study was easy to perform and confirmed the softening
temperatures. According to the softening temperature
results, AP and PF were confirmed to be formable using
hot water and finger pressure. Therefore, AP was
selected for the experimental FRP.

There are two types of fiberglass: short-rod fiberglass
and continuous fiberglass. Continuous fiberglass is
considered more effective at improving the mechanical
properties of the FRP material; therefore, fiberglass
cloths are commonly used for FRP. There are several
weave types for fiberglass cloths, such as plain, satin,
leno, and twill. Moreover, the density, thickness, and
mesh size of the fiberglass cloth influence the reinforce-
ment ability. Plain woven fiberglass cloth was selected
based on the penetration ability of thermoplastic resin
during pilot studies. The location of the fiberglass was
also an important factor for improving the mechanical
properties of the FRP. Embedding fiberglass on both
surfaces improved the toughness from 0.1 to 3.8 MPa
(26). Therefore, the fiberglass cloth was embedded on
both surfaces.

The three-point bending test was used to determine
the flexural strength, flexural modulus, and BL1. The
flexural strength is the maximum stress achieved during
the test, which indicates how much stress could be
applied before fracture. The flexural modulus is the
material constant of deflection, which represents how
easily the material can be bent within the elastic
deformation limits. The BL1 is also an indicator of
how easily the material can be bent and is defined as the
required load for a 1-mm-wide specimen to deflect 1 mm
(including both elastic and plastic deformation). The
1-mm deflection was selected because a common cush-
ioning material (1.6-mm-thick neoprne rubber) for FGs
could easily compressed to 0.6 mm without a heavy load
(12, 15–17, 22, 23). The flexural strengths, flexural
moduli, and BL1s of the 3.2-mm medical splint materials
showed similar values to those that were previously
reported (21). A constant cross-head speed was used for
the three-point bending test. The actual thicknesses of
the 3.2-mm medical splint materials were around
3.0 mm; therefore, the strain increasing ratio of the 3.2-
mm specimens was 6.6 (which is the cube of 3.0/1.6)
times greater than that of the 1.6-mm specimens.

A greater strain increase ratio generally increases the
flexural strength and modulus of a material with visco-
elastic properties. Consequently, the flexural strength
and flexural modulus of the 1.6-mm specimens were
lower than those of the 3.2-mm specimens; therefore, the
BL1s of the 3.2-mm specimens were expected to be 6.6
times greater than those of the 1.6-mm specimens. The
1.6-mm specimens might also show greater plastic
deformation than the 3.2-mm specimens. As a result,
the BL1s of the 3.2-mm medical splint materials were
between five and eight times greater than those of the
1.6-mm medical splint materials.

The experimental FRP material showed greater flex-
ural strength, flexural modulus, and BL1, and AP-G4
was better than AP-G2. The minimum required flexural
strength and BL1 were considered to be those of AP-32
(12, 15–17, 22). Taking these values into account, CP-16,
ED-16, AP-G2, and AP-G4 were determined to be
sufficient in terms of flexural strength, but only AP-G4
was sufficient in terms of BL1.

The load cell system used in the present study could
monitor the load transmitted below the FG materials
over time; therefore, the intensity of and change in the
impact load were recorded. The impact force required to
fracture the human maxillofacial bone has been reported
to be between 4930 and 5780 N (27); therefore, the
impact load of a free-falling object (500 g) from a 25-cm
height (5256 N) was used in the present study. The
impact load absorption capability, which is the ratio of
the decreased impact load by the FG material to the
original impact load, has often been discussed (22, 23,
28). Previous research using an impact load system
similar to that of the present study reported that the
impact load absorption capabilities of the medical splint
materials ranged from 85 to 88% (22). These results
agree with the results of the present study (89–92%).
There were no obvious relationships between the impact
load absorption capability and the flexural properties
(flexural strength, flexural modulus, and BL1).

The first peak intensities of the experimental FRP
(AP-G2 and AP-G4) were lower than those of the 1.6-
mm medical splint materials, and that of AP-G4 was
almost the same as those of the 3.2-mm medical splint
materials, except for PF-32. Reinforcement with
fiberglass cloth increased the flexural modulus of the

Table 1. Materials used in the present study

Type Product name Manufacture Composition Lot (thickness) Code

Commercial medical

splint

Rolyan Aquaplast Watercolors,

Solid Charcoal

Homecraft Rolyan Polycaprolactone 01003C12 (1.6 mm) AP-16

09608K02 (3.2 mm) AP-32

Rolyan Polyform, Solid. White Homecraft Rolyan Polycaprolactone NA (1.6 mm) PF-16

NA (3.2 mm) PF-32

Co-polymer sheet, Yellow Advanfit Polypropylene polyethylene CP NA (1.6 mm)
1

CP-16

NA (3.2 mm) CP-32

Erkodur, Clear Erkodent Polyethylene terephthalate NA (1.6 mm)
1

ED-16

10607 (3.2 mm) ED-32

Experimental material AP + fiberglass cloth (2 sheets) (1.5 mm) AP-G2

AP + fiberglass cloth (4 sheets) (1.5 mm) AP-G4

AP, Aquaplast; CP, co-polymer; ED, Erkodur; NA, not available; PF, polyform.
1
Prepared using 3.2-mm specimen.

4 Abe et al.
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experimental FRP, which suggests that the stress would
be widely distributed, causing the cushioning material to
compress beneath the FRP (14). As a result, the first
peak intensities of the experimental FRP showed lower
values.

The film sensor sheet can precisely record the impact
area by changing the color to red (29). From this
discoloration, the level of stress can be analyzed using a
camera or scanner and special software. Each film
sensor sheet has a limited range of sensitivity; therefore,
four types of film sensor sheets were used in the present
study. However, the impact area below 0.5 MPa and
over 130 MPa could not be detected. As a result, the
maximum stresses were measured for all except for the
reference and ED-32 tests. Generally, the specimen with
a lower maximum stress showed a smaller impressed
area. The FG material with a lower maximum stress is
preferable for protecting the injured area. Therefore, the
3.2-mm medical splint was more suitable than the 1.6-
mm medical splint. A decrease in the maximum stress
meant a good absorption of the impact load and an even
distribution of the impact load. As a result, the
maximum stress of ED-32 could not be detected because
it was under the threshold value of the film sensor. The
maximum stress and the impressed area of AP-G2 and
AP-G4 were lower than those of the 1.6-mm medical
splints, and AP-G4 showed a lower maximum stress and
smaller impressed area than AP-32. These results suggest
that AP-G4 possesses suitable shock absorption prop-
erties for FGs despite being relatively thin.

In the present study, two or four sheets of fiberglass
cloth were embedded in thermoplastic resin that could
be softened by hot water. The obtained results suggest
that reinforcement by fiberglass cloth is effective at
increasing the flexural strength, flexural modulus, and
BL1 and decreasing the first peak intensity, maximum
stress, and impressed area. AP-G4 showed better char-
acteristics than AP-32. If more sheets are embedded, the
characteristics might be even better; however, the
impregnation of thermoplastic resin into the fiberglass
cloth might be more difficult. Therefore, a new tech-
nique and a more easily moldable thermoplastic resin
are necessary to manufacture a FRP material with a
large number of fiberglass cloth sheets. If a medical
splint material with a higher softening temperature (CP
or ED) were used for the experimental FRP material, we
would expect the mechanical and shock absorption
properties of the material to be better; however, the
handling properties would be worse, and special equip-
ment would be required for manufacturing (6–9, 11, 13,
14). Thus, the null hypothesis, in which the flexural and
shock absorption properties of the 1.6-mm-thick exper-
imental FRP FG materials are not significantly different
from those of the 3.2-mm-thick commercial FG mate-
rials, was partially accepted. The results of the present in
vitro study were obtained using a simple plane-shaped
specimen. Therefore, the evaluation of FG materials
using more complicated face-shaped specimens should
be conducted in the future. Moreover, the minimum
property requirements for the FG materials have not
been established. Further research is needed to confirm
these properties.T
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The experimental material examined in the present
study was expected to reduce the thickness and weight of
the FG. Therefore, the clinical assessment of the thin and
lightweight FG using this experimental material is
necessary to determine whether players are satisfied with
the improvements in the field of vision and bulkiness of
this FG.

Conclusions

Within the limitations of this in vitro investigation, the
1.5-mm-thick experimental FRP material with four
embedded sheets of fiberglass cloth showed better or
similar mechanical properties and shock absorption
capability than the 3.2-mm-thick medical splint materi-
als. These results suggest that the thickness and weight of
the FG could be reduced using the experimental FRP
material.
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