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ABSTRACT 

This study examines the impact attenuation performance of airbags of different shapes, thicknesses, and 

internal pressures to assess their effectiveness in hip protection. Three distinct airbag shapes are examined 

and analyzed under different thicknesses and pressures, with experimental tests conducted to assess the 

relationships between thickness, pressure, stiffness, and impact absorption efficiency. The results reveal 

that increasing the thickness of the airbag significantly reduces the peak impact force, while higher 

internal pressure increases stiffness but does not always lead to improveδ impact attenuation. Among the 

three airbag shapes, the torus-shaped airbag demonstrates the lowest peak impact force and the highest 

impact absorption efficiency. Additionally, airbags maintained at atmospheric pressure (0 psi) exhibit the 

greatest impact absorption efficiency, followed by those at 3 psi and 6 psi, respectively. Comparing existing 

studies on traditional hip protectors, the results indicate that airbags provide a superior reduction in 

impact force. Unlike conventional hip protectors, which primarily rely on direct force absorption, the torus 

airbag employs an off-loading mechanism to dissipate impact energy, thereby enhancing its protective 

performance. These findings suggest that airbag-based protective systems could serve as an innovative 

solution for reducing fall-related injuries. 

Keywords-fall; hip fracture; airbag; impact force 

I. INTRODUCTION  

Osteoporosis is more common in older individuals and can 
affect various parts of the body, such as the jawbone [1], hip, 
and other skeletal regions. Older adults with osteoporosis are at 
a significantly higher risk of hip fractures due to falls. Public 
health data indicate that falls are prevalent among the elderly, 

often resulting in severe injuries and even fatalities [2]. Hip 
fractures in older adults are a major contributor to morbidity 
and mortality. Studies have shown that the lifetime risk of 
sustaining a hip fracture is 23.3% in women and 11.2% in men 
[3]. The average life expectancy after experiencing a hip 
fracture is approximately six years [4], with a one-year 
mortality rate reaching up to 26% [5], and the highest risk 
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occurring within the first six months. Moreover, patients who 
survive hip fractures often suffer from chronic pain for one to 
two years post-fracture [6]. Only 40% of patients regain 
independent ambulation one year after the injury [7]. Currently, 
there are three methods for preventing hip fractures from falls: 
Compliant Flooring, designed to absorb impact in the case of a 
fall and reduce the force exerted on the hips or head by up to 
50%. However, trials in elderly care facilities have shown that 
it has not yet clearly reduced injury rates. Experiments in long-
term care facilities have found that, although this type of 
flooring does not increase fall rate, it does not significantly 
reduce injury rate in long-term care [8]. Passive Wearables, 
such as hip protectors, use cushioning materials to help absorb 
the impact force in the case of a fall. Their primary advantages 
are low cost and ease of production. However, there are 
challenges with their acceptance among the elderly due to 
discomfort and inconsistent use. Moreover, research indicates 
that adherence to recommendations for wearing hip protectors 
often decreases over time, which is a significant issue for the 
long-term use of passive protective devices [9]. Active 
wearables, such as belts with airbags, are equipped with falling 
detection sensors. When a fall is detected, the system rapidly 
inflates the airbags to protect the hips before impact. Authors in 
[10] conducted a study in a long-term care setting, 
demonstrating that an active smartbelt system with automated 
airbag deployment successfully reduced the force of hip impact 
during falls. The study also showed high adherence among 
elderly users, addressing a common limitation seen in passive 
hip protectors. This indicates that active wearable devices not 
only offer superior impact mitigation but are also more likely to 
be consistently used in daily life, making them a promising 
solution for fall-related hip fracture prevention in older adults. 
Additionally, laboratory studies suggest that these devices have 
the potential to significantly reduce impact force during falls 
[11]. Authors in [12] investigated impact reduction using six 
types of hip pads and airbags, with experiments being 
conducted on a hip impact simulator. The results indicate that 
airbags significantly outperform conventional hip pads in 
absorbing impact forces, suggesting that emerging wearable 
technologies could play a crucial role in preventing hip 
fractures in high-risk populations. 

Airbags are modern hip protection devices that offer higher 
protective efficiency compared to hip pads. Studies on the 
structure of hip protection belts with airbags identify three 
main components: sensors, a gas inflation mechanism, and the 
airbag. Historically, researchers have primarily focused on 
sensor-related studies. Previous studies [13-15] have explored 
the development of fall detection algorithms using acceleration 
and angular velocity signals, along with testing airbag systems 
that employ gunpowder for rapid inflation. The design and 
development of fall detection algorithms utilizing various 
sensors and spring-trigger mechanisms that release cold gas to 
inflate airbags is then proposed by studies [16-17], which found 
that these methods are safer and more portable than 
gunpowder. Those general sensors are MEMS-based IMU 
sensors and three-axis accelerometers (MPU-6050 modules). 
Further studies [18-20] introduced wearable sensor-based 
systems for fall detection with notification systems. While 
some focused on activity recognition using deep learning 

algorithms [18], others implemented real-time alert 
mechanisms to notify caregivers via SMS, with certain systems 
also integrating airbag deployment for enhanced protection 
[19-20]. 

While these works have advanced fall detection 
technologies and inflation mechanisms, limited attention has 
been given to the design parameters of the airbags themselves, 
such as shape, thickness, and internal pressure—factors that are 
directly related to impact attenuation. Although some studies 
have reported airbag sizes, such as 250 × 450 mm with a 10-
liter gas capacity  [13] or 900 × 260 × 75 mm with a 12-liter 
capacity [17], there is little discussion about the rationale 
behind these dimensions. Several studies did not specify the 
size or shape of the airbags at all, relying solely on images [16, 
19-20]. Most existing research has employed rectangular 
airbags without justification for their design choices. In 
addition, the impact absorption performance of these airbags is 
often not empirically validated, raising concerns that 
improperly designed airbags may fail to prevent serious injury. 
While authors in [12] conducted impact force testing, the study 
was limited to a single airbag design, lacking variation in 
airbag shape or configuration. These limitations highlight a 
significant knowledge gap in the current literature regarding 
how airbag shape, size, and internal pressure interact to 
influence mechanical response and impact attenuation. 

Therefore, the current study aims to investigate the key 
design parameters of hip-protection airbags using a hip impact 
simulator. The parameters under investigation include shape 
(cubic, cylindrical, toroidal), thickness (50, 70, 90 mm), and 
internal pressure (0, 3, 6 psi). To the best of the authors’ 
knowledge, previous studies have not simultaneously analyzed 
these three variables in the context of hip-protection airbag 
design. Exploring these parameters will help fill the knowledge 
gap related to airbag design for hip protection. The findings 
from this study are expected to benefit researchers, developers, 
and manufacturers in advancing more effective airbag-based 
systems for hip fracture prevention in the future. 

II. MATERIALS AND METHODS 

The airbags used in this study are made from 100% nylon 
fabric coated with Polyurethane (PU) to make them both water-
repellent (W/R) and waterproof (W/P), with a thickness of 0.1 
mm. The airbags are stitched with two layers and shaped into 
three forms: cubic, cylindrical, and torus; each shape maintains 
a constant cross-section with an approximate surface area of 
38,000 mm², as illustrated in Figure 1(a). Each shape has a 
thickness of 50, 70, and 90 mm, as shown in Figure 1(b), 
identified in this study as T50, T70, and T90, respectively, 
culminating in a total of nine airbag samples. After stitching, 
the seams are coated with an acrylic resin adhesive combined 
with a hardening agent. The same type of fabric is then 
attached along the seams. The airbag is then connected to a PU 
air hose with an Outer Diameter (OD) of 8 mm and an Inner 
Diameter (ID) of 5 mm. 
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(a) 

 
(b) 

Fig. 1.  (a) Airbag dimensions by shape, (b) thickness, or (c) top and 
bottom distance. 

A. Physical Properties  

The physical properties examined in this study included the 
increased volume and dimension (thickness and width) only 
before impact testing of the airbags under each pressure 
condition. Dimensional Measurement: The height and width of 
the airbags were measured at 0, 3, and 6 psi using a Vernier 
Height Gage to quantify the changes in their physical 
dimensions under increasing internal pressure. Volume 
Measurement: The airbags were inflated to pressures of 0, 3, 
and 6 psi using a pressure gauge (scale: 0–14 psi, resolution: 
0.2 psi). Each airbag was then submerged in a water-filled 
container, displacing a measurable amount of water. The 
displaced water volume was recorded to determine the total 
airbag volume at each pressure level. The data obtained from 
these measurements are summarized in Tables I and II, which 
present the variations in dimensions and volume across 
different airbag shapes and pressure levels. 

B. Mechanical Testing 

In this study, mechanical testing of the airbags under each 
condition was conducted to evaluate stiffness using a 
compression method. A universal testing machine (Model 
Instron 8872), illustrated in Figure 2, was used to determine the 
relationship between compressive force and airbag 
displacement in each condition at a compression speed of 100 
mm/min. The tests were conducted within a force range of 0 to 
1000 N. The equations for the force-displacement relationship 
of each airbag were derived using SigmaPlot software. The 
equations were subsequently employed to determine the 
stiffness [21]. Each airbag was tested at three different 
pressures: 0, 3, and 6 psi, with a total of 27 experiments 
conducted. 

C. Drop Testing Apparatus 

Figure 3 displays the construction of the testing apparatus 
designed to simulate the impact forces on the femoral bone in 
compliance with the specific published research [22, 23] and 
the Canadian standard (CSA). This setup employed a test mass 
of 28 kg, which was chosen based on biomechanical studies to 
approximate the effective mass of the pelvis during a sideways 
fall (22–33 kg). Studies have shown that approximately 25–
35% of total body mass contributes directly to the impact at the 
greater trochanter during sideways falls [23]. The system 

included a spring with a stiffness of 47 kN/m and a length of 
370 mm. The impact plate measured 200 mm in diameter, 
differing from the standard since the original design was 
intended for smaller hip pads rather than the airbags tested 
here. Therefore, the researchers adjusted the size to better 
accommodate the airbags. 

 

 
Fig. 2.  Compression testing of airbags. 

The mass was held by an electromagnet before being 
released for testing. The hip model was cast from aluminum, 
with the force on the hip model measured by a load cell (Kistler 
type 9321B Fz max ±10 kN). The tissue layer was composed of 
RA-325 silicone mixed with a silicone accelerator at a ratio of 
1.5%-2% of the silicone weight, and the impact area was 
designed to have a thickness of 24 mm. 
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Fig. 3.  Drop tower test set. 

In this experiment, a steel mass was dropped from a height 
of 460 mm onto the tissue to measure the impact force in an 
unpadded condition. The drop height was determined based on 
the impact velocity used in the experiment, which was set at 3 
m/s, following the findings of [23], where the average impact 
velocity of the hip was reported as 3.01 m/s. This resulted in an 
impact energy of 126 J, which aligns with the reported impact 
energy range of 100–200 J in actual falls [23]. Following this, 
the airbag was placed on the tissue to evaluate the impact force, 
with a low impact force indicating effective reduction by the 
airbag. Each airbag was tested at three different pressures: 0, 3, 
and 6 psi, with each test repeated three times, resulting in a 
total of 81 trials.  

III. RESULTS AND DISCUSSIONS  

A.  Physical Properties 

This section focuses on examining two key aspects of the 
airbags’ physical properties: size and volume, as portrayed in 
Figure 4. Specifically, the Percentage Change in Airbag 
Dimensions (PCAD), including thickness, width, and volume 
was calculated using: 

����  

=
���	�
�� ����
���
 � ��
�� ����
���


���	�
�� ����
���

× 100 (1) 

The results indicate that an increase in airbag pressure leads 
to a corresponding increase in the percentage change for both 
thickness and width, as demonstrated in Table I. However, the 
increase in thickness was notably more pronounced compared 
to the change in width, which remained relatively marginal.  

Regarding the percentage increase in thickness, the cubic 
airbag exhibited a substantial increase, ranging from 
approximately 54% to 122%, while the cylindrical airbag 
exhibited an increase of approximately 47% to 112%. In 

contrast, the torus airbag displayed a relatively modest increase 
in thickness, ranging from approximately 12% to 30%. 
Conversely, the percentage increase in width was markedly 
lower across all airbag shapes. The cubic airbag showed a 
width increase of approximately 0%-6%, the cylindrical airbag 
an increase of approximately 0%-5%, and the torus airbag an 
increase of only 0%-1%. 

 

 
Fig. 4.  Airbag expansion. 

The findings suggest that an increase in thickness has a 
more significant impact on airbag expansion compared to an 
increase in width. This discrepancy can be attributed to the 
reduced constraint on expansion along the top and bottom 
surfaces of the airbags, allowing for greater deformation, while 
the expansion along the sides was more restricted. 
Consequently, the airbags predominantly expanded in the 
thickness direction. This behavior aligns with previous research 
indicating that cylindrical shapes exhibit greater resistance to 
internal pressure compared to cubic shapes [24-26]. As 
emphasized in [27], the superior pressure resistance of 
cylindrical structures tends to be consistent with their 
fundamental geometric and structural characteristics. However, 
this study reveals that the torus-shaped airbag exhibited even 
better pressure resistance than the cylindrical design. 

The percentage change in airbag volume relative to the 
initial volume is presented in Table II .The data indicate that as 
pressure increases, the percentage of volume expansion also 
increases. Specifically, the cubic airbag exhibits a volume 
increase of approximately 40%-140%, the cylindrical airbag 
shows an increase of approximately 22%-113%, and the torus 
airbag demonstrates a more modest increase of approximately 
22%-73%. These observed changes in volume are attributed to 
alterations in both thickness and width. 
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TABLE I.  CHANGES IN THICKNESS AND WIDTH DIMENSIONS OF THE AIRBAGS UNDER PRESSURE 

Airbag 

0 psi 3 psi 6 psi 

Thickness Width Thickness Width Thickness Width 

(mm) (%) (mm) (%) (mm) (%) (mm) (%) (mm) (%) (mm) (%) 
Cubic T50 98 96.00 195 0.00 105 110.00 197 1.02 111 122.00 200 2.56 
Cubic T70 119 70.00 200 2.56 124 77.14 205 5.12 132 88.57 208 6.66 
Cubic T90 139 54.44 201 3.07 146 62.22 205 5.12 155 72.22 208 6.66 

Cylindrical T50 93 86.00 220 0.00 99 98.00 224 1.81 106 112.00 227 3.18 
Cylindrical T70 114 62.85 221 0.45 121 72.85 227 3.18 133 90.00 230 4.54 
Cylindrical T90 133 47.77 223 1.36 141 56.66 227 3.18 148 64.44 232 5.45 

Torus T50 60 20.00 228 0.57 63 26.00 229 1.01 65 30.00 229 1.01 
Torus T70 81 15.71 228 0.57 84 20.00 229 1.01 85 21.42 230 1.45 
Torus T90 101 12.22 229 1.01 104 15.55 229 1.01 106 17.77 230 1.45 

 

 

 
Fig. 5.  Graphs of the relationship between force and displacement.

As pressure increases, both dimensions expand, resulting in 
a corresponding increase in airbag volume. However, when the 
thickness of the airbag increases, the percentage change in 
volume decreases. This trend is consistent with the reduced 
percentage change in thickness observed under these 
conditions. The primary reason for this behavior is that changes 

in width are considerably smaller compared to changes in 
thickness, thereby limiting the overall extent of volume 
expansion. 
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TABLE II.  PERCENTAGE VOLUME INCREASE FROM THE 
AIRBAG DESIGN UNDER PRESSURE 

Airbag 0 psi (%) 3 psi (%) 6 psi (%) 

Cubic T50 86.76 106.77 140.13 
Cubic T70 42.93 61.99 81.05 
Cubic T90 40.81 66.75 85.28 

Cylindrical T50 80.24 100.27 113.62 
Cylindrical T70 52.58 71.66 81.19 
Cylindrical T90 22.38 33.51 48.34 

Torus T50 46.96 53.64 73.68 
Torus T70 24.06 33.60 52.68 
Torus T90 22.46 33.60 48.44 

 

B. Stiffness Properties  

Figure 5 displays the results of the mechanical property 
tests, illustrating the correlation between force and airbag 
deflation distance. A comparison of different pressure levels 
indicates that higher pressures yield steeper slopes, reflecting a 
greater rate of force increase for the same displacement. 
Furthermore, when comparing airbags of varying thicknesses, 
it was observed that greater thickness results in a reduced slope 
of the graph. These results are consistent with those of previous 
studies [21, 28], where it was suggested that increasing the air 
mass within the airbag (or increasing the pressure) leads to 
greater force and stiffness while maintaining constant 
displacement. Additionally, it is evident that the graph for the 
torus airbag exhibits a linear trend, whereas the graphs for the 
cubic and cylindrical airbags display a curved pattern. 

The mechanical properties of the airbags are illustrated 
through two types of graphs: linear and curved. These 
relationships can be mathematically expressed using curve 
fitting under a polynomial equation format, as demonstrated in: 

� = �� + �� + ��� + ��    (2) 
The torus airbag adheres to a linear equation, representing a 
first-degree, while the cubic and cylindrical airbags, 
characterized by curved graphs, correspond to higher-degree 
polynomial equations. By differentiating these equations once, 
the stiffness equations are derived. The torus airbag yields a 
constant stiffness value, whereas the cubic and cylindrical 
airbags produce equations that require substituting � 
(displacement) to determine stiffness. The value of �  is 
calculated as the difference between the initial thickness (such 
as 50 mm for airbag T50, as presented in Table I) and the 
deflection distance between the top and bottom edges. Stiffness 
values are also visually represented in Figure 6, providing a 
comparative perspective on the structural behavior of different 
airbag designs. 

As shown in Figure 6, all three graphs exhibit a similar 
pattern: Stiffness decreases as thickness increases and rises 
with an increase in pressure. In addition, it can be seen that the 
torus airbag has the highest stiffness, while the cubic and 
cylindrical airbags have similar stiffness values, with the cubic 
airbag being slightly higher than the cylindrical one. This is 
consistent with [29], where the findings reveal that the stiffness 
of an airbag depends on the initial internal pressure and the 
geometric shape of the airbag. 

 

 
Fig. 6.  Graph of the relationship between stiffness and thickness of a 
cubic airbag, a cylindrical airbag, and a torus airbag. 

C. Impact Forces Testing  

According to the drop testing apparatus and mechanical 
testing, the airbags were able to withstand the load without 
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damage and could be reused for repeated tests. The airbags can 
be seen in Figure 7. Figure 8 illustrates the relationship 
between force and airbag thickness. The graph reveals a 
consistent trend across all three airbag types: An increase in 
thickness results in a reduction of peak impact force. This 
finding is consistent with those in [30], where the effect of 
thickness on impact force attenuation was investigated using 
Shear-Thickening Polymer (STP) hip protectors ranging from 4 
mm to 12 mm. The results indicated that as the thickness of the 
hip protector (STP) increased, the force transmitted to the hip 
decreased. 

Conversely, increasing the internal pressure of the airbag 
also results in a peak impact force reduction. This observation 
aligns with the stiffness values presented in Figure 6, where an 
increase in thickness corresponds to a decrease in stiffness, 
while an increase in pressure leads to higher stiffness and 
greater force generation. Although the study in [29] agrees with 
this study/the present study in that the initial pressure of the 
airbag influences its stiffness, it contradicts this work by 
suggesting that internal pressure has a minimal direct effect on 
reducing the impact force. This discrepancy may be due to the 
relatively narrow pressure range (0–2500 Pa) examined in that 
study. In contrast, this study demonstrates that pressure 
significantly contributes to the reduction in impact force. 

When comparing different airbag shapes, the torus airbag 
exhibited the lowest peak impact force, followed by the 
cylindrical and cubic airbags, respectively. 

 

 

(a) (a) (a) 

Fig. 7.  (a) Cubic airbag, (b) cylindrical airbag, and (c) torus airbag. 

This indicates that shape significantly influences energy 
absorption capabilities. The cubic airbag experienced the 
highest impact force, with the cylindrical airbag showing 
similar but slightly lower values. The effect of shape is closely 
related to the contact area. In studies involving hip protectors, 
all three designs had identical surface sizes, resulting in 
comparable contact areas. This is consistent with the 
simulations of various hip protector designs, which reported 
similar findings [12]. Perforated hip protectors were found to 
provide superior impact force reduction across all thicknesses 
and surface areas, which is consistent with [31], where a design 
approach is descrived, involving ‘forming a bridge over the 
trochanter to shunt the energy of the fall to surrounding 
regions, where it can be absorbed more safely’ [23]. However, 
such a design requires careful consideration of the force 
distribution points to maximize impact reduction efficiency 
[32].  

 

 
Fig. 8.  Graph of the relationship between force and thickness of a cubic 
airbag, a cylindrical airbag, and a torus airbag. 

The torus airbag, despite having the highest stiffness, 
exhibited the lowest impact force. This contradicts the 
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assumption that impact force is directly proportional to 
stiffness, as the torus airbag dissipates impact forces through an 
off-loading mechanism rather than direct absorption, unlike the 
cubic and cylindrical airbags. This is consistent with [33], 
where perforated and non-perforated hip protectors were 
compared. It was found that perforated hip protectors reduced 
impact force by approximately 30%-50% compared to non-
perforated ones. The presence of perforations helps distribute 
the impact force more effectively rather than concentrating 
directly on the bone. 

The results of all impact force tests showed that the 
condition with the highest impact force was the cubic airbag, 
with a thickness of 50 mm at 6 psi (1,077.97 ± 42.45 N). 
Conversely, the condition with the lowest mean impact force 
was the torus airbag, with a thickness of 90 mm at 0 psi 
(655.91 ± 17.85 N). 

D.  Impact Absorption Efficiency or Cushioning Properties 

The value of impact absorption capability represents the 
ability to reduce the impact force experienced by the hip bone 
compared to the case without an airbag. For the unpadded 
condition, the mean impact force was 2,834.66 ± 20.13 N. The 
calculation was performed using: 

�!"�!#$ %&'��$ ��()"'$*)# =
+
,����� � ���-�

+
,�����
× 100      (3) 

The impact absorption properties of the different airbags are 
shown in Figure 9. 

According to Figure 9, the impact absorption efficiency of 
all three airbag shapes increases exponentially with greater 
thickness. Across all conditions, the thickness of 90 mm 
provided the highest impact absorption efficiency, followed by 
70 mm and 50 mm, respectively. Additionally, the impact 
absorption efficiency of all three airbag shapes decreased as 
pressure increased. In all cases, the pressure level yielding the 
highest impact absorption efficiency was 0 psi (atmospheric 
pressure), followed by 3 psi and 6 psi, respectively. 
Furthermore, among the airbag shapes, the torus airbag 
exhibited the highest impact absorption efficiency, ranging 
from 71.83% to 75.28%, followed by the cylindrical airbag, 
ranging from 61.94% to 70.86%. The cubic airbag 
demonstrated the lowest impact absorption efficiency, ranging 
from 61.97% to 67.37%.  

In comparison to the study in [34], where the effectiveness 
of three types of hip protectors was tested and it was found that 
the most effective one reduced impact force by 33.5%, this 
study revealed airbags to be significantly more effective at 
absorbing impact forces than traditional hip protectors. This 
finding is consistent with those in [12], where the effectiveness 
of six types of hip protectors and an airbag was evaluated, 
concluding that the airbag had the highest impact absorption 
efficiency, ranging from 54% to 58%. Notably, this range is 
relatively similar to the impact absorption efficiency observed 
for the cylindrical and cubic airbags in this study. 

 

 
 

 

Fig. 9.  Graph of the relationship between impact force efficiency and 
thickness of a cubic airbag, a cylindrical airbag, and a torus airbag. 
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IV. CONCLUSIONS 

This study examined the effects of airbag design on impact 
attenuation for hip protection by evaluating different airbag 
shapes, thicknesses, and internal pressures. The results indicate 
that increasing airbag thickness significantly reduces peak 
impact force, while higher internal pressure increases stiffness 
but does not consistently improve impact attenuation. Among 
the three airbag geometries studied, the torus airbag exhibited 
the lowest peak impact force, followed by the cylindrical and 
cubic airbags. This finding underscores the importance of 
airbag shape in impact absorption efficiency, with the torus 
design proving to be the most effective. The impact absorption 
efficiency of all airbags increased with greater thickness, with 
the 90 mm airbags performing the best, followed by 70 mm 
and 50 mm, respectively. In contrast, higher internal pressure 
led to a reduction in impact absorption efficiency, with airbags 
at 0 psi demonstrating the highest performance, followed by 
those at 3 psi and 6 psi, respectively. Among the tested shapes, 
the torus airbag exhibited the highest efficiency (71.83%-
75.28%), followed by the cylindrical (61.94%-70.86%) and 
cubic (61.97%-67.37%) airbags. These findings suggest that 
optimizing shape and thickness, rather than relying on high 
internal pressure, is key to achieving superior impact 
attenuation performance. Comparisons with traditional hip 
protectors from prior studies further highlight the superior 
impact attenuation capabilities of airbag-based systems [12], 
indicating their potential as a more effective solution for 
preventing fall-related injuries. In contrast to [29], where 
limited influence of internal pressure was reported, the current 
study’s results show significant pressure effects likely due to a 
broader testing range. Furthermore, the torus airbag design, 
with its off-loading mechanism, mirrors the efficiency of 
perforated protectors discussed in [31, 33], highlighting its 
superior performance in dissipating impact energy. 

Overall, this study offers valuable insights into the role of 
airbag design in impact mitigation and proposes that future 
research should explore material composition, deployment 
mechanisms, and clinical aspects to further advance hip 
protection technologies. 
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