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Abstract: A fall from height is the main cause of serious injuries and fatalities in occupational and
work-related accidents, especially construction. Falls from scaffolds, ladders, or roofs are very frequent
accident scenarios. Especially for those falls from a height of 1 m to 6 m, the use of wearable smart
airbags has been proposed to mitigate possible torso injuries. In this study, a virtual assessment of such
an inflatable protector was conducted using numerical simulations and finite element human body
models in order to determine its impact-protection performance under realistic impact conditions
and identify its possible limitations. The findings obtained from the simulation study showed a
significant protective effect provided by the airbag, mitigating a multiple rib fracture scenario and
reducing the risk of internal organ injuries for those falling from four meters of height or less. The
use case analyzed in this research demonstrates the suitability of using a virtual environment not
only to evaluate current protectors but also to develop new protector devices, which could improve
occupational safety.

Keywords: occupational safety; fall from height; virtual assessment; airbag protector; human body

models; finite elements

1. Introduction

Occupational injuries are a public health issue and lead to huge medical and social
costs [1,2]. Among all unintentional injuries, work-related falls represent the second leading
cause of death worldwide after traffic accidents [3,4]. Frequently, occupational accidents
that lead to permanent disabilities and a high rate of fatalities occur within the construction
industry [5]. Among different construction accidents, falls are the leading cause of serious
injuries (48%) and fatalities (30%) [6]. In particular, a fall from height (FFH) is the main
cause of serious injuries and fatalities [7]. A fall from height represented 13% and 23.5% of
all occupational fatalities in 2021 in the USA and UK, respectively [8,9].

Previous studies found that falls from scaffolding [10], from ladders [11], and from
roofs are the most frequent causes of workplace injuries related to falls from height [12].
Regarding height, falls from 1 to 6 m in height were identified as one of the most common
accident scenarios [13,14]. According to the statistics published by the German Federal
Institute of Occupational Safety and Medicine (BAUA), between 2006 and 2015, 50% of
all fatalities reported due to a fall from height occurred from a fall between 2 and 5 m of
height [15]. In order to improve the safety of work conditions, many technologies and
countermeasures have been developed that could help predict, prevent, and mitigate the
risk of falls from height [16]. Some authors proposed the use of safety rule checking systems
to provide mechanisms to identify and analyze fall risks [17]. To prevent fall accidents,
some authors noted the necessity of specific training for workers [18,19]. The use of new
technologies such as augmented reality and virtual reality has already been suggested to
perform hazard simulations and visualizations, helping workers prepare better for potential
risks [20]. Prevention through design has already been proposed, avoiding fall risks by
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eliminating their causes in the early design and planning stages [21]. Other studies insisted
on the implementation of on-site precautionary measures such as reducing unguarded
openings and the use of personal fall arrest systems (PFAS) [22,23]. Additionally, modern
technologies, including sensors and alarm technologies, have been integrated into wearable
devices to enhance the effectiveness of traditional equipment [24]. However, despite the
known risk of severe injuries, many workers still do not use personal arrest systems [25].
Although skin and soft tissue injuries, as well as upper or lower extremity fractures, are the
most frequent injuries, the majority of severe injuries are located in the head and thorax
body regions [26].

The use of a safety helmet to protect the head has been associated with the prevention
of intracranial injury resulting from work-related falls from a height up to 4 m [27]. Ana-
logically to the helmet, wearable smart airbag protectors that are available on the market
have arisen as a possible solution to protect the thorax, providing impact absorption in
case of falls from 2 to 5 m in height [28,29]. A wearable smart airbag could be defined as an
inflatable protector covering the thorax and the back, which would be worn by the worker
and would be automatically activated when a fall from height was detected. The use of this
kind of protection system by motorcyclists to mitigate thorax injuries such as rib fractures
has been analyzed in previous works, showing limited protection [30-32]. However, the
possible benefit of the use of thorax protectors to prevent work-related thorax injuries due
to a fall has not been investigated. We propose to use numerical simulations in combination
with finite element human body models to evaluate this kind of protector, especially for
those situations that cannot be physically tested due to a high risk of injury. Numerical
models of the human body have been used previously for the assessment of other personal
protective equipment, such as motorcycle helmets [33,34], bicycle helmets [35,36], and
neck braces [37]. The objective of this study is to obtain, based on biomechanical criteria,
a preliminary estimation of the potential impact protection of a torso airbag under the
impact conditions of a fall from a height. More specifically, the study is meant to support
estimations of the fall heights at which protection can be expected when using an airbag
system with current technology.

2. Materials and Methods
2.1. Finite Element Models

The evaluation of the protection potential of an airbag for the torso was conducted
using finite-element numerical simulations. All simulations were conducted using the
human body model GHBMC M50 Detailed Pedestrian Version 1.6 [38], which is a cur-
rent state-of-the-art, finite element human body model formed of 1.25 million nodes and
2.35 million elements, comprising its 1005 parts. The model represents the anthropometry
of a 50th percentile male with a height of 1.75 m and a weight of 77.5 kg. The geometry of
this model was developed based on MRI and CT scans obtained from a male volunteer. This
human body model was equipped with a self-modeled generic airbag protector covering
the anterior and posterior sides of the torso (Figure 1). The generic airbag finite element
model, with a total of almost 29,000 elements, was modeled to imitate the geometry, shape,
and characteristics of the currently available commercial airbags. Once inflated, the airbag
reaches a thickness of 8 cm with a relative pressure of 0.6 bars for a total gas volume of 32 L.
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Figure 1. Anterior and posterior views of the GHMBC model equipped with the FE airbag model.
2.2. Simulation Study

The load case selected for this evaluation was the impact of the posterior side of the
human body against the ground due to a fall from a height. The human body model
was positioned at five degrees’ inclination to the ground to implement direct impact with
the ground. Six different fall heights (from 1 m to 6 m) were simulated, which, in terms
of impact conditions, means an impact was simulated at six different impact velocities
(Table 1).

Table 1. Simulated fall heights and their corresponding impact velocities.

Fall Height (m) Impact Velocity (m/s)

1 4.42
6.26
7.66
8.85
9.89

10.84

N Ul = W N

Each of those fall scenarios was simulated with and without an airbag in order to
obtain a direct comparison between the protected and the non-protected states. As the
focus of this study was to estimate the impact protection performance of a torso airbag, the
impact velocity was prescribed, and only the last milliseconds before the impact and the
impact phase itself were calculated. A total of 12 finite element numerical simulations were
implemented to determine the protection performance of a torso airbag under the impact
conditions of a fall-from-height impact situation. All simulations were conducted using the
LS-Dyna solver code.

2.3. Evaluation Criteria

Non-protected and protected impact situations were compared, focusing on three
biomechanical criteria: a strain-based analysis of the rib cage, the thorax deflection, and the
Viscous Response. A strain-based analysis was conducted to determine the possible number
of rib fractures. The ultimate strain values of 1.8% and 13% were set for the cortical and
trabecular bone rib materials, respectively [39]. The thorax deflection was also measured,
which allowed for the severity of skeletal injuries to be determined according to the
Abbreviated Injury Scale (AIS) through the application of the Compression Criterion [40,41].
The measurement of the thorax deflection also allowed for the maximal Viscous Response
to be calculated, as well as the following application of the Viscous Criterion to assess
the probability of a severe or more (AIS 4+) soft-tissue injury [42,43]. In addition to these
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biomechanical criteria, the acceleration at the vertebrae C7, T8, and T12 was measured to
estimate the possible reduction in the loads supported by the spine.

3. Results

The findings obtained from the simulation of a fall from 1 to 6 m height resulting in a di-
rect impact to the back without and with the airbag protector are reported in Tables 2 and 3,
respectively. It was possible to simulate the complete impact phase for all fall scenarios
except for the case of a fall from a height of 6 m without an airbag. In this case, a numerical
error interrupted the calculation due to some nodes having out-of-range forces in some
soft-tissue shoulder parts.

Table 2. Simulation results for six different fall heights without an airbag,.

Viscous Number of

Fall Height (m) Deflection (mm) Response (m/s) Max Acc C7(g) MaxAccT8(g) Max Acc T12 (g) Rib Fractures
1 37 0.51 174 200 196 0
2 46 0.87 237 359 373 2
3 50 1.1 258 474 534 4
4 55 1.46 361 575 694 6
5 57 1.72 533 475 603 7
6* 38 * 1.75*% 370 * 2046 ** 739 * 6*
* The simulation was interrupted due to a numerical error. Last calculated state. ** Low plausible value, probably
generated by a numerical error during calculation.
Table 3. Simulation results for six different fall heights with an airbag.
Fall Height (m) Deflection (mm) Viscous Max Acc C7(g) MaxAccT8(g) Max AccTI12(g) Number of
& Response (m/s) & 8 & Rib Fractures
1 27 0.16 107 50 46 0
2 33 0.25 122 67 53 0
3 39 0.4 156 133 100 1
4 48 0.87 249 220 206 2
5 49 1.15 542 446 393 4
6 50 1.48 691 648 612 6

The values of deflection without an airbag show low compression of the rib cage.
According to the Compression Criterion, an injury severity of AIS 1 would be reported
for those cases with a deflection above 55 mm. Therefore, for a fall from 1 m to 3 m, no
injury would be expected. For a fall between 4 and 5 m, the airbag would be able to reduce
enough the thorax compression obtained without the airbag (55 mm and 57 mm deflection,
respectively), reducing the injury severity from AIS 1 to AIS 0.

The maximal Viscous Response obtained from the fall scenarios without an airbag
tends to increase with the impact velocity, which means that it also increases with the fall
height. This tendency remains for simulations with airbags. However, in comparison,
the inflatable protector would be able to reduce all maximal Viscous Response values.
The possible benefit of the airbag according to this parameter is more evident after the
translation of the obtained maximal Viscous Responses into the probability of suffering
an AIS 4+ soft-tissue injury by applying the Viscous Criterion. For the case of a fall from
1 to 3 m, the maximal Viscous Response varies from 0.16 m/s to 0.4 m/s, all of which,
according to this criterion, could translate into a 0% risk of AIS 4+ injury. A positive effect
of the airbag is also observed by the reduction in the Viscous Response from 1.46 m/s to
0.87 m/s in a fall from a height of 4 m. This effect would be translated into a reduction in
the probability of severe injury, limiting this risk to 20% from an initial 95% probability. In
a fall from a height of 5 m, the Viscous Response would also be reduced from 1.72 m/s to
1.15 m/s; however, despite the airbag, a high risk of AIS 4+ still exists (65%). Although the
simulation from a 6 m height without an airbag was not totally completed, the preliminary
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value of 1.75 m/s would be reduced by the performance of the airbag, obtaining a 1.48 m/s
maximal Viscous Response. However, despite this improvement, the risk of a severe injury
would decrease by only 1% (from 100% to 99%) and, as a consequence, no significant
protection effect from the airbag is expected.

The effect of an airbag protector could also be observed at the maximal acceleration
values, measured at three different vertebrae (C7, T8, and T12). The airbag would be able
to considerably reduce the maximal acceleration measured at T8. Reductions of 75%, 81%,
71%, and 61% were observed for the cases of a fall from 1 m to 4 m, respectively. Similarly,
considerable reductions varying between 70% and 85% would be expected in the maximal
acceleration values measured at T12. However, the maximal acceleration mitigation would
not be as significant in a fall from a 5 m height at both vertebrae, where variations of 6%
and 34%, respectively, were reported. For a 6 m fall height, a reduction of at least 17%
would be expected at vertebra T12. The accelerations measured at C7 do not suggest such a
remarkable positive effect of the airbag when compared with the measurements carried
out at the thoracic vertebrae. For a fall from a height of up to 4 m, the reduction in the
acceleration values would be between 31% and 48%. In the case of a fall from a height of
5 m, the results with the airbag show a slight increase in the acceleration values.

Finally, the strain-based analysis of the rib cage from the simulations without an airbag
shows that a minimum of zero rib fractures would be expected in a fall from 1 m and a
maximum of 7 rib fractures would be expected in the case of falling from 5 m. As previously
mentioned, the simulation of a fall from a height of 6 m was interrupted due to a numerical
error. Considering the calculated time, at least six rib fractures would occur. The airbag
could reduce the number of rib fractures expected in a fall from a 2 m height from 2 to
0. The inflatable protector could also prevent the fracture of 3 and 4 ribs in the case of a
fall from 3 m and 4 m, respectively. A light mitigation effect could also be expected when
falling from a height of 5 m, where the number of rib fractures could be reduced from 7 to
4 ribs. Figures 2 and 3 show the strain contour plot of the rib cage corresponding to a fall
from a 4 m height without and with an airbag, respectively, as an example.

NO AIRBAG - Cortical Contour Plot NO AIRBAG - Cortical
Strain(P1 (major), Max)
Analysis system
Simple Average

Value Filter <=0.01800
1.800E-02
[ 1.600E-02
1.400E-02
— 1.200€-02
1.000E-02
[ 8.000E-03

6.000E-03
4,000E-03
2.000E-03

0.000E+00/ ¢

Figure 2. Strain values corresponding to the cortical bone of the human body model rib cage for a fall
without airbag from 4 m height.
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Figure 3. Strain values corresponding to the cortical bone of the human body model rib cage for a fall
with an airbag from 4 m height.

4. Discussion

In this research, a first evaluation of the impact protection performance of a torso
airbag under the impact conditions derived from a fall from height was performed. In a
numerical study, in combination with a finite element human body model, six different
fall heights were simulated to assess the possible benefit of wearing an inflatable protector.
The protection effect of the airbag was analyzed by comparing the non-protective and
protective impact situations according to three biomechanical criteria: thorax deflection,
Viscous Response, and number of rib fractures. In addition, the peaks in acceleration at
vertebrae C7, T8, and T12 were compared.

The results indicate that the effectiveness of the airbag in mitigating injury severity
varies depending on the fall height. A very positive effect of the airbag is observed in
the case of a fall between 1 and 3 m. For these fall heights, the airbag would be able to
reduce the Viscous Response, simultaneously eliminating the risk of severe soft-tissue
injury according to the Viscous Criterion. The airbag would prevent any rib fracture caused
by a two-meter fall, and only one fracture would be expected in the case of a three-meter fall.
The positive effect of the airbag can also be observed through the considerable reduction
in the acceleration peak at the spine, especially at T8 and T12. The significant influence
of the protection effect of the airbag was also observed in a fall from a height of 4 m. The
risk of AIS4+ soft-tissue injury, according to the Viscous Criterion, would be limited to
20%, and the airbag would reduce the number of rib fractures from 6 to 2. The acceleration
peaks would be decreased, varying from the 31% reduction found at vertebra C7 to the
70% reduction observed at T12. In a fall from a height of 5 m, the airbag would be able to
mitigate the impact’s severity but not significantly. Despite the airbag mitigation, the value
of the Viscous Response would mean a 65% risk of severe soft-tissue injury, and the fracture
of four ribs would still occur. In addition, a remarkable reduction in acceleration (34%) was
only observed at T12. As previously mentioned, the simulation of a fall from a 6 m height
without an airbag was only partially calculated; therefore, it was not possible to conduct a
direct comparison with the airbag simulation. Regarding the results obtained for the other
no-airbag simulations, the observed increasing trend of the considered parameters with the
increase in fall height suggests that, for a 6 m fall, these parameters would also increase.
Regarding the airbag simulation, six ribs would be fractured, and a 99% risk of an AIS 4+
injury was calculated; therefore, initially, a significant influence on injury mitigation caused
by the airbag would not be expected.
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The values of thorax deflection were low in all cases, and, according to the Compres-
sion Criterion, the highest values would not imply an injury severity level higher than AIS 1.
Thorax deflection measures the compression of the anterior part of the rib cage with regard
to the posterior part of the body, and the Compression Criterion was mainly developed
for injury severity assessments of frontal impacts. The low values obtained for this kind
of impact indicate a low deformation of the rib cage and suggest the low importance of
this parameter for posterior impacts when evaluating the airbag’s performance. However,
thorax deflection should be considered in the evaluation of the airbag under other load
conditions, especially during frontal impact. The low deflection values also indicate that
little energy was dissipated during the impact, caused by the deformation of the rib cage.
This state was confirmed during the strain-based analysis of the rib cage. Most of the rib
fractures were found at the posterior part of the rib cage and not at the anterior part or the
sides, suggesting a direct dissipation of the impact energy caused by breaking the bone
material. In addition, the acceleration peak values were found to be generally high for all
the impact situations. An explanation for these values could rely on the material of the
vertebrae in the model. The vertebrae are implemented with a rigid material, preventing
a break in this bone material; therefore, the absorption of impact energy is considerably
reduced and, in consequence, higher acceleration peaks are generated.

The findings presented in this research should be considered carefully because there
are some existing limitations. Firstly, in this study, only one impact scenario (a direct back
impact at an almost horizontal position) was considered in the evaluation of the protection
performance of the airbag. This scenario was selected first because the back was reported
as the part of the body that most frequently touches the ground in the case of a fall from
height [44]. However, for a deeper evaluation of the airbag’s protection performance, other
impact scenarios, such as side impact or frontal impact, should also be considered in further
studies. In addition, as the objective of this study was to evaluate the impact protection of a
torso airbag, only the impact phase was simulated, and a direct impact was assumed to be
the worst-case scenario without considering the fall kinematics or other possible secondary
impacts during the fall.

Another limitation of this study is that the airbag finite element model used for the
evaluation of the protection performance could not be fully validated. The finite element
airbag model used in this research is a generic model that was modeled by adopting
possible realistic parameters such as the pressure, thickness, and volume of currently
available commercial airbags, but it does not exactly reproduce a model that is available on
the market. Other factors, such as airbag ergonomics and the adjustments to fit the human
body, were not contemplated; therefore, its impact response might slightly differ from its
real behavior. In addition, this work was focused on the impact protection performance of
the airbag, and other important characteristics of smart personal protective equipment, such
as correct accident detection and the logarithm that manages the airbag activation, were
not considered. The impact situation was always calculated assuming full inflation of the
airbag at a prescribed pressure value, and possible alterations in the inflation process were
not considered. Nevertheless, taking these limitations to the airbag modeling into account,
it was possible to complete a realistic preliminary estimation of the impact protection
performance of such a protector, which could be representative of some of the products
that are available at present.

Some limitations of the human body model, GHBMC, should also be considered.
The model used for this study is derived from the occupant version and developed for
pedestrian accident scenarios. This means that the model is more oriented toward the
calculation of computational injury mechanics and the prediction of possible injuries in
body regions such as the head, neck, thorax, and low extremities than in the thoracic
part of the spine. Therefore, more efforts are needed to implement injuries to this body
region, especially regarding the modeling of bone material, the vertebral interaction, and
the kinematics of this part of the spine. In addition, the model that was used is what is
called a passive model. This means that no muscle activation was implemented in the finite
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element human body model during the simulation, and its possible effects on the results
were not analyzed. However, despite these limitations, the use of finite element human
body models and numerical simulations for the virtual assessment of personal protective
equipment or the simulation of different accident scenarios and loading conditions should
be considered a powerful tool for further development. The higher biofidelity, as well as the
more realistic kinematics of the human body models in comparison with anthropometric
testing devices, have already been demonstrated under diverse impact conditions [45,46].

5. Conclusions

The study presented in this paper showed the suitability of numerical simulations and
finite element human body models for the evaluation of personal protective equipment
for work-related activities. The virtual assessment of protectors enables the performance
of such a device to be analyzed in realistic scenarios that could not be performed with
volunteers due to the high risk of injury. In addition, the use of finite human body models
provides more biofidelity than any other kind of human body representation, such as
anthropometric test devices. To demonstrate the suitability of this method, the evaluation
of a torso airbag, which could mitigate the injuries derived from the impact produced
by a fall from height, was chosen as the use case in this study. After the simulation of a
back impact produced by falls from different heights, it was found that such an airbag
could provide significant protection for a fall from 4 m of height, mitigating the fracture
of multiple ribs and reducing the risk of severe injuries to the internal organs. Under the
conditions considered in this analysis, such an airbag system constitutes a form of potential
personal protective equipment.

The benefit of the virtual assessment of protectors using human models lies not only
in the determination of the performance limits of a protector but also in the implementation
of different parametric studies, which makes the development of more effective protective
equipment feasible.
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