
505

INTRODUCTION

The primary means of passive protection for 
vehicle occupants is the well-known three-point seat 
belt (Developed by Nils Bohlin and introduced in 
Volvo vehicles in 1959). Its widespread use signif-
icantly reduces the consequences of road accidents, 
and in most countries, the wearing of seat belts is 
a legal requirement for all passengers. The origins 
of seat belt technology can be traced back to the 
mid-nineteenth century, although the modern three-
point design was first implemented in cars in the 
mid-twentieth century.

Recent decades have brought considerable tech-
nological progress in seat belt systems, with a growing 
role of mechatronic solutions [1]. Modern systems, 
equipped with sensors and actuators, are capa-
ble of adapting their performance to the circum-
stances of an accident. Nevertheless, even high-
ly advanced restraint systems cannot guarantee 

complete protection, as seat belts themselves 
may contribute to certain injuries—particular-
ly when they are improperly used [2].  The key 
structural element ensuring the protective function of 
the seat belt is the webbing, typically woven from 
nylon or polyester fibers. Analyzing its mechanical 
properties and deformation under static and dynamic 
loading provides valuable insights into both occupant 
biomechanics and potential injury mechanisms. In 
this context, experimental and analytical studies of 
seat belt webbing enable the development of dynamic 
mechanical characteristics that are directly relevant 
to crash safety. Although the medical literature [3] 
includes reports of injuries associated with seat belt 
use, such injuries are generally far less severe than 
those sustained by unbelted occupants. Continued 
improvements in seat belt design must therefore be 
carried out in close collaboration with clinical med-
icine, particularly in disciplines with direct contact 
with road traffic accident victims.
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Although the basic principle of seatbelts operation has changed little since their introduction as mandatory equip-
ment, the continuous integration of seat belts with other safety systems has created new challenges in their design, 
testing, and evaluation. This study provides an experimental investigation into the dynamic mechanical behaviour 
of seat belt webbing, with particular emphasis on its energy dissipation capacity under impact conditions. Novel 
aspects of this work include a comparative evaluation of new belts and intentionally degraded belts, enabling a 
phenomenological assessment of how defects influence load response and potential injury risk. Energy charac-
teristics were employed as comparative indicators, providing an interesting complementary diagnostic measure. 
Dynamic impact tests were performed using a high-speed camera system to capture displacement-time histories, 
and mathematical functions approximating the experimental data were proposed with strong agreement to mea-
surements. The results highlight underexplored differences in webbing performance under defective conditions, 
providing new insights relevant to regulatory compliance and the development of advanced restraint systems.
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Constructions of seat belts systems

A seat belt system consists of the following ele-
ments: retractor, buckle, webbing, pyrotechnic preten-
sioner, and guiding loops. The main component of the 
system is the webbing, usually made of polyester or 
nylon fibers, whose function is to dissipate the kinetic 
energy of the protected passenger’s body in a way that 
maximizes the chances of survival while minimizing 
injuries. Nowadays, high-strength fabrics reinforced 
with carbon or aramid fibers can also be found, offer-
ing improved protective performance for passen-
gers [4]. Interestingly, the regulations governing the 
requirements for automotive seat belts do not explicit-
ly define the material to be used for the webbing [5]. 
The most widely used seat belt in passenger cars is the 
three-point belt system. The anchorage points of the 
three-point belt are located near the passenger’s hips 
and shoulder. This solution is relatively convenient in 
everyday use. The retractor, or winding mechanism, is 
located at one end of the belt and is responsible for 
maintaining appropriate belt tension during use, ensur-
ing proper fit to the passenger’s body. The buckle and 
latch (tongue plate) allow fastening of the belt, serving 
also as an anchorage point. The buckle consists of a 
locking mechanism that engages with the latch. Mod-
ern seat belts are commonly equipped with a pyrotech-
nic pretensioner, a device that instantaneously tight-
ens the belt in the event of a crash. The pretensioner 
stabilizes the protected passenger in the seat, reducing 
forward displacement and limiting impact against the 
belt and vehicle interior. The guiding loop, mounted 
on the vehicle’s B-pillar or integrated into the seat 
backrest, ensures proper positioning of the belt. Seat 
belt webbings are manufactured with different fibber 
weaves. The most common types include unidirec-
tional and bidirectional weaves [6–8]. Unidirectional 
weave provides high tensile strength along the length 
of the belt and favourable mechanical characteristics, 
while bidirectional weave ensures both longitudinal 
and transverse strength. Apart from the three-point 
belt, other types exist, including two-, four-, five-, and 
six-point belts. The two-point belt provides insuffi-
cient protection for the head and chest [9]. The three-
point belt represents a compromise between user com-
fort and effective restraint. The four-point belt ensures 
improved stabilization of the body and is used mainly 
in sports and racing cars. The five-point belt is widely 
used in sports cars, off-road vehicles, and child safety 
seats. The six-point belt represents the most advanced 
restraint system, utilizing two lap straps and two 
shoulder straps that pass through additional anchorage 
points on the seat or seat frame.

Prevention and injury

Seat belts represent one of the key protective 
elements in vehicles, particularly during road traffic 

accidents [10]. Studies have shown that individuals 
who do not wear seat belts have more than five times 
higher risk of sustaining severe injuries and more than 
eight times higher risk of death compared with those 
wearing seat belts [11]. Several factors influence the 
protective effectiveness of seat belts: type of construc-
tion and number of anchorage points, presence of aux-
iliary equipment (e.g., pretensioners), correct installa-
tion and adjustment to the passenger’s body size, and 
type of collision [12,13]. Properly functioning three-
point seat belts distribute the body’s kinetic energy dur-
ing a collision to areas less prone to injury, transferring 
forces to the anchorage points. By restraining the upper 
torso, they prevent excessive forward displacement, 
subsequent hyperflexion of the spine, and head impact 
against interior elements [12,14]. They also reduce the 
risk of passenger ejection from the vehicle [14]. This is 
particularly critical for front-seat occupants, where head 
impact against the steering wheel, dashboard, or wind-
shield—rigid elements—can result in severe or fatal 
cranio-cerebral trauma [12,14]. Incorrectly adjusted or 
improperly fastened seat belts may lead to significant 
reduction in protective effectiveness due to the risk of 
“submarining” (sliding under the belt) during a crash. 
Despite the unquestionable benefits of seat belts, the 
forces generated during crashes may themselves con-
tribute to injuries, even when the belt is correctly fas-
tened [15,16]. The spectrum of injuries resulting from 
seat belt use during traffic accidents is referred to as 
seat belt syndrome (SBS) [14,17]. This includes both 
external and internal injuries [12]. External injuries 
typically present as bruises and abrasions aligned with 
the path of the belt, known as the seat belt sign [12]. 
This phenomenon is more pronounced in obese indi-
viduals, due to crushing of vascularized subcutaneous 
fat tissue. Clinically, the seat belt sign is significant, as 
its presence correlates with increased risk of internal 
organ injury, and it is also useful in crash reconstruction 
to determine occupant position [12,18–20]. 

Study of seat belt systems and test methods

The methodology for testing seat belt systems, 
as defined by current legal regulations, is specified in 
UN Regulation No. 16. In the European Union, Direc-
tive 2007/46/EC describes homologation conditions 
for motor vehicles. Industry testing can generally be 
divided into full system testing and component-level 
testing. Full system testing is conducted using dedicat-
ed test benches or by evaluating entire vehicles, such 
as in crash tests. The loading mechanisms acting on 
the restrained human body are studied using anthro-
pomorphic test devices (dummies), human cadavers, 
volunteers, and computer simulations. In dynamic 
cadaver testing, a novel stress measurement technique 
has been developed using uniaxial and rosette strain 
gauges placed on the rib cage [21]. This methodology 
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enabled precise determination of the timing of individ-
ual rib fractures, which were shown to occur within the 
first 35% of chest compression and to be side-depend-
ent. Experimental studies [22], demonstrated that air-
bags and seat belts play a key role in reducing forces 
acting on the body during frontal collisions. Simulat-
ing low-speed frontal crashes, researchers compared 
two-point versus three-point belts, showing that three-
point belts reduced occupant displacement, shortened 
belt tensioning time by up to 0.1 s, and decreased 
head acceleration. Three-point belts also significant-
ly reduced the risk of “submarining,” which in two-
point belts can reach ~10 cm [23]. Other studies [24], 
focused on tape retractor displacement and damage 
during prototype seat testing, highlighting anchorage 
force distribution and suggesting the use of previously 
worn belts for prototype evaluations. Crash testing of 
racing cars [25] against rigid barriers measured belt 
forces acting on dummies, applying the Gibbs-Appell 
method for analytical modeling of vibrational dynam-
ics. Authors proposed integrating an energy absorber 
into belts, reducing peak belt forces. Investigations on 
Takata ABS plastic buckle release buttons (models 52 
and A7) used in cars (1986–1991) revealed fatigue-re-
lated cracking and fragmentation due to design flaws, 
aggravated by the lack of reinforcing ribs [26]. 
Dynamic studies [27] compared two webbing types: 
standard TS and modified TM (both polyester-based, 
but differing in weave and geometry). Results showed 
that TM stretched more than TS under 200 mm exten-
sion at 0.1 m/min loading rate. Further research [28] 
examined dynamic strength of webbings (25.4 × 
1.56 mm and 38.6 × 1.23 mm) in restraining a 15 kg 
child dummy at 50–52 km/h deceleration tests (28 g). 
Results indicated that belt stiffness at low loads was 
nearly twice as low as at 50% of ultimate strength, 
underlining its influence on the protective function of 
child restraints. The study [29] presents the results 
of numerical analyses simulating a passenger car 
crash, in which a person protected by a seat belt 
and an airbag is assessed using biomechanical 
injury criteria.

Despite the extensive knowledge on seat belt sys-
tems, relatively little attention has been devoted to 
the influence of thermal and mechanical degradation 
of seat belt webbing on its dynamic behaviour. Real-
world usage exposes belts to elevated temperatures 
inside vehicles and to accidental mechanical damage 
such as cuts, both of which may compromise their pro-
tective effectiveness.

The main objective of this study is therefore to 
experimentally investigate the effect of thermal expo-
sure and mechanical notching on the dynamic mechan-
ical response of seat belt webbing under impact load-
ing. The research aims to:
	• Compare the deformation, strain rate, accel-

eration, and energy absorption characteristics 

of new, thermally degraded, and notched seat 
belt specimens.

	• Evaluate how different levels of impact energy 
influence the response of each belt condition.

	• Identify degradation-induced changes in the 
protective potential of seat belt webbings.

By addressing these objectives, the study 
seeks to provide deeper insight into the degrada-
tion mechanisms of seat belt webbings and their 
safety implications, offering useful guidance for 
both automotive safety regulations and the devel-
opment of more durable restraint systems.

MATERIALS AND METHODS

Seat belt webbing specimens used in the 
experimental dynamic load tests are shown in 
Figure 1. The effective gauge length of each spec-
imen (the distance between the grips) was 300 
mm. For each loading case of the conveyor belt, a 
new specimen of the belt was used. Furthermore, 
for a single loading scheme, the experimental 
investigations were conducted on five belt speci-
mens. The obtained experimental results (char-
acteristics – displacements of individual mark-
ers as a function of time) were superimposed, 
which enabled their averaging and, consequently, 
the determination of the variable increments in 
length of the individual sections of the tested belt 
specimen. Dynamic impact tests were conducted 
using a drop tower equipped with dedicated grips 
and a reversing mechanism with sliders, enabling 
the application of tensile loading to the web-
bing upon impact. A schematic of the test stand 
is shown in Figure 2, where the inertia mass of 
the impactor directly interacts with the seat belt 
specimen. The impact load was generated using a 
5 kg impactor, while displacements of the gauge 
section were recorded with a high-speed Chronos 
2.1-HD camera operating at 7135 fps.

RESULTS

Figure 3A–C shows the dynamic elongation 
curves of the seat belt specimens, expressed as 
Δl [mm] as a function of time t [s], obtained dur-
ing impact tests with different drop heights of 
the impactor: 1 m, 1.5 m, and 2 m. These heights 
correspond to different strain rates in the web-
bing and different levels of impact energy. Three 
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measurement markers were applied along the 
specimen, allowing the experimental determina-
tion of elongation increments in three specific 
gauge sections: 0–100 mm, 100–200 mm, and 
the averaged response over the entire 0–200 
mm length (denoted as 0–200/2). This approach 
made it possible to assess the influence of the 
distance between the dynamic loading point 
(connection of the moving part of the reverser 
with the specimen) and each section of the tested 
belt on the resulting deformation characteristics. 
The experimental displacement curves were 
approximated using a three-parameter family of 
functions of the form: 

	 ∆𝑙𝑙ሺ𝑡𝑡ሻ = 𝑏𝑏 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛ሺ𝑐𝑐𝑐𝑐ሻ,       (1) 
 
𝑉𝑉ሺ𝑡𝑡ሻ = 𝑏𝑏𝑏𝑏𝑏𝑏 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛−1ሺ𝑐𝑐𝑐𝑐ሻ ∙ cosሺ𝑐𝑐𝑐𝑐ሻ     (2) 
 
𝑎𝑎ሺ𝑡𝑡ሻ = 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑 = 𝑏𝑏𝑐𝑐2𝑛𝑛ሺ𝑛𝑛 − 1ሻ𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛−2ሺ𝑐𝑐𝑐𝑐ሻ − 𝑐𝑐2𝑛𝑛2∆𝑙𝑙ሺ𝑡𝑡ሻ.   (3) 
 
 

𝐸𝐸ሺ𝑡𝑡ሻ = ቐ
1
2 ∙ 𝑚𝑚𝑅𝑅 ∙ ൫𝑉𝑉′

𝑅𝑅
2 − 𝑉𝑉𝑅𝑅_𝑚𝑚𝑚𝑚𝑚𝑚

2 ൯, dla 𝑡𝑡 ≤ 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 
1
2 ∙ 𝑚𝑚𝑅𝑅 ∙ ൫𝑉𝑉′

𝑅𝑅
2 − 𝑉𝑉𝑅𝑅_𝑚𝑚𝑚𝑚𝑚𝑚

2 ൯ − 𝑚𝑚𝑅𝑅 ∙ 𝑎𝑎ሺ𝑡𝑡ሻ, dla 𝑡𝑡 ≥ 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚
  (4) 
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	(3)

Figure 3A presents the results for the 1 m drop 
height. Elongation systematically increased over 
time, reaching approximately 6 mm at its maxi-
mum. The elongation was not uniform across 
the three measurement sections, confirming the 
influence of gauge location. Nevertheless, the 
fitted approximation functions (“0–100A” and 
“100–200A”) showed good agreement with the 
experimental data. Figure 3B shows the results 
for the 1.5 m drop height. In this case, the elon-
gation increased significantly, reaching values of 
about 11 mm, indicating more intense stretching 
of the webbing due to higher impact energy. The 
differences between the 0–100 mm and 100–200 
mm sections also became more pronounced. 
As before, the approximation functions closely 
matched the experimental results. Figure 3C pres-
ents the results for the 2 m drop height. Interest-
ingly, despite the higher impact energy, the maxi-
mum elongation decreased slightly to around 7 
mm. This suggests that the tested webbing exhib-
ited sensitivity to strain rate. Once again, the 
close agreement between the experimental data 
and the fitted functions confirms the suitability of 
the chosen approximation family and the regular 
nature of the dynamic deformation process.

Figure 4 presents the elongation behaviour 
of seat belt webbing subjected to prior condition-
ing, specifically heating in a thermal chamber to 
approximately 60 °C in accordance with UN Reg-
ulation No. 16. The accompanying thermographic 
image (Figure 4) confirms a uniform temperature 
distribution in the belt prior to testing. After test-
ing, the thermal image was recorded once the belt 
had cooled considerably. Dynamic tensile impact 
tests were then carried out for three drop heights 
of the impactor: A – 1 m, B – 1.5 m, and C – 2 m. 
Compared with the unheated (new) belt, the ther-
mally conditioned belt exhibited greater elonga-
tion under lower impact energy (Figure 4A). For 
example, at a 1 m drop height, elongation reached 

Figure 1. Car seat belt webbing specimen

Figure 2. Schematic of the drop tower setup used for 
dynamic loading of the seat belt webbing specimen
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approximately 6.5 mm, whereas the unheated 
belt extended only about 6 mm. In addition, the 
elongation curves of the heated strip showed an 
uneven course in all test cases (A–C, Figure 4), 
suggesting partial plastic deformation of the mate-
rial under thermal exposure. This interpretation 
is supported by the observation of reduced initial 
stiffness, as indicated by steeper initial slopes of 
the elongation-time curves compared to those of 
the unheated belt. At higher drop heights, such as 
2 m (Figure 4C), the differences between heated 
and unheated tapes are still clear. This result sug-
gests that at higher impact energies, deformation 
depends on the internal structure of the fibers and 
their thermal state. In all cases, the approximation 
functions (curves labelled “A”) demonstrated good 
agreement with the experimental measurements, 
further validating the chosen modeling approach.

Figure 5 presents the results of dynamic elon-
gation tests performed on seat belt webbing with 
a pre-existing defect in the form of a transverse 
cut, 10 mm deep, made perpendicular to the 
webbing edge. A photograph of the cut location 
before testing is included in the lower corner of 

the figure. The results clearly demonstrate the sig-
nificant influence of the defect on the mechanical 
properties of the belt, particularly in the progres-
sion of the experimental elongation curves, which 
lose their regularity. This effect may be attributed 
to fibber rupture mechanisms occurring in the 
vicinity of the notch tip. Across all impact ener-
gies, the maximum elongation values were lower 
compared to both the new and thermally condi-
tioned belts (e.g., at 1 m drop height: ~3.8 mm 
for the cut belt, versus ~5.8 mm for the new belt 
and ~6.5 mm for the heated belt). Elongation also 
progressed in a more linear fashion and reached 
its maximum more rapidly, indicating reduced 
elasticity and earlier onset of damage. At the 
highest impact energy (2 m drop height, Figure 
5C), the curves were more similar to each other, 
suggesting that under strong loading conditions, 
the effect of the defect is partially masked by the 
dominant influence of kinetic energy. The applied 
approximation functions (curves labelled “A”) 
reproduced the experimental data with accept-
able accuracy, confirming the suitability of this 
method for analysing weakened textile structures.

Figure 3. Dynamic elongation of a new seat belt under impact loads from different drop heights: 
A – 1 m; B – 1.5 m; C – 2 m
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Figure 4. Dynamic elongation of thermally conditioned seat belt webbing under impact loads from different 
drop heights: A – 1 m (4.43 m/s); B – 1.5 m (5.42 m/s); C – 2 m (6.25 m/s). Thermographic image confirms 

homogeneous pre-test temperature distribution

Figure 5. Dynamic elongation of cut seat belt webbing under impact loads from different drop heights: 
A – 1 m; B – 1.5 m; C – 2 m. Photograph shows the notch location prior to testing
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Table 1 summarizes the key results obtained 
for the three types of seat belts tested. The belt 
exposed to elevated temperature exhibited the 
greatest susceptibility to deformation, most likely 
due to reduced stiffness caused by local plastic 
deformation of the fibers. Notably, however, an 
increase in stiffness was observed at the high-
est impact energy. The cut belt showed lower 

elongation than the new belt, indicating local 
structural weakening and a reduced capacity for 
energy absorption, which may represent the most 
hazardous condition from the perspective of user 
protection. The new belt was characterized by 
high elongation and no signs of degradation, con-
firming its full functionality. Figures 6A–C show 
the elongation velocity curves of the new belt as 

Table 1. Comparison of maximum elongation of seat belts under different conditions and impact energies

Drop height Condition Maximum elongation Δl [mm] Characteristics of deformation

1 m

New ~ 5.8 Smooth increase, distinct peak

Heated ~ 6.5 Higher elongation, uneven deformation of the 
measuring section

Cut ~ 3.8 Lower values, local irregularities; reduced cross-section 
leads to localized stiffening and fiber reinforcement

1.5 m

New ~ 11 Increased elongation, clear differences between markers

Heated ~ 8.5 Lower values than new belt, clear differences between 
markers

Cut ~ 5.4 Stable but lower curves, possible secondary micro-damage

2 m

New ~ 7 Reduced elongation at high energy—possible dynamic 
weakening effects

Heated ~ 2.3 Lowest values, very steep and rapid deformation

Cut ~ 5.7 Stable elongation, no differences between markers

Figure 6. Velocity of elongation of the new seat belt under impact loads from drop heights of: 
A – 1 m; B – 1.5 m; C – 2 m
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a function of time, obtained under impact loads 
from drop heights of 1 m (A), 1.5 m (B), and 2 
m (C). For each series, three-gauge sections were 
analysed: 0–100 mm, 100–200 mm, and the aver-
aged 0–200/2 mm. Increasing the drop height led 
to higher maximum strain velocities, most pro-
nounced in Figure 6B. The results also revealed 
clear non-uniformities in strain velocity across 
the three-gauge sections. At the highest drop 
height (Figure 6C), however, the velocity curves 
nearly overlapped, suggesting that at higher ener-
gies, deformation becomes more uniformly dis-
tributed along the specimen length.

For the thermally conditioned belt (60 °C), 
clear differences in strain-rate characteristics were 
observed depending on the drop height of the 
impactor (Figure 7). At a 1 m drop height (Fig-
ure 7A), the curves displayed similar shapes and 
maximum values, suggesting a relatively uniform 
material response despite prior heating. The defor-
mation progressed smoothly, with only minor dif-
ferences between the measured gauge sections. At 
a 1.5 m drop height (Figure 7B), a distinct diver-
gence appeared: the strain rate in the 100–200 

mm section (red markers) reached significantly 
higher values and increased more rapidly. This 
behaviour may indicate localized material weak-
ening in this region, potentially resulting from a 
loss of mechanical properties due to elevated tem-
perature, or more specifically, increased sensitiv-
ity of the webbing to strain rate under these test 
conditions. At the highest drop height of 2 m (Fig-
ure 7C), the strain-rate curves were again more 
closely matched and nearly overlapping, suggest-
ing that under high-energy impacts the material 
deforms in a more global and uniform manner, 
largely independent of prior heating. It is also pos-
sible that the belt reached a plastic state along its 
entire length, thereby masking earlier localized 
weaknesses. Overall, the variations observed may 
be attributed to thermal effects leading to partial 
softening of the webbing material and altering its 
elasto-plastic response to impulsive loading.

For the cut belt, the strain-rate curves (Figure 
8) revealed an irregular and clearly disturbed pro-
file, which is a typical consequence of localized 
structural damage. At the 1 m drop height (Fig-
ure 8A), a very rapid and abrupt deformation was 

Figure 7. Strain rate of thermally conditioned seat belt webbing (60 °C) under impact loads from different drop 
heights: A – 1 m; B – 1.5 m; C – 2 m
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observed in the 100–200 mm section (red mark-
ers), reaching higher maximum values than the 
other regions. This indicates that the notch was 
located in this section and significantly weak-
ened the belt, leading to faster local deformation. 
In contrast, the curve for the 0–100 mm section 
(black squares) showed a delayed and lower 
response. At the 1.5 m drop height (Figure 8B), 
the curves became more similar, although the 
section containing the notch still exhibited the 
highest strain rate. This suggests that the weaken-
ing effect of the defect intensified with increased 
impact energy but was also partially redistributed 
across the remaining sections of the webbing. At 
the 2 m drop height (Figure 8C), the curves nearly 
overlapped, suggesting that at the highest energy 
level, the notch ceased to play a dominant role. 
In this case, the belt deformed more uniformly, 
possibly because the notch caused rapid localized 
failure, after which the remaining intact webbing 
absorbed the load and produced a more consistent 
strain-rate response. In summary, the presence 
of a notch strongly localized deformation under 
lower impact energies, substantially disturbing 

the belt’s performance and potentially leading to 
premature failure or reduced occupant protection.

The acceleration responses of the seat belt 
specimens under dynamic loading are shown in 
Figures 9–11. For the new belt (Figure 9), the 
acceleration curves at all drop heights (A – 1 m, 
B – 1.5 m, C – 2 m) displayed a clear two-phase 
behaviour. In the initial phase, positive accelera-
tions corresponded to momentum transfer from 
the impactor to the reverser. Subsequently, nega-
tive accelerations emerged, reaching their peak 
around 0.008 s, coinciding with the maximum 
elongation of the specimen. These negative values 
reflected the resistance of the webbing to further 
deformation. Increasing the drop height intensi-
fied both the magnitude of the accelerations and 
the rate of their development, indicating a stron-
ger dynamic response of the belt material. For the 
heated belt (Figure 10), the acceleration charac-
teristics were influenced by the prior condition-
ing at 60 °C. At the lowest drop height (1 m), the 
curves resembled those of the new belt but with 
slightly reduced negative acceleration values, 
suggesting diminished stiffness and increased 

Figure 8. Strain rate of cut seat belt webbing under impact loads from different drop heights: 
A – 1 m; B – 1.5 m; C – 2 m
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plasticity of the webbing. At 1.5 m and 2 m, the 
acceleration peaks became more irregular and 
less pronounced compared to the new belt, which 
may indicate localized material softening and a 
lower overall capacity to resist deformation under 
higher energy impacts. In the case of the cut belt 
(Figure 11), the acceleration responses exhibited 
the irregular patterns. At 1 m, negative accelera-
tion values were markedly lower than those of the 
new and heated belts, consistent with the reduced 
elongation capacity and premature localization 
of deformation around the notch. At 1.5 m, the 
curves showed greater variability between tests, 
suggesting progressive fibber rupture in the vicin-
ity of the defect. At 2 m, the acceleration profile 
approached that of the other belts, likely due to 
the dominance of global deformation mechanisms 
over local weakening. Nevertheless, the absolute 
values remained lower, confirming the impaired 
energy-absorbing capacity of the damaged belt.

Figure 12 presents the energy characteris-
tics of the reverser–belt system for the new seat 
belt webbing, under the assumption of an elastic 
impact derived from the observed behaviour of 
the impactor and reverser. The energy was calcu-
lated using the following relation:

	 𝐸𝐸ሺ𝑡𝑡ሻ =
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where:	V’R and VR_max denote, respectively, the the-
oretical reverser velocity determined from 
conservation of momentum and kinetic 
energy, and the actual velocity derived as 
the time derivative of displacement multi-
plied by 3, corresponds to the time at which 
the reverser reaches maximum velocity. 

 During the initial impact phase, when the 
reverser accelerates to its maximum velocity, 
energy transfer from the impactor to the reverser 
results in a steep increase in system energy. Once 
zero acceleration is reached, the system attains 
its maximum energy, which remains approxi-
mately constant, reflecting the gradual decrease 
in reverser velocity accompanied by increasing 
deformation work of the belt. At the highest drop 
height of 2 m (Figure 12C), the belt absorbed 
markedly higher energy—up to ~90 J. Notably, 
in the 0–200/2 mm section (blue triangles), the 

Figure 9. Acceleration of new seat belt webbing under impact loading at drop heights: A – 1 m; B – 1.5 m; C – 2 m
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Figure 10. Acceleration of heated seat belt webbing under impact loading at drop heights: 
A – 1 m; B – 1.5 m; C – 2 m

Figure 11. Acceleration of cut seat belt webbing under impact loading at drop heights: A – 1 m; B – 1.5 m; C – 2 m
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Figure 12. Elastic energy of new seat belt webbing under impact loading at drop heights: 
A – 1 m; B – 1.5 m; C – 2 m

average absorbed energy exceeded that of the 
other sections, suggesting non-uniform energy 
dissipation across the specimen, influenced by the 
instantaneous strain rate of the belt. 

The corresponding results for the heated belt 
are shown in Figure 13. At a drop height of 1 m 
(Figure 13A), the absorbed energy (~33 J) was 
comparable to that of the new belt, though differ-
ences among the three measured sections (0–100 
mm, 100–200 mm, 0–200/2 mm) were less pro-
nounced. This may indicate localized changes in 
the mechanical properties of the material induced 
by heating, such as fibber weakening or increased 
thermal sensitivity of polyester yarns. At 1.5 
m (Figure 13B), the absorbed energy increased 
most noticeably in the 0–100 mm section, i.e., the 
region closest to the clamping point. However, at 
2 m (Figure 13C), a sharp reduction in absorbed 
energy was observed in all sections, with total val-
ues not exceeding 8 J. This unambiguously sug-
gests structural degradation of the webbing and a 
significant loss of its ability to absorb impact ener-
gy, confirming that thermal conditioning adverse-
ly affects the protective capacity of the belt. For 
the cut belt, a significant deterioration in its abil-
ity to accumulate impact energy was observed, 

particularly at lower impact energy levels (Fig-
ure 14). At a drop height of 1 m (Figure 14A), 
all measured regions of the specimen reached a 
maximum energy of approximately 40 J. At 1.5 
m (Figure 14B), a similar trend was noted, with 
the maximum energy increasing to around 64 J. 
However, at the highest drop height of 2 m (Figure 
14C), substantial discrepancies between the mea-
sured sections became apparent. These differences 
indicate progressive belt degradation and suggest 
that the load-bearing capacity of the belt became 
non-uniform. Such irregular energy dissipation 
strongly undermines the reliability of the belt dur-
ing real accident scenarios, representing a poten-
tially severe risk to occupant protection.

Based on the analysis of the absorbed (dis-
sipated) energy curves for the three belt condi-
tions—new, thermally conditioned, and cut—it 
can be concluded that both mechanical damage 
and thermal exposure significantly affect the 
belt’s ability to accumulate and dissipate energy. 
The new belt exhibited the most stable mechani-
cal characteristics, although it still demonstrated 
sensitivity to strain rate. The heated belt revealed a 
clear reduction in stiffness and energy absorption 
capacity at higher load levels, with its response 
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Figure 13. Elastic energy of heated seat belt webbing under impact loading at drop heights: 
A – 1 m; B – 1.5 m; C – 2 m

Figure 14. Elastic energy of cut seat belt webbing under impact loading at drop heights: 
A – 1 m; B – 1.5 m; C – 2 m
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becoming increasingly unstable. The cut belt 
showed the most pronounced degradation, with 
localized defects leading to irregular and non-
uniform energy dissipation. These results clearly 
demonstrate that both thermal degradation and 
mechanical damage can drastically reduce the 
effectiveness of seat belts in real-world crash sce-
narios, undermining their protective function.

For the new seat belt webbing, the results 
demonstrated relatively stable mechanical char-
acteristics across all tested drop heights. The 
belt was capable of effectively accumulating and 
dissipating impact energy, although some sensi-
tivity to strain rate was observed. At the highest 
impact level (2 m), the webbing absorbed up to 
~90 J, with clear variation across measurement 
zones, suggesting a non-uniform distribution of 
strain energy. This finding is consistent with ear-
lier reports indicating that the dynamic stiffness 
of polymer-based webbings depends strongly on 
deformation velocity. Nonetheless, the overall 
behaviour of the new webbing confirmed its abili-
ty to provide consistent protection under dynamic 
loading, validating its role as the primary energy-
dissipating element in the restraint system.

In contrast, the thermally degraded seat belt 
webbing exhibited markedly reduced energy 
absorption capacity, particularly at higher impact 
levels. While the response at 1 m drop height was 
comparable to that of the new belt (~33 J), energy 
absorption drastically decreased to less than 8 J 
for the 2 m drop. This result clearly indicates a 
loss of structural integrity and a diminished abil-
ity to dissipate impact forces, most likely due 
to heat-induced weakening of polyester fibers. 
Local changes in material microstructure, such as 
fibber embrittlement or reduced inter-fibber cohe-
sion, could explain the irregularities observed in 
the energy distribution across different belt zones. 
These findings strongly suggest that exposure 
of seat belt webbings to elevated temperatures, 
whether from environmental conditions or vehicle 
fires, may compromise their safety performance 
even before visible signs of damage appear.

The notched seat belt webbing presented yet 
another failure mode. At lower impact energies 
(1 m), the belt retained a moderate energy absorp-
tion capacity (~40 J), but increasing the impact 
severity led to both higher variability and indica-
tions of uneven energy distribution. At 2 m, the 
notched belt reached ~70 J in certain regions, but 
the irregular pattern of energy accumulation sug-
gests local stress concentrations and premature 

fibber rupture. This non-uniform behaviour is par-
ticularly concerning, as it indicates that mechani-
cal damage such as cuts or abrasions may cause 
unpredictable and localized failures, which could 
severely compromise the reliability of restraint 
systems during real-world crashes.

From a practical standpoint, these findings 
emphasize that both thermal degradation and 
mechanical damage can significantly reduce the 
protective efficiency of seat belts. While a new 
belt can reliably dissipate impact energy, belts 
subjected to high temperatures or cuts exhibit 
severe performance deterioration, in some cases 
losing their energy-absorbing capacity almost 
entirely. This raises important concerns regarding 
the long-term durability of seat belts in vehicles 
exposed to harsh conditions and highlights the 
need for routine inspection and timely replace-
ment of damaged webbings.

The study also has broader implications for 
automotive safety standards. Current regulatory 
frameworks focus primarily on new components, 
but do not sufficiently account for in-service deg-
radation mechanisms. The results of this work 
suggest that incorporating degradation-related 
testing (e.g., after thermal exposure or controlled 
notching) could provide a more realistic assess-
ment of seat belt reliability.

Finally, it is important to note some limitations 
of this study. The experiments were conducted on 
simplified specimens with a limited gauge length 
and using a drop tower system, which does not 
fully replicate the complex boundary conditions 
of seat belts in real vehicles. Furthermore, only a 
single type of thermal treatment and notch geome-
try were considered. Future work should therefore 
expand to include other environmental factors (UV 
exposure, humidity), varied damage types, and 
full-scale seat belt assemblies. Advanced numeri-
cal simulations may also help in understanding the 
localized stress distributions and predicting failure 
modes under realistic crash conditions.

The results demonstrate that seat belt web-
bings are highly sensitive to both mechanical and 
thermal degradation. While new belts show stable 
and efficient energy dissipation, degraded belts 
may lose their protective capacity, leading to a 
significant increase in occupant injury risk. These 
findings underline the critical importance of mon-
itoring the condition of seat belts throughout their 
service life and incorporating degradation effects 
into both design practices and safety regulations.
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CONCLUSIONS

This study investigated the dynamic behav-
iour of seat belt webbing in three conditions: new, 
thermally degraded, and mechanically notched. 
The main findings can be summarized as follows:
1.	New webbing exhibited stable mechanical 

response and the highest capacity for energy 
absorption and dissipation, confirming its ef-
fectiveness as a protective element of restraint 
systems.

2.	Thermally degraded webbing showed a dras-
tic reduction in stiffness and energy dissipation 
capacity at higher impact energies, indicating 
that elevated temperature exposure significant-
ly compromises belt performance.

3.	Mechanically notched webbing demonstrated 
localized and irregular deformation, with en-
ergy absorption distributed unevenly across the 
specimen. This suggests that even small cuts can 
critically reduce reliability during crash events.

4.	Both types of degradation – thermal and me-
chanical – may severely reduce the safety mar-
gin of seat belt systems, increasing the risk of 
failure under real accident conditions.

5.	Overall, the results highlight the importance 
of monitoring seat belt condition throughout 
service life. The findings support the need 
to include degradation-related scenarios in 
future testing protocols and regulatory stan-
dards. Future research should address addi-
tional degradation factors, such as UV expo-
sure and aging, and extend to full-scale belt 
assemblies and numerical modeling for pre-
dictive assessment of crash performance.
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