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A B S T R A C T

It is accepted in industries that an industrial helmet should be disposed of when it is subjected to
a significant impact. There is no scientific evidence that supports this well-accepted belief. The
current study was intended to evaluate the shock absorption performance of industrial helmets
under repeated impacts. Common industrial or construction helmets are categorized as Type I
according to ANSI Z89.1 and they are designed to mainly protect top impacts. A representative
basic Type I construction helmet model was selected in the study. Helmets were repeatedly
impacted ten times using a commercial drop tower tester with an impactor (mass 3.6 kg) at
different drop heights from 0.30 to 2.03m. A total of 80 impact trials were performed in the
study. The relationships of the transmitted force with the drop height and with impact number
were analyzed. A new parameter – the endurance limit – was proposed to evaluate the shock
absorption performance of a helmet. The helmets were observed to experience cumulative
structural damage with increasing impact number, resulting in a degrading shock absorption
performance, when being impacted repeatedly with magnitudes greater than the endurance limit.
Repeated impacts with magnitudes smaller than the endurance limit did not cause measurable
cumulative structural damage to the helmets in our study.

1. Introduction

It is well recognized that traumatic brain injury (TBI) is a leading cause of death and disability among persons in North America
[1]. Approximately 7.3% of TBI cases identified from the Ontario Trauma Registry were work-related [2]. Based on a review of
coroners' records, about half of all workplace fatalities in Ontario were associated with TBI [3]. Work-related traumatic brain injury
(WrTBI) accounted for approximately 20% of traumatic occupational injuries and 60% of work-related deaths in Washington State
[4]. WrTBIs have been identified as one of the most serious workplace injuries among all work-related injuries in the United States
from 1998 to 2007 [5]. Most of WrTBI cases occurred in the construction industry [6,7]. Streets construction and heavy construction
trades have been identified as at the greatest risk for occupational fatalities due to impact-related head injuries [8]. Compared with
other types of injuries, WrTBIs are much more likely to result in disability and death [9]. Industrial or construction workers who were
wearing safety helmets at the time of a fall were less likely to sustain intracranial injury compared with workers not wearing a safety
helmet [2]. The use of helmets was considered as one of the important prevention strategies in constructions [8]. Occupational Safety
and Health Administration (OSHA) regulations for the construction industry require that employers shall ensure each employee wears
a protective helmet when working in areas where there is a potential for injury to the head from falling objects [10]. Since the shock
performance is the most important parameter for a helmet, there are strict regulations for the impact tests in different international
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standards [11–13]. However, it is not required in any standards to test a helmet with repeated impacts. The shock absorption
performance of industrial helmet under repeated impacts has not been analyzed.

Repeated head impacts are common in many sports activities. For example, football players on average receive 6.3 head impacts
per practice and as many as 14.3 head impacts per game [14]. The number of head impacts over the course of a season can reach as
high as 1400 [14]. Since it is not practical to replace a helmet after a head impact in many sports, researchers investigated the shock
absorption performance of different sports helmets. Tomioka et al. [15] performed repeated impact tests to study the effects of the
impact number on the performance of baseball helmets using an impact ball and a head model. They found that the acceleration
transmitted to the head model increased remarkably after the helmet received a large impact, which caused damage to the helmet's
liner materials. Mattacola et al. [16] tested equestrian helmets to evaluate the impact absorbing ability after multiple impacts to the
crown. Their results indicated that the equine helmets are incapable of meeting ASTM F1163 standard [17] after two impacts; and
they suggest that equine helmets should be replaced after an initial impact. Pearsall and Hakim-Zadeh [18] tested the impact
attenuation properties of five different hockey helmet models. They also observed gradual decreases in impact attenuation properties
(i.e. increase in peak acceleration transmitted to the head model), with increasing repeated impacts; and the degrading in perfor-
mance varied with helmet model due to the differences in the liner padding materials, shapes, thickness, and outer shell geometry.
Cournoyer et al. [19] performed repeated impact tests on American football helmets using a drop rig certified by the National
Operating Committee on Standards for Athletic Equipment (NOCSAE). They observed that American football helmets demonstrated a
measurable decrease in the capacity to attenuate linear acceleration after 100 impacts. However, even after multiple impacts, the
helmets' shock absorption performance was still within well-acceptable levels, and the helmets still maintained their protective
capacity against head injuries. Lam and Gates [20] performed repeated drop impacts of a DOT-approved motorcycle helmet using a
drop tower system in accordance with Federal Motor Vehicle Safety Standard (FMVSS) 218 [21]. They observed the degradation of
the protective ability of the helmets after a significant impact; however, the helmets still retained some protective capability even
after ten impacts. Swaren et al. [22] studied the shock-attenuation performance of Alpine ski helmets using two different liner
materials, i.e., expanded polystyrene (EPS) and expanded polypropylene (EPP). To our best knowledge, no study has been performed
to investigate the shock absorption performance of industrial helmets under repeated impacts.

Although it is not regulated by OSHA or in test standards, helmet manufacturers (e.g., 3 M Occupational Health and
Environmental Safety [23], MSA Safety [24], Columbia Safety and Supply [25], and ED Bullard Co [26]) recommend the replacement
of industrial helmets immediately after a significant impact. However, there is no direct scientific evidence in the literature to support
this generally-accepted rule. Although there are some studies on the performance of sports helmets in repeated impacts, the helmets
used in sports are different from industrial helmets in structure and material. The knowledge obtained in the studies involving sports
helmets cannot be directly transferred to industrial helmets. The purposes of the current study were to evaluate the shock absorption
performance of industrial helmets under repeated impacts and to verify if it is safe to reuse a helmet that has been subjected to an
impact. The knowledge obtained in our study would be essential to improve the current safety management in industries. Industrial
or construction helmets are categorized as Type I and Type II [11–13]. Type I helmets are designed to mainly protect top impacts and
they are commonly used in industries. A representative basic Type I construction helmet model was selected in the study. Our
hypotheses were that the performance of shock absorption of an industrial helmet will be compromised after a large impact and that
impacts of small magnitude will not cause structural damage resulting in the degradation of shock absorption performance.

2. Method

2.1. Experimental setup

Helmet impact tests were performed according to the Type I impact protocol in ANSI Z89.1 standard (ANSI/ISEA Z89.1, 2014):
the free-fall impactor impacts onto the fixed helmet [27]. The Type I helmet is designed to protect top impact by a drop object. A
commercial drop tower test machine (H.P. White Laboratory, Street, MD, USA), as illustrated in Figs. 1 and 2, was used in the tests.
The impactor, which is of aluminum and has a mass of 3.6 kg, is raised to a predetermined height and dropped freely in a guided rail;
and it impacts onto the helmet at the top crown. The helmet is fixed on a headform, which is of aluminum and has a mass of 3.64 kg.
A force sensor (Model 925M113, Kistler, Amherst, NY, USA) installed at the base of the headform was used to measure the forces
transmitted to the headform, and an accelerometer (Model 357B03, PCB Electronics, Depew, NY, USA) installed within the impactor
was used to measure the acceleration of the impactor during impacts (Fig. 2). Both force and acceleration data were collected at a
sampling rate of 25 kHz.

2.2. Test procedure and data processing

A typical, basic construction helmet model, which is categorized as Type I helmet according to ANSI Z89.1, was used in the
current study. The impact tests were performed at eight drop heights: 0.30, 0.61, 0.91, 1.22, 1.52, 1.83, 1.88, and 2.03m. Assuming a
free fall condition for the impactor, the impact velocity is related to the drop height by =v g h2 , with g and h being the grav-
itational acceleration and the drop height, respectively. The drop heights from 0.30m (1.00 ft) to 2.03m (6.67 ft), as tested in the
current study, were estimated to result in impact velocities from 2.4m/s to 6.3m/s. The selected range of the drop heights was
relevant to the test standard ANSI Z89.1. In ANSI Z89.1, the drop impactor reaches a velocity of 5.5 m/s just before impact, which is
equivalent to a drop height of 1.54m. In the tests, the drop height was varied from “low” to “high”, compared to the reference value
of 1.54m, with an increment of approximately 0.30m. For each of the trials, a new helmet was impacted ten times at a predetermined
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drop height; the helmet was then visually examined for structural damage after the tests. A total of 80 impact trials were performed.
In order to check the effects of the repeated impacts under low impact magnitude on the structural integrity, we performed the
standardized impact tests according to ANSI Z89.1 after the helmets were repeatedly impacted ten times at the four lowest drop
heights (i.e., 0.30, 0.61, 0.91, and 1.22m). A total of ten new helmets were used in the study: eight helmets were used in the repeated
impact tests and two helmets were used as the control in the standardized impact tests per ANSI Z89.1.

A pre-condition process was performed for each of the helmets before the repeated impact tests and data collection. In the pre-
conditioning, a helmet was placed on the headform, as in the impact test, and impacted three times by the impactor at a drop height
of about 10 cm (4 in). The transmitted force to the headform during the pre-conditioning was examined to make sure that the helmet
was securely fitted on the headform and the helmet's suspension system reached a steady state.

The raw time-history data of the transmitted force and acceleration were processed using a MATLAB program to find the maximal
peaks, which appeared in the primary impact. The relationships of the peak transmitted forces and peak acceleration with the drop
height and impact number were analyzed. In order to evaluate the helmet shock absorption performance, we proposed an impact
absorption coefficient (η), which is defined as η= Fmax/(mgh), with Fmax and m being the peak maximal transmitted force and the
impactor mass, respectively.

Fig. 1. Drop tower test machine. The drop tower consists of a pedestal, a headform, linear bearing rail, drop carriage, drop impactor, and lift
mechanism.

drop height

test headform

impactor, accelerometer

load cell

helmet

Fig. 2. Schematic of test procedure. The control parameter was the drop height; the acceleration of the impactor and transmitted force at the base of
the headform were measured.
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3. Results

In order to check the helmets' performance uniformity and test data repeatability, we did the standard Type I impact test in
accordance with ANSI Z89.1 using three new helmets. The drop tests were performed with an impactor of 3.6 kg and a drop height of
1.54m. We obtained a mean peak force of 2.53 kN with a standard deviation of 0.025 kN or 1%. The measured peak force (2.53 kN) is
well below the maximal acceptable force level (4.45 kN) and the standard deviation (1%) for the test data is extremely narrow,
indicating that the helmets have a high quality and a uniform performance. Therefore, we used only one helmet sample for each drop
height in the repeated top impact tests.

In the pre-conditioning treatment, force-time histories of each of helmets were monitored to check the helmet/headform fitting
condition. A set of representative raw data for a pre-conditioning treatment is shown in Fig. 3. The difference in the peak forces
between the first and the second loading cycle is approximately 11%, whereas between the second and the third loading cycle, the
peak force difference becomes<5%. Transmitted force measured in the headform base becomes repeatable after the second pre-
conditioning impact cycle. Before data collection, each of the helmets has been pre-conditioned by applying three small cyclic
impacts. We examined the force-time histories of each helmet during the pre-conditioning to make sure that the helmets reached a
“steady state” before the repeated impacts were applied.

Typical force-time histories of a helmet under repeated impacts for a low and a high drop heights are shown in Fig. 4A and C,
whereas the corresponding acceleration-time histories are shown in Fig. 4B and D, respectively. For the low drop height (i.e.,
h=0.91m), the transmitted force (Fig. 4A) and acceleration (Fig. 4B) did not increase under repeated impacts; the recorded time-
histories of the transmitted forces and acceleration for ten repeated impacts are distributed in narrow ranges. For the high drop height
(i.e., h=1.52m), the transmitted force (Fig. 4C) and acceleration (Fig. 4D) show little change for the first three impacts (n≤ 3), they
then increase dramatically with increasing impact numbers (n≥ 4). After the 5th impact (n≥ 5), the peak force (Fig. 4C) exceeds the
maximal acceptable value in ANSZ89.1 (i.e., Fmax>4.45 kN). We visually examined all helmets after the tests and did not see any
visual damage in the shell or in the suspension system.

The peak transmitted forces (Fig. 5A) and the impact absorption coefficient (Fig. 5B) for eight drop heights from 0.30m (1.00 ft)
to 2.03m (6.67 ft) are plotted as a function of the drop height. The peak transmitted force (Fig. 5A) increases slightly with the drop
height; and the peak transmitted forces for all tests are well below the maximal acceptable force value designated in the ANSI Z89.1
standard. The impact absorption coefficient, η, measures the transmitted force yielded by unit kinetic impact energy: lower η values
indicate better shock absorption performance. The impact absorption coefficient (Fig. 5B) decreases slightly with increasing drop
height and reaches its minimum around 1.88m. In ANSI Z89.1, the impact speed of the impactor (mass 3.6 kg) is designated as 5.5m/
s, which is approximately equivalent to a drop height of 1.54m.

The peak transmitted forces (Fig. 6A) and the impact absorption coefficient (Fig. 6B) for eight drop heights are plotted as a

Fig. 3. The representative time-histories of the force during the pre-conditioning of a helmet. The time-histories of force show that, after the second
cyclic loading, the measured force becomes repeatable.
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function of impact number. For the tests with drop heights from 0.30m to 1.22m, the peak transmitted force and impact absorption
coefficient change little with the impact number; and the transmitted force (Fig. 6A) is well below the maximal acceptable value of
4.45 kN as designated in ANSI Z89.1. When the drop height is> 1.52m, both peak transmitted force and impact absorption coef-
ficient increase with increasing impact number. The transition drop height is around 1.52m for this type of helmet. For the test with a
drop height of 1.52m (Fig. 6A), the peak transmitted force is within the acceptable range for the first four impacts, and then
increases, with increasing impact number, above the acceptable force value (for n>4). Our results show that 1.22m is a critical drop
height; and we name it as the endurance limit.

The effect of the impact number on the helmet's shock absorption performance is more clearly manifested in Fig. 7, in which the
peak transmitted force and impact absorption coefficient are plotted as a function of drop height for ten impact numbers. It is clear
that the peak transmitted force (Fig. 7A) and the impact absorption coefficient (Fig. 7B) change little with the increase in impact
number for drop heights less than the endurance limit. For drop heights> 1.52m, the peak transmitted force and impact absorption
coefficient increase with increasing impact numbers.

In order to further confirm if the low-magnitude repeated impacts will impair the shock absorption performance, we performed
the impact tests in accordance with ANSI Z89.1 (i.e., impactor mass 3.6 kg and drop height 1.54m) using the helmets that were
previously impacted ten times for drop heights of 0.30, 0.61, 0.91, and 1.22m. In Fig. 8, samples “a”, “b”, “c”, and “d” are helmets
that were previously impacted ten times at drop heights of 0.30, 0.61, 0.91, and 1.22m, respectively. Three new helmets were used as
controls. The peak transmitted forces of the helmets increased from about 2.53 kN for the new helmet to about 2.66 kN for a helmet
that was previously subjected to ten repeated impacts with a drop height of 1.22m (Fig. 8A). The effect of repeated impacts on the
helmet's shock performance is more clearly illustrated in the plot of the normalized peak transmitted forces (Fig. 8B). The increase in
the peak transmitted forces of the helmets caused by the previous repeated impacts tends to increase with the increasing impact
intensity in the repeated impacts. For the helmet sample “d” (Fig. 8B), which was previously tested with ten repeated impacts at a
drop height of 1.22m, the peak transmitted force increased by about 5% compared to the new helmet. The peak transmitted forces of
all helmet samples are well below the maximal acceptable impact force 4.45 kN, as specified in ANSI Z89.1.

Fig. 4. The representative time-histories of the forces and accelerations for low repeated impacts (h=0.91m) and high repeated impacts
(h=1.52m). For the low drop height (h=0.91m), the magnitudes of the transmitted force (A) and acceleration (C) do not increase under repeated
impacts; for the high drop height (h=1.52m), the transmitted force (B) and acceleration (D) increase with increasing number of impacts.
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4. Discussion and conclusion

It is well-accepted that an industrial helmet should be disposed of when it is subjected to a significant impact. However, there is no
scientific study in the literature that supports this well-accepted belief. In the current study, we confirmed, for the first time, that an
industrial helmet will experience structural damage under repeated impacts of significant magnitude. Further, we proposed a sys-
tematic approach to determine the magnitude of the significant repeated impact that will cause structural damage to the helmet. The
proposed approach, if accepted by industries, will conceptually change existing test standards and will improve the existing safety
management practice.

Our results suggest that the shock absorption performance of a helmet is dependent on a parameter – the critical drop height or
endurance limit. For the tested helmet model, the endurance limit is at a drop height of approximately 1.22m, which is equivalent to
a potential impact energy of 43.1 J (for the current test with an impactor mass of 3.6 kg). The endurance limit represents a parameter
of the shock absorption characteristics or the endurance for the helmet under repeated impacts. If a helmet receives repeated impacts
of a magnitude greater than the endurance limit, it will experience cumulative structural damage with increasing impact number,
resulting in a degradation in shock absorption performance. In other words, if an industrial helmet is subjected to an impact that is
greater than the endurance limit, the helmet's shock absorption performance will be compromised and the helmet would not be safe

Fig. 5. The peak transmitted force and impact absorption coefficient as a function of drop height for the first impact. A: The peak transmitted force.
B: The impact absorption coefficient. The tests were performed at eight drop heights from 0.30 m (1.00 ft) to 2.03m (6.67 ft), which resulted in
impact velocities from 2.4m/s to 6.3 m/s. The drop height of 1.54m is the test condition designated in ANSI Z89.1. The peak transmitted force
increases slightly with the drop height, and the peak force magnitudes are well below the maximal acceptable value (4.45 kN) designated in the
ANSI Z89.1 standard. The impact absorption coefficient decreases slightly with increasing drop height.
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to use anymore.
Our results show that repeated impacts with magnitudes below the endurance limit (1.22m in the current study) will slightly

degrade shock absorption performance (Fig. 8). However, the helmets were still able to pass the standard test and could still be safe to
use. The peak transmitted forces of the helmet that had been previously subjected to ten repeated impacts with a drop height of
1.22m – the endurance limit – reached 2.66 kN, which is still 40% smaller than the maximal acceptable force level in ANSI Z89.1.
Our observations are consistent with the studies on American football [19] and motorcycle [20] helmets, in which the helmets'

Fig. 6. The peak transmitted forces and impact absorption coefficient as a function of impact number for eight different drop heights. A: The peak
transmitted force. B: The impact absorption coefficient. For drop heights from 0.30m to 1.22m, both peak transmitted force and impact absorption
coefficient vary little with the impact number. For drop heights> 1.52 m, both peak transmitted force and impact absorption coefficient increase
with increasing impact number.
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performances were found to decrease after repeated impacts, but they still retained protective capability.
The phenomenon of the deterioration of the shock absorption performance of a helmet under repeated impacts is comparable to

fatigue in material science. Most common engineering materials, such as steel, aluminum, and titanium, will experience fatigue when
subjected to repeated loading and unloading. The stress values that cause the material fatigue damage is usually much less than the

Fig. 7. The peak transmitted forces and impact absorption coefficient as a function of drop height for ten repeated impacts. A: The peak transmitted
force. B: The impact absorption coefficient. The peak transmitted force and the impact absorption coefficient change little with the impact number
for drop heights up to 1.22m. Both peak transmitted force and the impact absorption coefficient increase with the impact number for drop
heights> 1.52m. The drop height designated in ANSI Z89.1 is 1.54m.
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strength of the material, typically defined by the ultimate tensile stress or the yield stress limit. For many common engineering
materials, such as steel and titanium, there is a parameter called fatigue limit or fatigue strength – a stress amplitude below which the
material will not fail for any number of loading cycles. The endurance limit of a helmet, as we proposed in the study, is very much
comparable to the fatigue strength of a material. Also, the magnitude of the endurance limit for repeated impacts of a helmet is
smaller than the required impact magnitude in the test standards. In the current study, the endurance limit for repeated impacts on
the helmet is estimated at 1.22m, which is less than the drop height of 1.54m, as designated in ANSI Z89.1.

Our results indicate that visual examination is not a reliable way to assess a helmet's shock absorption performance. In our tests,
even the helmets that showed extremely degraded shock absorption performance in the repeated impacts showed little or no visual
damage. At construction sites, it is likely that industrial helmets are sometimes abused, causing structural damage to the helmets. It is
possible that damaged helmets are not disposed of immediately and are reused, since structural damage in a helmet may usually not
be visible. In these scenarios, workers' safety may be at risk. Therefore, there is a need to develop a “smart” helmet that would be able
to sense impacts it receives and that should be able to indicate if the helmet is still safe to use.

A limitation of the current study is that we tested only one selected helmet model from a particular manufacturer. Different
helmets may have different performance characterization curves if tested using the proposed approach. In addition, we tested the
helmets only in top impacts. This is sufficient for Type I helmet, which is designed to protect the top impact and is not required to test
for the lateral impacts according to any test standards [11–13]. However, if the proposed method is applied to Type II helmet models,
the shock absorption performances for lateral impacts should be evaluated. The robustness and stability of the proposed methodology
have not yet been verified using different helmet models from different manufacturers.

The shock absorption mechanism in Type I helmets is different from that in Type II helmets. In Type II industrial helmets and most
sports helmets, impact shock is mainly absorbed by the liner materials, which are made of foam materials, typically expanded
polystyrene or polypropylene [22]. Repeated impacts would likely cause micro-cracks to nucleate and form larger cracks in the
materials and further lead to cracking propagation. In the Type I helmet, as tested in the current study, the shock impact is absorbed

Fig. 8. Comparison of the peak transmitted forces of helmets that have been subjected to low-magnitude repeated impacts to that of new helmets. A:
The peak transmitted force. B: The normalized peak transmitted force. The drop height was 1.54 m, as designated in the ANSI Z89.1 standard. The
average of the peak transmitted forces of three new helmets was used as control. Samples a, b, c, and d are helmets that were previously impacted
ten times with an impactor (mass 3.6 kg) for drop heights of 0.30, 0.61, 0.91, and 1.22m, respectively.
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by the suspension belt system. Repeated impacts would likely cause breaking of the micro-fibers within the suspension belt and may
also cause the initiation of micro cracks in the helmet shell where the suspension system is attached. Also, the suspension belts tend to
become stiffer under repeated stretching, reducing their shock absorption capacity. Therefore, the test methodology developed in the
current study needs to be further verified using Type II helmets and also using Type I helmets by different manufacturers.

In summary, we analyzed the shock absorption performance of industrial helmets under repeated impacts at different intensity
levels. We proposed a systematic approach to evaluate the shock absorption performance of industrial helmets for repeated impacts.
We demonstrated that if a helmet is subjected to repeated impacts of a magnitude greater than certain critical potential impact energy
– the helmet's endurance limit, the helmet will experience cumulative structural damage, resulting in a degradation of shock ab-
sorption performance. However, repeated impacts of magnitudes smaller than the endurance limit did not cause measurable cu-
mulative structural damage to the helmets in our study. The current study for the first time confirmed, via strict engineering ap-
proach, that an industrial helmet will experience structural damage under repeated impacts of significant magnitude.
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