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Abstract: The influence of road infrastructure over the severity of road accidents, in particular some
specific features of it, represents the subject of this study. Generally, when an accident occurs, its
causes are represented by a number of factors such as driver experience, fatigue, driving under
the influence of alcohol and other psychoactive substances, road configuration, weather conditions,
speeding, distracted driving, and unsafe road infrastructure. Road design is a key factor regarding
the safety of all traffic participants. In this paper, the influence of unsafe roadside element designs on
the incidence of traffic accidents, the degree of vehicle passenger injury, and the level of car damage
were investigated. The present study was inspired by the high number of accidents produced on
European route E68 (DN1) in Romania, a significant part of which was generated and accentuated by
the effects of improper roadside design.

Keywords: road infrastructure; accident; forgiving or unforgiving roadside; safety; ditch; accident
simulation

1. Introduction

Road accidents and their causes and effects represent a major problem for any country
from a medical, social, and economic point of view. In this context, identifying and
understanding the complex factors that affect road accidents represent an essential research
field for road safety.

Therefore, the need to improve road safety must be a mandatory objective for trans-
port authorities, which can be met through certain strategies, such as new or improved
infrastructure, tougher legislation, traffic participant education, etc. The sooner strategies
are used to intervene on the contributing factors of road accidents, the more visible the
preventive effect will be.

All these aspects must be included in a safety system approach [1] based on suitable
procedures, methods, and policies in order to develop and improve road safety. The interest
for studying factors affecting road safety—the effects of road and traffic characteristics—
represents a dynamic field in continuous evolution.

The European Road Safety Observatory (ERSO) provides reliable and comparable
data about road accidents, detailed information and analysis about road safety trends,
and procedures and policies in the European Union (EU). Considering the ERSO annual
report, the 2023 report reveals stalling progress in reducing road fatalities in too many
countries [2]. Despite this, reducing traffic accidents and their fatalities and improving road
safety represent a continuous concern for the EU.

In this regard, the European Commission [3] set a target for 2030 to halve the number of
serious injuries in the EU, considering 2020 as a landmark, and set an ambitious objective of
minimizing towards zero fatalities in the long term for the year 2050, termed “Vision Zero”.

This goal aligns with the United Nations resolution [4], which declared the period
2021–2030 as the Decade of Action for Road Safety, with the target of preventing at least
50% of all road traffic injuries and fatalities by 2030.
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Going back to the ERSO report, it also reveals that Romania is characterized by one
of the highest incidence of road accidents in the EU. Ref. [5] reveals that among the most
common causes are excessive or inappropriate speeds, especially in bad weather conditions.
In Romania, most road accidents take place on national roads, but it is important to mention
that the most frequent fatal accidents take place on highways. Over 30% of the serious
accidents that have occurred have been on national roads. It must be admitted that it is not
only an infrastructure problem but also includes the fact that the accidents were caused
by people.

The year 2022 represents the starting point of the National Road Safety Strategy
implementation for the period of 2022–2030. The main directions of action stipulated by it
are a high-performance management of road safety, safer conditions for the use of roads,
increased security conditions for the infrastructure, and prevention and monitoring, as well
as optimal interventions in cases of emergency situations [5].

In order to achieve similar goals, [1] foresees the implementation of a Safe Systems
procedure for road safety, based on the following main elements:

• Human behavior—considering that no matter how well people are trained for respon-
sible road use, they can make mistakes, and road infrastructure must be developed
while taking this aspect into account.

• Human frailty—consisting of the limited resistance of the human body to various
types of collisions and mechanical stress, the assessment of the injury risk, and the
severity of injuries. It represents another design criterion.

• Forgiving systems—meaning that any human error must not be potentiated by the
road, correlating with vehicle type and interaction with other traffic participants.

The forgiving roads concept [6] assumes the minimization of driving error conse-
quences, rather than preventing them, and this is mainly because of the human factor,
which can be estimated.

Having this principle as a guideline, the entire road infrastructure must comply with
the following:

• Minimize the risk of vehicles leaving the carriageway by using vehicle active systems
(e.g., line assist), correlated with appropriate road delineation.

• Provide an adequate stopping distance or recovery area when a car runs off the road.

If a collision still occurs with any roadside obstacles, it is mandatory that impact forces
transmitted to the vehicle occupants be kept at minor levels (i.e., no fatal or serious injury
outcomes). According to [7,8], the main approaches for studying road safety are repre-
sented by infrastructure characteristics (e.g., road type and configuration and investment
levels), the environment (e.g., road geometrical design and weather conditions), and traffic
conditions (e.g., vehicle types and traffic volume). These elements are critically related
because proper road infrastructure will have a beneficial impact on the number and severity
of accidents. Any other contradictory assumptions can be considered subjective, being
dependent on drivers’ experience and education.

An important aspect in the context of infrastructure sustainable development is to
identify the risk factors related to it and their impact on road safety. It becomes obvious that
such an in-depth analysis is specific to every EU country, for all road types, considering
aspects such as road infrastructure design, environmental factors, and traffic volume
and control.

Contributing factors to road accidents can be grouped as follows [7]: human factors
(e.g., experience, fatigue, distracted driving, speeding, risky overtaking, and the influence of
alcohol and/or psychoactive substances), road infrastructure factors (e.g., road type, surface
type, road segment configuration—alignment, curve, tunnels, and junctions—and road side
configuration), traffic factors (e.g., vehicle mix and density—congestion), environment and
weather (e.g., winding road, fog, rain, frost, and snow), and vehicle design and physical
conditions (e.g., safety systems, suspension condition, and tire wear).
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In the above classification of road accident favoring factors it is mandatory to include
weather conditions too, because in many circumstances they represent an aggravating factor
in the frequency of accident occurrence [9,10] (accident risks are significantly higher during
bad weather conditions). The meteorological phenomena type (e.g., rainfall intensity, fog,
snow, etc.) is another element that must be considered during the road infrastructure design
process, as well from the perspective of the forgiving roads concept [1]. Adverse weather
conditions influence a driver’s visibility (driver’s standard reaction time is extended),
reduce the friction coefficient between tires and carriageway, extend the stopping distance,
while in the worst-case scenario they will determine the skidding and aquaplaning of
the vehicle.

From the above analyses regarding the factors favoring the occurrence of accidents,
having in mind [6], it becomes obvious that in addition to the human factor, any road
infrastructure improvement can either prevent or, in the most pessimistic scenario, reduce
the effects of human errors. So, a proper road system design can prevent human errors
and this will be materialized in less traffic accidents. Ref. [6] considers three principles in
order to prevent human errors during driving: keeping away from an unintended road use;
avoiding considerable differences in direction, mass, and speed; preventing unpredictability
amongst road users.

Passing from human error prevention to accident occurrence and injury severity,
in [11] they are explained through the engineering system and human behavior as linked
factors that represent two major elements of risk. An engineering solution can increase
traffic safety, but at the same time it must not influence the driver’s alertness. Road safety
engineering and human behavioral adaptation represent key elements in reducing the
number of accidents. In this regard [12] considers that road infrastructure design must be
done in such a way as to ensure optimal driver behavior in terms of speed, anticipation,
and attention. Situations as incorrect visibility of the carriageway, poor anticipation of road
curves combined with inadequate speed, poor quality of tires or excessive wear of them,
accentuated by unfavorable weather conditions (e.g., rainfall) can favor the occurrence
of accidents.

The safe roads concept, in particular self-explaining roads [13], involves an under-
standable one from the driver’s point of view, considering several important specific
elements, such as: roadway quality in terms of adhesion and bump free asphalt surface,
day and night visibility, predictable road regardless of weather conditions, road markings
and traffic signs, road sector optimal geometric configuration, etc. On the other hand, a
high density of road signs or markings in a complex traffic scenario, according to [14], may
lead to an overload of information and an increased risk of driving errors. An optimal
practical combination of those elements is able to level up driver confidence, anticipation,
and attention, influencing his reaction time, both for safe driving and to avoid certain
dangerous situations within reasonable limits.

Considering all the above presented aspects, by evaluating the dependence between
infrastructure features and drivers’ behavior, including limit situations, it is possible to
decrease or suppress traffic accidents, especially those generated by the faulty design of
road infrastructure.

Therefor it is mandatory to analyze accident causes and develop efficient counter-
measures to eliminate these causes, by carrying out professional road safety analyses with
appropriate implemented measures.

One of these measures refers to the introduction of consistency rules [6,15] in road
design process. Design consistency refers to road geometry conformity with driver ex-
pectancy, generating predictability. Theoretically, drivers make fewer errors at geometric
features that correspond to their expectations. An inconsistency in road design represents a
geometric feature or a feature mix with unusual characteristics that drivers may approach
in an unsafe manner. Such situations could lead to speed errors, inappropriate driving
maneuvers, and finally to accidents. Their effects can be aggravated by inadequate roadside
design, a fact which will be detailed in the following section.
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2. The Study Scope

The paper’s goal was to investigate the effect of the unforgiving roadsides on European
route E68 (DN1) in Romania, over the degree of vehicle passenger injury, respectively, the
level of car damage, and having as a base point specific accidents produced on the road
sector between the cities of Bras, ov and Făgăras, , in Bras, ov county.

Also, the work aimed to reconstruct through software simulation the probable mecha-
nism of the occurrence of such accidents.

The E68 (DN1) is one of the longest and most used roads in Romania, permanently
recording high traffic values. The analyzed sector is a difficult one because of its configura-
tion, and in addition the road sector is characterized by a high rate of accidents.

In the current study continuous hazards are addressed, and the ditches in particular,
which generally are parallel to the roadway. The analyzed accidents were caused by vehicle
run-off into ditches as can be seen in Figure 1.

Some relevant crashes are illustrated which occurred on the E68 (DN1) in Romania
on the specified road sector. As can be seen in the photos, in most of the cases the impact
between vehicle and ditch causes the car to overturn or roll over. In this scenario, apart
from the material damage, it is also very important to evaluate the accident effect on the
vehicle occupants.

The photos reveal that in most of the cases the vehicle–ditch accidents occurred in
adverse weather conditions (wet road surface), a fact that indicates prior vehicle skidding,
most likely induced by speeding or by a sudden steering maneuver due to poor under-
standing of that road section. Also, some photos show that the intervention of medical
and extrication crews at the scene of the accidents was necessary, this fact representing an
indicator of the crash severity.
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Figure 1. Examples of accidents with hazardous roadside ditches—(a–e) vehicles overturning,
rollover [16]. In the presented context two factors accumulate: first a human error, then accentuated
by an unforgiving roadside, a ditch. Thus, the study becomes relevant by establishing the probable
collision dynamics, respectively, through analyzing its effect on the vehicle’s occupants. More than
this, some forgiving measures are necessary to be implemented in order to compensate such human
errors, by reducing or eliminating its effects.

3. The Study Background

Generally, as it was mentioned before, there are a multitude of factors that can generate
road accidents, related to the following: traffic volume, road type and its configuration,
weather conditions, environment, and all categories of road users. In this regard, traffic
characteristics (such as speed, density), insufficient driving skills, and road elements (such
as geometry, quality and condition of the asphalt surface, roadsides design) can favor the
occurrence of road accidents.
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National roads in Romania, due to their multiple characteristics, constantly represent
the category where a large number of serious road accidents occur, characterized by high
values of injury and fatalities, speed being an important generating factor. Statistics show
that 20% of serious traffic accidents in Romania are caused by speeding.

Several studies [17–21] analyzed the dependence between speed and accident fre-
quency (accident rate), considering that increased speed causes more accidents. Certain
drivers that are speeding, in limit situations, do not know how to manage them, or the
reaction time combined with an avoidance maneuver does not allow them to avoid the
accidents. In particular, a higher speed will also increase the total stopping distance of
the vehicle while the probability of accident occurrence is also higher, especially in wet
conditions (slippery road, poor visibility, different friction coefficients on tires, etc.). Thus,
by reducing the speed, a decrease in accident rate can be obtained.

On the other hand, speed cannot be seen as a stand-alone factor of accident occurrence,
and with the speeding theory it is necessary to include other mixed elements such as the
following: variations, road-tire interaction, driver experience, weather conditions, visibility,
sudden trajectory change, erroneous estimation of a curve radius, etc.

Another major element in the safety field is the road itself. Its main design character-
istics (e.g., geometry, alignment, curves, junctions, and all other infrastructure elements,
including roadsides) could play an important role in improving traffic safety. For example,
an increased number of curves on a certain road sector can increase the possibility of
accident occurrence. This fact can be accentuated by the adverse weather conditions and
drivers’ lack of experience in managing the relevant road section. Depending on the partic-
ularities of the road sector, the type of accident, and the traffic conditions, only material
damages can result, but in certain situations the occupant injuries can also occur. Herein,
the improper design of road infrastructure can affect in a negative manner the road safety.

According to [14] a significant percentage of fatal road accidents in the EU are single-
vehicle type accidents, classified as run-off-road accidents (vehicle leaves the carriageway
and crashes to the roadside).

Roadside hazards can be grouped as follows [1,14]:

• Single fixed obstacles (e.g., trees, vegetation, utility poles, road signs, safety barrier
terminations, rocks, drainage features, etc.);

• Continuous hazards (e.g., ditches, slopes, road restraint systems, curbs, etc.);
• Dynamic roadside hazards (e.g., pedestrian and bicycle facilities, parking).

In Romania, the special characteristics of the road (e.g., curve, tunnel, bridge, inter-
sections, railway crossing, etc.) can be the generating factors for the occurrence of road
accidents. Similarly, in this study for the analyzed years (2020, 2021, and 2022), the curve
and the intersection represent the infrastructure elements with a high potential risk of acci-
dents (Table 1, number of accidents per year). Ref. [22] represents the source of statistical
data that are analyzed in the present section of the study.

Table 1. The situation of road accidents according to the characteristics of the road.

Year Road without
Specific Elements

Road Element

Curve Intersection

2020 4092 1037 1061
2021 3332 744 790
2022 3138 739 795

The global analysis of the fatality index for the time period of 2020 to 2022 shows
comparable values for the accidents in the case of the curve as the main characteristic of
the road and for the case of the road without any specific characteristics (e.g., without
curve or/and intersection—Figure 2). Although serious road accidents occur more fre-
quently in intersections than in curves, the comparative statistical analysis indicates that the
number of fatalities is lower in the intersection events (Table 2). It can also be mentioned
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that the highest rate was recorded for serious accidents in the case of the two analyzed
characteristics, curve and intersection (Figure 3, Table 3).
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4. Methodology

The literature regarding the vehicle ditch accident type is relatively limited [17], an ex-
perimental study being complex, expensive, and involving a considerable volume of work.
A viable alternative solution is the software simulation of such a situation, considering as
input data all the involved elements (e.g., vehicle rest position, deformations, road sector
geometrical parameters, ditch main dimensions, weather condition, etc.). Through simula-
tion, realistic results can be obtained and valuable information regarding the dynamics of
this impact type (vehicle and occupants).

In the case of vehicle overturning or rollover, the strength of the vehicle body is
an essential fact from the point of view of deformation amplitude, correspondence with
occupant injury being a major factor regarding passive safety improvements.

Generally, overturning accidents have as the main cause cornering at high speeds,
when the centrifugal force of the vehicle’s mass is high enough to generate the overturning
moment. A particular situation is represented by the impact of the wheels from one side of
the vehicle with an obstacle on the roadside (ditch, curb), with overturning either or not
preceded by skidding.

During the movement of the vehicle, sudden variations in the transversal inclination
of the vehicle body appear as a result of the vehicle wheels from one lateral side passing
over the ditch. The imbalances of the vertical reactions on the wheels generate a moment
that produces overturning and eventually subsequent rolling.

4.1. Preliminary Data

As mentioned and illustrated previously, the present paper was inspired by specific
traffic accidents (vehicles that run off into ditches) produced on the E68 (DN1) in Romania
on the Bras, ov–Făgăras, sector; one important aggravating factor is the unforgiving roadsides,
and bad weather conditions are also another element to be considered.

To carry out the study a relevant curved road sector with an unforgiving continuous
element was chosen (Figure 4), where the main geometrical parameters of the ditch were
measured. Other relevant geometrical elements (e.g., curve radius) of the considered road
sector were imported from Google Maps application in the simulation software, including
the map zone.
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The aspects from photos regarding the vehicle positions, materialized damages, road
conditions and roadsides represented the starting point in the development of the simula-
tion, which allows the analysis of the dynamics of the accident.

4.2. Accident Simulation Scenario

For the simulation of vehicle–ditch collision, the specialized software PC-Crash 13.0
was used, that enables the reconstruction and analysis of various traffic accidents. The
simulation goal was to investigate the cumulated effect of certain factors—curved road,
weather conditions, unforgiving roadsides—over vehicle dynamics and occupant injury in
the case of a vehicle that skids and runs off into the ditch, shown in Figure 4. The simulation
scenario is a complex one and needs to consider and model a lot of parameters regarding
road configuration, vehicle and occupant dynamics, including weather conditions that
favor the occurrence of the event.

In order to generate the accident scene, the specific zone from Google Maps was
imported in the PC-Crash 13.0 software, then a 3D road object tool was used to generate the
specific road configuration, including the main ditch geometrical parameters (Figure 5).
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The simulation was conducted for rainy weather conditions, a preponderant scenario
for such accident occurrence, and the coefficient of friction between wheels and carriageway
was adopted accordingly (wet conditions).

As the vehicle for the simulation, an SUV type was used as this kind of vehicle is
very popular in EU (in Romania, too). The vehicle dynamic parameter setup (e.g., speed,
acceleration, braking, etc.) was made according to the geometrical road configuration and in
such a manner as to accurately simulate a real-life vehicle skidding in the initial phase of the
vehicle’s movement into the curve, and after that the vehicle runoff into the ditch. In order
to obtain a realistic accident mechanism and dynamics, the simulation parameters were
continuously modified and optimized through iterations (e.g., speed, acceleration, braking,
reaction time, etc.), until boundary conditions—vehicle rest position—were obtained.

For the calculation of movements and loads for vehicle occupants with PC-Crash
software, the multibody model was used (Figure 6). Interaction of the occupants with the
vehicle interior was also considered. Two restrained occupants were placed in the vehicle,
on front seats in order to examine the motion during the impact. The individual bodies
of the multibody system are interconnected by joints and for restrained occupants, seat
belts are modeled using spring damper elements. In the multibody model, for each body
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different properties can be specified, like: geometry (a body being defined as an ellipsoid),
mass, moments of inertia, contact stiffness, and coefficients of friction [23].
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In Romania the speed limit on European national roads is 100 km/h. On the considered
road sector, the input data for the simulation are detailed in Table 4.

Table 4. Simulation input data.

Vehicle Type SUV, 4WD

Vehicle speed before entering the curve 90 km/h, case (a) and (b)
Friction coefficient, wet conditions 0.5
Maximum deceleration, wet conditions 4.91 m/s2

Multibody model 2 front belted occupants: 80 kg, 1.8 m height each

4.3. Simulation Results

The performed simulation considered two possible scenarios inspired by accidents
presented in Figure 1 and are presented as follows:

(a) The vehicle entering into the curve is skidding, leaves the road, and enters into the
ditch alongside with its direction of movement.

(b) On entering the curve, the vehicle skids, enters on the opposite direction, and falls into
the ditch on the left side of its travel direction. This scenario excluded the possibility
of an impact with a vehicle coming from the opposite direction as this aspect is not
the object of the present study.

For the proposed scenarios, the performed simulation revealed that the accident
occurrence mechanism consists of two different phases: initially, the vehicle skidding
appears to be due to the centrifugal force, and then the vehicle overturning and/or rollover
is generated by the vehicle–ditch impact. In this case the vehicle overturning occurs
independently of the road adhesion, being caused by the moment of the impact force.

These two phases are illustrated in Figures 7 and 8, that consist of successive frames of
the accident dynamics at time intervals of 0.4 s for both analyzed cases. In Figures 9 and 10
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the vehicle overturning and rollover for the same time intervals are detailed and for
both cases.
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Figure 10. Vehicle overturning phase—case (b).

In both cases, the skidding phase begins with an instability of the movement, due to
the inappropriate behavior of the driver, who did not adapt the speed properly to the road
conditions (one of the significant factors that generates accidents in Romania).

The skidding phase that appears is characterized by additional energy consumption
due to vehicle lateral deviation and rotation tendency, the friction with the road surface
being more intense. The energy consumption is equivalent to the increase in rolling
resistance. This phase is considered to be ended when the vehicle leaves the carriageway
and starts to fall into the ditch.

Figures 11 and 12 show the vehicle speed variation in time. In case (b) compared to (a),
the vehicle speed at the time when it starts to enter into the ditch is lower, 65 km/h versus
79 km/h, the initial speed being the same in both cases. In case (b) the higher initial speed
decrease is determined by cumulated factors, such as: driver reaction and braking attempt,
the vehicle that is skidding and enters in the opposite direction (the space traveled on the
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carriageway is superior). Those elements generated a supplementary time that allowed,
through controlled and uncontrolled actions, a lower impact speed of the vehicle with the
ditch, theoretically with a direct effect on the occupant level of injury (but this is relative,
depending also on the impact incidence angle of the vehicle).
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The danger of injury to the occupants occurs mainly during the overturning phase,
any intervention of the driver being excluded. The occupant level of injury depends in this
phase on the vehicle kinetic energy and the obstacle (ditch) profile.

Practically, the overturning phase into the ditch is the one that generates vehicle
damage and the injury level of the occupants, depending on the vehicle speed at the
beginning of overturning or rollover and speed and acceleration variation during this
phase (the initial impact incidence angle has to be taken into account too).

From Figures 11 and 12, it can be seen that the speed drop (kinetic energy, too) during
the vehicle–ditch impact is determined by the following mechanism: vehicle body friction
with the ditch surface and vehicle body deformation.

The impact between vehicle body parts and the ditch surface is highlighted by the
acceleration graphs (longitudinal—long, lateral—lat, and vertical—vert), Figures 13 and 14.
A Channel Frequency Classes (CFC) 60 filter was used for processing the impact signals,
to eliminate the high-frequency noise and reduce the signal peaks. By comparing the
graphs for (a) and (b) cases, it can be seen that the vehicle acceleration dispersion, as impact
effect, is higher in case (a), but amplitudes are comparable. Thus, in case (a) predominant
are the longitudinal accelerations with a maximal magnitude about 50 m/s2 and lateral
accelerations are about 30 m/s2, as a result of the vehicle sliding into the ditch. In (b) case a
high amplitude of accelerations is obtained during the rollover of the car, but compared to
(a), the time intervals where these peaks are obtained are narrow, about 0.5 s (interval 1,
value 40 m/s2) and 0.4 s (interval 2, value 85 m/s2).
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The simulation frames and acceleration magnitude indicate an increased level of
vehicle body damages induced exclusively by contact with the ditch surface. In case (a) the
front and right side of the car are damaged. In (b) case, due to the vehicle overturn/partial
rollover the entire vehicle body is affected (after a specialized damage evaluation it could
be considered total damage).

As mentioned before, for the occupants’ kinematics the multibody module was used.
For them, important speed differences occur in the case of collisions with other vehicles
or obstacles. High accelerations appear when the vehicle, for example rotates around its
longitudinal axis (overturning or rollover).

After the multibody system simulation is performed, the most important data are
those related to accelerations, because the severity of the occupants’ injuries depends on
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them. In the case of the current research, the most susceptible human body parts that can
be seriously injured are head and neck. This is because of the possibility of the head hitting
the car roof or practically with any hard parts inside the passenger compartment. In this
type of accident other elements that can influence the injury severity are: the vehicle size,
vehicle body deformation level, rollover number, obstacle size, obstacle that penetrates
passenger compartment, etc.
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In order to avoid head injury, in theory the acceleration magnitude should not exceed
a certain level, as studied through the head injury criterion (HIC) that considers the
duration and severity of the impact. According to [24] HIC is the most important parameter
regarding human survival. It characterizes the brain injuries due to the impact of the head
in vehicle accidents. An alternative evaluation method refers to average acceleration that is
greater than 80 g for no longer than 3 milliseconds (ms).

In [25], it is mentioned that the human body supportability limit is about 10–35 g, at
gradients of 500–1000 g/s with a maximum duration of 0.15–0.4 s. According to [26] the
human body exposure to acceleration higher than 30 g lasting longer than 0.2 s may cause
fluid displacement or tissue deformation. The symptoms appear as a blood pressure drop,
pulse rate rise, weakness, and skin pallor. These aspects refer to a forward seated position.
In the backward-seated position, acceleration up to 35 g can be tolerated without significant
difficulties [26].

In the current study, in case (a) (Figures 15 and 16) the maximum obtained value
of head acceleration (right-side occupant) was about 240 m/s2, 24 g, that correspond to
HIC15 < 130 (equivalent acceleration < 55, for 3 ms) inducing no concussion to the occupant,
possibly headache or dizziness, with effects for less than an hour according to [27].

In case (a) the vehicle entered tangentially into the ditch and an important amount of
the kinetic energy of the vehicle was dissipated through the friction between the lateral
side and the ditch wall, an effect that contributes to non-injury of the occupants (but this
is a particular aspect induced by particular dynamics) and only some temporary, minor
effects. For the right-side occupant, the acceleration is higher due the fact that the vehicle
hits the ditch first with its right lateral side.
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Figure 16. Front right-side occupant acceleration—case (a).

In case (b) (Figures 17 and 18) the maximum value obtained for the acceleration
for the driver’s head was about 210 m/s2, that correspond to HIC15 < 130 (equivalent
acceleration < 55, for 3 ms) inducing no concussion to the driver, possibly headache or
dizziness, with effects for less than an hour according to [27]. The maximum value for
acceleration for the right-side occupant was about 412 m/s2, 41 g, a value that corresponds
to HIC15 180, the occupant suffering mild concussion according to [27].

In the analyzed (b) scenario, the vehicle overturn (partial rollover) induced higher
accelerations for both occupants, which indicates a different mechanism of kinetic energy
dissipation for that impact type.
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5. Discussions and Recommendations

The majority of the accidents involving vehicle overturning or rollover occur outside
the carriageway (the vehicle leaves the road and enters the roadside), this type of accident
being considered as a run-off-road accident [14]. Every such accident is unique due to
its particularities: vehicle type and load, terrain characteristics, obstacles, road design,
driver experience and perception, the incidence angle of the impact, obstacle dimensions,
etc. If the vehicle during the rollover does not hit any obstacles this kind of accident is
less dangerous due the fact that vehicle kinetic energy is dissipated over a longer time
compared to a crash between two vehicles.

The objective of the present study was to particularize and analyze the situation when
the vehicle’s overturn or rollover was induced by an unforgiving roadside, as the effect of
a run-off-road phenomenon. Simulation results show major damage of the vehicle body
induced exclusively by the impact with the ditch and obviously a considerable repair cost.
In the situation of vehicle rollover, the necessity to replace the car with a new one may have
to be considered.
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From the performed analysis results that the ditch represents an unforgiving roadside,
because due to human error, it caused the actual accident, as it was in contradiction with the
concept of a forgiving roadside [1,14]. Through this idea, in the case of a run-off vehicle, the
roadside through its design, must either avoid the accident or minimize its consequences.

In this context the most important factor is the health and safety of the occupants
and as could be observed this type of accident can affect this in a certain manner. A more
dangerous scenario, compared to the analyzed one, could appear anytime in the case of
some other types of vehicles, if the driver/occupants are not seat-belted, with different
vehicle dynamic parameters, especially including a different vehicle incidence angle with
the obstacle (ditch). Different dynamic conditions than those analyzed in the present paper
could generate serious injury and vehicle damage.

For both studied cases, the vehicle damages took precedence compared to the level of
occupant injury, this being a positive aspect of the research. The injury level was a little
bit more serious in case (b). Both scenarios had as starting point the inappropriate road
configuration estimation by the driver, materialized by over speeding in wet conditions
(a frequent real scenario). Even if the injury level obtained through PC-Crash software
simulation was not a significant one for the front occupants, the potential psychological
trauma cannot be ignored.

From the presented aspects, the study highlights the influence of an improper roadside
design over traffic safety in the case of human error occurrence. Another relevant element
that results from the research is the importance of auditing problematic road sectors in
order to implement on existing roads the forgiving roadside systems.

Following the elements detailed before in the paper, for the analyzed problem (ditch–
vehicle impact) as recommendation, the next solutions can be implemented in order to
transform an unforgiving roadside into a forgiving one:

• Cover the ditch and create a safety zone in the proximity of the carriageway, combined
with the measure of eliminating extra potential obstacles in problematic areas with a
high rate of roadsides accidents. In this manner the vehicle that is out of control will
pass over the covered ditch and there will exist the possibility to regain its control or
to stop on the field without major or zero damages. It is necessary that the adherence
of the covering material be close to that of the asphalt one. This fact is illustrated in
Figure 19, where by such a measure, the covered ditch with an appropriate carriageway
shoulder represents a recovery area, which will allow the driver in limit situations to
perform recovery maneuvers. The effect will be injury free occupants and a vehicle
free of damages.

• Modify ditch slope ratio; the slopes should be kept as shallow as possible. A shallow
slope will allow the driver to regain control over the vehicle (Figure 20) [14].

• Isolate the ditch by mounting appropriate roadside barriers (e.g., rolling barrier), that
will minimize the effects of a vehicle out of control. This is recommended where a
previous solution is not possible through environmental limitations (Figure 21).

• Enlarge and pave the road side shoulder (Figure 22), and by that measure, in reasonable
limits, a recovery zone is created for the drivers (where it is possible on existing roads),
in a similar way to the ditch covering solution presented previously. This is known as
a safety zone, where a driver can regain the control over the vehicle.

In this study, a few possible solutions were indicated, through which implementation
of real conditions a reduction in frequent roadsides accidents was created and an increase
of traffic safety in any conditions obtained, both on the studied road sector and in general
on Romanian national roads. The paper had in mind the evaluation of vehicle damage level
and occupant injury severity for a simulated situation, inspired by real traffic accidents on
the same European road sector. On the other hand, the paper can be seen as an input study
for also implementing the concept of forgiving roads in Romania, with real life benefits in
reduction of traffic accident and their injury severity.
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The forgiving road concept, through its multiple possible technical solutions, will
increase road safety and through it, the confidence of all traffic participants during usage
of the Romanian national road network.

The study also reveals the practical utility of developing a road safety system, includ-
ing adequate technical solutions to transform a road into a forgiving one with direct effect
on traffic safety. From this point of view the relevant technical solutions and good practices
experience can be the starting point for a standardization in the field of road safety.
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Abstract: This article focuses on the influence of generated electromagnetic noise (energy) during the
micro-perforation process. This study aims to investigate the critical parameters and effects of using
laser technology in the processing of textile materials for airbags. Different levels of electromagnetic
noise and material thicknesses were investigated to ensure the quality of manufactured parts and the
best component performance. A factorial analysis (DOE) was developed to evaluate the influence of
electromagnetic noise levels over pull test results and its effect on the micro-perforation process. The
overall inferential analysis concludes a significant influence of the noise levels on micro-perforation
processing. The detailed analysis suggests that 1.2 V is an optimal level of electromagnetic noise
where the material maintains its mechanical properties in a more predictable and consistent manner.
Additionally, the factorial design provides significant evidence for an interaction and main effects’
influences of analyzed factors. The obtained results in this study have demonstrated that monitoring
and controlling the noise level have beneficial effects over the laser processing. This ensures that the
safety aspect of the produced parts is entirely upheld and protected. Also, this research contributes
to improving the manufacturing process and ensures that high-quality products are obtained, being
suitable for use in sensitive applications such as automotive airbags.

Keywords: laser micro-perforation process; synthetic leather; electromagnetic noise analysis; pull
test force; design of experiments (DOE); airbag components

1. Introduction

Laser technology has transformed numerous industrial applications, notably in the
material processing field, where its precision and efficiency are unmatched [1–4]. One
critical application is in the manufacturing of textile components for airbags. The quality
of these components is paramount, as they play a crucial role in ensuring the safety
and performance of the final product. The micro-perforation process, specifically, must
adhere to strict standards to prevent any compromise in the structural integrity of the
airbag materials.

Previous research has focused on optimizing laser parameters for various applications
without deeply exploring the effects of electromagnetic noise on the quality and uniformity
of laser-perforated holes, especially in critical safety components like airbags. Noise in the
context of laser processing refers to unwanted energy variations that can affect the stability
and precision of the laser beam. Such variations can lead to inconsistencies in perforation
size, shape, and edge quality, all of which are critical parameters for maintaining the
functionality and safety of airbags.

Earlier studies have extensively explored the optimization of laser parameters to en-
hance processing efficiency and material quality for micro-hole perforation. For instance,
Guo et al. [5,6] presented the fabrication of surface micro-nanostructures on metals using
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femtosecond (fs) laser irradiation, leading to significant advancements in creating highly
absorptive surfaces. While these studies have provided substantial insights into the struc-
tural transformations induced by laser processing, the specific impact of laser noise on the
quality and uniformity of the resulting structures has not been thoroughly investigated.

Various researchers have since endeavored to enhance the antireflective characteristics
of fs laser-formed surface micro-nanostructures to minimize metal surface reflectance [7,8].
For instance, Iyengar et al. [9] applied fs lasers to produce conical microstructures on
titanium surfaces, achieving low surface reflectance values of approximately 3% over a
broad spectral range (0.4–1.6 µm) and angular range (0–60◦), with the lowest reflectance
recorded at about 1.8% for specific wavelengths.

The fabrication speeds of conventional fs lasers make the process time-intensive for
producing black metals by focusing fs laser beams directly on sample surfaces. To enhance
processing efficiency, Paivasaari et al. [10] proposed a four-beam interferometric fs laser
ablation technique, which facilitated the creation of hole-array structures on stainless steel
and copper surfaces. Although nearly total absorption was achieved for stainless steel
across the 200–2300 nm spectrum, copper samples exhibited a gradual increase in reflectance
to approximately 50% at 800 nm. Additionally, nanosecond lasers have been utilized to
blacken copper, achieving consistent absorption rates above 97% in the 250–750 nm range
through the formation of highly organized periodic microstructures. However, a linear rise
in reflectance up to 30% was noted between 750 nm and 2500 nm.

Research efforts have also investigated the antireflective properties of nanoscale struc-
tures formed by an fs laser on metal surfaces. Due to their dimensions being comparable
to visible light wavelengths, nanoscale structures often exhibit selective optical responses.
Dusser et al. [11] created oriented nanostructures on metal surfaces, which induce colorful
surface effects and have been leveraged for generating specific color patterns.

Challenges persist in achieving effective light harvesting and minimizing surface
reflection across a broad spectrum without wavelength dependence, critical for various ap-
plications. This necessitates continuous advancements in antireflection strategies, including
conventional quarter-wavelength films, multilayered film stacks for destructive interfer-
ence [12], direct moth-eye mimics, nanowire/porous-based dielectric structures for the
gradient refractive index [13,14], single-scale metallic micro- or nano-features, multiscale
hierarchical structures for light trapping [15], meticulously designed and fabricated meta-
materials, and their patterned and dimension-varied counterparts for inducing resonance
in ε and µ individually [16]. Ongoing research is also exploring novel light-harvesting
approaches [17–22].

A significant breakthrough in antireflection research has been the development of
coatings comprising vertically aligned carbon nanotubes, achieving ultra-low reflectance
(<1%) across an ultra-broadband spectrum (from UV to far-infrared) [23,24]. Furthermore,
advancements in ultra-broadband light harvesting from UV to THz ranges have been
achieved by fabricating nanotip arrays on silicon surfaces, highlighting the potential for
enhancing antireflection properties on metal surfaces.

From the perspective of micro-nanostructure fabrication, considerable challenges
remain in achieving the designable, predictable, controllable, and scalable fabrication
of surface micro-nanostructures across various materials. Addressing these challenges
remains a continuous pursuit among researchers aiming to develop general strategies and
techniques for fabricating such structures.

2. Objectives and Scope of This Study

This study focuses on the influence of generated noise (energy) during the laser
micro-perforation process of synthetic leather airbag components. Noise in the context
of laser processing refers to the unwanted energy variations that can affect the stability
and precision of the laser beam. Such variations can lead to inconsistencies in perforation
size, shape, and edge quality, all of which are critical parameters for maintaining the
functionality and safety of airbags. By closely monitoring and controlling noise levels, the
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aim is to optimize the production process, ensuring that the resulting airbag components
meet stringent quality and safety standards. This approach not only enhances the overall
efficiency of the manufacturing process but also contributes to the development of high-
quality products suitable for critical applications in the automotive industry.

In this context, this paper details the experimental analysis, including the equipment
and methodologies used, and presents a comprehensive assessment of the results. To assess
the effects of electromagnetic noise levels on pull test force results, a factorial analysis was
applied to underline the influences of the main effects and interactions of examined factors.
The study findings will underscore the importance of controlling laser noise to maintain the
integrity and performance of airbag components, ultimately contributing to advancements
in the field of laser material processing.

The research from this paper presents a niche in the field of the impact of electromag-
netic noise on the quality and consistency of laser micro-perforations in textile materials
for airbags. Previous studies have largely concentrated on optimizing laser parameters
without exploring deeply into how external factors like electromagnetic noise influence the
process. By filling this gap, the research provides valuable insights into how controlling
electromagnetic noise can improve the manufacturing process and enhance the safety and
reliability of airbag components.

3. Materials and Methods
3.1. Materials and Equipment

The material subjected to testing is synthetic leather made from polyvinyl chloride
(PVC) [25], with a nominal thickness of 0.8 mm. It is laminated with a spacer material
having a nominal thickness of 2.99 mm and a specified tolerance of ±0.3 mm. The combined
material must meet strict strength and flexibility criteria to ensure airbag functionality.

The synthetic leather parts used in this study were selected to represent common ma-
terials utilized in the automotive component manufacturing industry for airbag production.
The sample size consisted of 400 parts for each analyzed parameter: the laser noise, material
thickness, and pull test results. For the factorial analysis, 1200 samples were considered.

The used equipment:

• ZwickRoell Z100 Testing Machine (Ulm, Germany) features a maximum force capacity
of 100 kN. It provides a testing speed range from 0.0005 to 1000 mm/min with an
accuracy of ±0.1% of the set value. It ensures force measurement accuracy within
±0.5% of the measured value, up to 1/1000 of the maximum load cell capacity. The
machine has a test stroke of 1100 mm without accessories and operates on a power
supply of 230 V, 50/60 Hz.

• The INSTRON 5967 Testing Machine (Norwood, MA, USA), with a maximum force
capacity of 30 kN, offers a testing speed range from 0.001 to 3000 mm/min with an
accuracy of ±0.1% of the set value. It ensures force measurement accuracy within
±0.5% of the measured value, up to 1/1000 of the maximum load cell capacity. The
machine has a test stroke of 1130 mm without accessories; operates on a power supply
of 100–240 V, 50/60 Hz; and utilizes Bluehill Universal software 4.5.

The ZwickRoell Z100 testing machine is used for evaluating the mechanical prop-
erties of laser-processed materials. Its features, such as high force capacity and mea-
surement precision, make it ideal for testing textile materials, ensuring compliance with
technical specifications.

The INSTRON 5967 testing machine is used for smaller-scale testing and applications
requiring lower forces. With similar accuracy and flexible power supply, it complements
the capabilities provided by the ZwickRoell Z100.

3.2. Evaluation Methodology of the Quality of Laser Micro-Perforations in Airbag
Zones’ Components

The quality of laser micro-perforations’ process applied to materials used for airbags
is evaluated based on several critical parameters. The size and uniformity of the perfora-
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tions must be consistent across the entire material surface, as variations can compromise
the functionality of the airbag. The ideal shape of the perforations is circular, and any
deformation may indicate issues with laser parameter settings or beam quality.

The quality of the perforation edges is also essential; they should be smooth and
well defined to prevent material degradation during airbag deployment. The depth of the
perforations must be precisely controlled to ensure optimal performance, thereby avoiding
any risk of structural failure.

The material surrounding the perforations must maintain its structural integrity with-
out showing signs of thermal or mechanical degradation. It is important that the perforation
process minimizes residue generation, as the presence of residues can affect both the esthet-
ics and functionality of the airbag.

The efficiency and speed of the micro-perforation process are important parameters
for industrial production. An optimal balance between speed and quality is necessary
to maintain efficient and economical production. To achieve high-quality perforations,
it is crucial to optimize and precisely control laser parameters such as power, frequency,
scanning speed, noise (energy in the electromagnetic field), and beam focus. The use of
appropriate calibration equipment and regular maintenance significantly contributes to
maintaining optimal performance.

For the analysis of the quality of laser micro-perforations in airbag zones, three test
samples, each containing 400 pieces, were examined. These samples underwent a rigorous
set of tests to evaluate the influence of the previously mentioned parameters: power and
noise (energy in the electromagnetic field). The results of these tests provided essential
data to ensure compliance with the safety and performance standards specific to the
automotive industry.

3.3. Laser Processing

The laser used in this experiment has a total power of 2 kilowatts (kW), representing
100% of the device nominal power. The experimental settings include using 25% of the
total power, while the two laser powers are set at 50% used from this percent. Additionally,
within this 0.5 kW setting, the powers P1 and P2 are adjusted to 50% of 0.5 kW, equating
to 0.25 kW each. The measurement of the laser power is conducted in discrete increments
of 100 watts, up to the full 2 kW capacity, to ensure a comprehensive evaluation of the
laser efficiency across its operational range. These settings are crucial for evaluating the
performance and efficiency of the material perforation process (Figures 1 and 2). The pulse
duration is 200 fs (femtosecond). This is unusual for CO2 lasers, which traditionally have
much longer pulse durations (in the order of nanoseconds). However, there are advanced
technologies where different types of lasers are combined to achieve very short pulse
durations, such as the Ti series pulsed CO2 lasers.

With a production cycle of 15 s per part, it is crucial that the quality of the part in the
visible area is ensured throughout the vehicles’ lifespan. This means that micro-perforations
resulting from the laser processing must not be visible and should not be influenced by
factors that could compromise the integrity of the airbag or the esthetic appearance of
the components.
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In conclusion, the Ti series pulsed CO2 laser with a pulse duration of 200 fs (Figure 3)
is a costly but efficient option for precision applications in airbag component production,
ensuring high quality and long-term durability of the manufactured parts.
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3.4. Optical Configuration

The laser optical system includes f-theta scanning lenses, beam expanders, focusing
assemblies, and Galvo mirrors, all designed to operate at the wavelengths of CO2 lasers.
The beam diameter is 0.2 mm, ensuring precise focusing. The focal length of the optical
system depends on the specific type of lenses and mirrors used. For f-theta scanning lenses
and Galvo mirrors, the focal length can be adjusted according to application requirements.
The beam size is controlled by the optical system and can be adjusted to obtain a small
focal point, essential for precise processing of textile materials (Figure 4).

The material is placed precisely at the focal plane of the optical system. This ensures
optimal focusing of the laser beam and precise processing of the material.
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3.5. Collection and Statistical Analysis

The experiments were conducted with meticulous attention, taking into account the
imposed conditions and using advanced instrumentation and equipment.

The statistical analyses of the experimental data were performed using the Minitab v17
software (Minitab LLC., State College, PA, USA). Considering a 95% confidence interval
(CI) and a significance level of α = 0.05, the normal distribution of the experimental data
was qualitatively and quantitatively validated by using the normal Anderson–Darling test
(AD) [26,27]. A factorial design (DOE) [28,29] was applied based on the process particularities
by choosing the main control factors that affected the micro-perforation characteristics. To
evaluate the influence of the electromagnetic noise levels, the interaction effects and main
effects of factors were studied.

4. Influence of Electromagnetic Noise (EMI) on Laser Processing

During the experiment, electromagnetic noise (EMI) was monitored and controlled to
understand its impact on the quality of laser perforations. Electromagnetic noise can be
generated from various sources in the surrounding environment and can affect the stability
and precision of the laser beam.

To evaluate the influence of EMI, pull tests were performed on the perforated materials
under different electromagnetic noise conditions.

4.1. Statistical Analysis of Experimental Data

Considering the 95% confidence interval (CI), the electromagnetic noise levels and
materials’ thicknesses were statistically analyzed. In particular, the Anderson–Darling
normality test was applied to validate the data distribution. Additionally, the homogeneity
of the experimental data was tested by assessing the goodness of fit with probability plots
(Figures 5–8), indicating the nominal electromagnetic noise level.

The goodness-of-fit normality test results are presented in Table 1. The comparative
analysis of the probability plots shows that all points are within the lower and upper
confidence boundaries, respectively, and the p-value is over the specific significance level of
0.05. Based on the estimated Anderson–Darling statistics (AD) and correlation coefficient,
it can be mentioned that the analyzed experimental data are homogeneous and it follows
the normal distribution.
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Figure 5. Probability plot of noise level I for 0.8 V.
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Figure 6. Probability plot of noise level II for 1 V.
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Table 1. Anderson–Darling normality test.

Characteristic AD Correlation Coefficient p-Value

Noise level I (V) 0.247 0.979 0.649
Noise level II (V) 0.225 0.980 0.731
Noise level III (V) 0.134 0.996 0.961

Material thickness I (mm) 0.198 0.985 0.826
Material thickness II (mm) 0.287 0.972 0.524
Material thickness III (mm) 0.615 0.919 0.407

The descriptive statistics of analyzed electromagnetic noise levels and material thick-
nesses are synthetically presented in Tables 2 and 3.

Table 2. Descriptive statistics of analyzed noise level.

Statistical Parameter Noise Level I (V) Noise Level II (V) Noise Level III (V)

Mean 0.759 0.936 1.145
Minimum 0.720 0.910 1.110
Maximum 0.790 0.970 1.180

Median 0.765 0.935 1.145
StDev 0.024 0.023 0.024

Q1 0.735 0.913 1.123
Q3 0.778 0.958 1.168

Skewness −0.54 0.23 0.010
Kurtosis −0.744 −1.412 −1.200

Table 3. Descriptive statistics of analyzed material thicknesses.

Statistical Parameter Material Thickness I
(mm)

Material Thickness II
(mm)

Material Thickness
III (mm)

Mean 2.964 3.059 3.003
Minimum 2.780 2.960 2.760
Maximum 3.150 3.200 3.120

Median 2.960 3.040 3.060
StDev 0.120 0.089 0.134

Q1 2.883 2.975 2.875
Q3 3.073 3.143 3.105

Skewness 0.201 0.487 −1.159
Kurtosis −0.287 −1.264 −0.035
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The estimated mean of electromagnetic noise level I is 0.759 V (95% confidence inter-
vals of 0.738 V and 0.778 V), the standard deviation is 0.024 V (95% confidence intervals of
0.015 V and 0.049 V), and the median is 0.765 V (95% confidence intervals of 0.729 V and
0.780 V). With a significance level of α = 0.05, the estimated parameters do not exceed the
imposed nominal level of 0.8 V. Based on descriptive statistics results for electromagnetic
noise levels II and III, it indicates falling within the specified limits for 1 V and 1.2 V.

In the case of the material thicknesses, the means are between 2.964 mm and 3.059 mm,
and the standard deviations are between 0.089 mm and 0.134 mm with medians around
3 mm. Although the differences between the main estimated statistical parameters are not
significant, each piece is analyzed individually, and the material thickness influences the
regime of the laser process.

4.2. Analysis of the Main Factors in the Laser Micro-Perforation Process

The influence of electromagnetic noise levels and material thicknesses over pull test results
is based on the factorial design of experiments (DOE). The goal of this study is to examine
these factors to determine which ones have the greatest influence. Because it was assumed
that three-way and four-way interactions are negligible, a resolution IV factorial design was
adopted. We decided to generate a 16-run fractional factorial design. The interaction effects
and main effects for factorial design results are presented in Figures 9 and 10.

The interaction plots show that there is a high degree of interaction for pull test force I
and pull test force III. The electromagnetic noise level with the highest values has significant
influence on pull test force results (Figure 9a,c). Specific to pull test force II depicted in
Figure 9b, the plot indicates no interaction.

The pull tests’ forces are adjusted according to the thickness of the material and its
texture, the target value of the pull test being 303 N. From Figure 9a, it follows that for
a value of noise level I of 0.79 V, the force for the pull test is 410 N, this value not falling
within the agreed tolerance. From Figure 9b, it can be seen that for 0.97 V, the maximum
value recorded in the pull test is 257 N. This result does not reflect the fulfillment of the
imposed requirements. Analyzing Figure 9c, the pull test force value is 302 N at a noise
level of 1.18 V, a result that indicates the supply of compliant products, but also the stability
of the laser micro-perforation process.

The main effects’ plots indicate that the electromagnetic noise levels and material
thicknesses influence the results of pull tests (Figure 10). Specifically, the noise levels
compare to a nominal noise level of 0.8 V that has a negative influence on the results of the
pull test, while, for a nominal noise level of 1.2 V, it has a positive influence.
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Figure 10. Main effects plot of analyzed factors: (a) main effects for pull test force I; (b) main effects
for pull test force II; (c) main effects for pull test force III.

5. Results and Discussion
5.1. Evaluation of Perforation Quality in the Presence of Electromagnetic Noise

The pull tests conducted on the perforated materials were analyzed to determine
the impact of electromagnetic noise on perforation quality. The tests revealed that, in the
presence of electromagnetic noise, there were significant variations in the size and shape of
the holes, as well as the presence of irregular edges.

The structural examination of the perforated material using the Gemini 500 Zeiss elec-
tron microscope (Zeiss, Jena, Germany) revealed the presence of defects such as excessive
burns and deformations of holes’ edges in areas exposed to strong electromagnetic fields.
These defects can compromise the integrity and functionality of the airbag, highlighting
the necessity of EMI control in the laser process.

5.2. Analysis of Tensile Test Results

The results of the tensile tests reveal distinct performance characteristics between
samples categorized as NOK (Not OK) and those categorized as OK (Figures 11–13).
Specifically, samples classified as NOK exhibited an average tensile strength of 409 N at a
noise level of 0.8 V, and an average of 255 N at a nominal electromagnetic noise level of 1 V.
In contrast, samples categorized as OK demonstrated an average tensile strength of 303 N
when exposed to a noise level of 1.2 V. These findings underscore the sensitivity of tensile
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strength to variations in applied noise levels, highlighting the need for a precise control
and optimization of experimental parameters in material testing protocols.
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These results indicate that the tensile values are affected by the level of electromagnetic
noise. At a noise level of 1.2 V, the tensile values are more consistent and closer to the
optimal values, demonstrating that this level is favorable for achieving the desired quality
of perforations.

5.3. Impact of Electromagnetic Noise on the Material

The 1.2 V noise level appears to favor greater consistency and stable quality of per-
forations compared to lower or higher noise levels (Figure 13). This noise level helps



Materials 2024, 17, 4131 13 of 15

maintain a balanced mechanical performance and reduces variability in the size and shape
of perforations.

Under 1.2 V noise conditions, defects and deformations are minimized, ensuring better
structural integrity of the perforated material.

5.4. Relationship between Noise and Mechanical Performance

The results suggest that an electromagnetic noise level of 1.2 V offers an optimal
balance between mechanical performance and consistency of results. While lower noise
levels (0.8 V) provide higher tensile values, they are more variable and less predictable.
At 1.2 V, the perforated material shows superior stability, which is crucial for critical
applications such as airbags.

The perforated material was subjected to strength tests in the presence of electromag-
netic noise, using the ZwickRoell Z100 and INSTRON 5967 testing machines. The results
showed a decrease in mechanical strength in areas affected by EMI, emphasizing the im-
portance of minimizing electromagnetic interference to maintain the final product quality.

5.5. Process Optimization

Laser processing of textile components for airbags has a significant impact on their
quality and performance. Laser technology allows high precision and consistency in
material perforation, essential for ensuring the functionality and safety of airbags. However,
the influence of electromagnetic noise can compromise these advantages, affecting the
stability and accuracy of the laser process.

Using lasers in processing textile materials offers numerous advantages, such as
the ability to achieve precise and uniform perforations and the efficiency of the process.
However, the presence of EMI can introduce defects and variabilities that reduce the final
product quality.

To improve the laser processing process and minimize the influence of electromagnetic
noise, the following main recommendations can be mentioned:

• Electromagnetic Shielding: Continue using electromagnetic shielding equipment to
maintain the optimal noise level at 1.2 V.

• Experimental Setup Isolation: Maintain the adequate isolation of the experimental
setup to prevent unexpected variations in electromagnetic noise.

• Power Supply Stabilization: Ensure a stable power supply to consistently maintain
the optimal electromagnetic noise level at 1.2 V.

During the laser perforation of the airbag’s protective material, electrostatic energy is
generated, which can impact the process. However, the primary objective of this procedure
is to ensure the precise and efficient perforation of the material without compromising the
functionality or safety of the airbag.

To prevent any adverse effects and ensure the reliability of the airbags in the event of
an impact, specific measures are implemented. The electrostatic energy produced by the
laser device can potentially affect nearby materials or electronic components under certain
conditions. Therefore, measures are taken to minimize electrostatic interference and to
safeguard the integrity of both the airbag system and the associated electronic components.

To enhance the micro-perforation process and control the level of electrostatic noise, ad-
justable tolerances are utilized. These tolerances can be configured through the laser’s soft-
ware, allowing parameters to be adjusted based on the material used for micro-perforation.
This ensures that the perforation is carried out effectively without compromising the
performance and safety of the airbag.

In this regard, the studies on influences of electromagnetic noise show that these
factors must be detected, controlled, and mitigated.

6. Conclusions

Laser processing of textile components for airbags is a complex and crucial field for
vehicle safety. By deeply understanding process parameters and the influence of external
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factors such as electromagnetic noise, superior results can be achieved that comply with
the industry stringent specifications. Continuing research and continuous improvement
of the technologies and methodologies used will ensure the development of high-quality
products and maximum safety for end-users.

In conjunction with the design of experiments’ analysis, the differences among the
analyzed factors were examined. The three noise levels appear to affect the pull test results
compared to a target value of pull test force. The interaction effect is present because the
different levels of the analyzed electromagnetic noise factors affect the response differently.
Additionally, the plots of influence of electromagnetic noise levels compare to material
thickness over pull test force results; it shows that there is a main effect present. Based
on the analysis of factor effects, it can be mentioned that the noise levels have significant
influence over the micro-perforation laser process.

The unacceptable results demonstrate significant variation in tensile values under the
influence of electromagnetic noise. At a noise level of 0.8 V, the average tensile value is
407 N, suggesting better mechanical performance but with reduced consistency. At a noise
level of 1 V, the average tensile value drops to 256 N, indicating a significant deterioration
in the quality of the perforated material.

The acceptable results show that at a noise level of 1.2 V, the average tensile value is
303 N. Although the absolute value is lower than that at 0.8 V, the consistency and stability
of the results are superior.

A detailed analysis of the tensile test results under the influence of electromagnetic
noise indicates that a noise level of 1.2 V is optimal for achieving the desired quality of
perforations in textile materials for airbags. This noise level provides a balance between
mechanical performance and consistency of results, minimizing defects and ensuring the
necessary structural integrity for vehicle safety. Controlling and maintaining this optimal
electromagnetic noise level will significantly contribute to improving the quality and
reliability of the final products.
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Abstract: This paper presents a comparative analysis of the laser operating power (P1 and P2) and
synthetic leather thickness to achieve the optimal quality of components in the airbag area, produced
through micro-perforation laser processing. Within the study, various laser power settings and
material thicknesses were investigated to determine the combinations that ensure the best component
performance. The experimental results indicate that setting the laser to 25% of its total power (P1, P2)
of two kilowatts (kW) represents the optimal parameter setup to achieve parts of superior quality.
This configuration is not significantly influenced by the material thickness, suggesting important
versatility in practical applications. The overall results indicate the significant influence of the laser
power level on micro-perforation processing. The normal analysis of means (ANOM) and factorial
design (DOE) provide significant evidence for an interaction, highlighting that the effects of one
laser power factor depend on the level of the other laser power factor. These findings are essential in
improving production processes, as they allow for the manufacture of airbag components with high
precision and consistency, minimizing the risks of material deformation or damage. Thus, not only is
compliance with safety standards ensured, but the economic efficiency of the production process is
also enhanced.

Keywords: synthetic leather; micro-perforation process; automotive parts; laser parameters; analysis
of variance; factorial analysis; quality improvement

1. Introduction
1.1. Literature Review

Laser processing technology is seen as an efficient method due to its lack of tool
wear, fast processing speed, ease of performance, possibilities for flexible automation,
high-quality products and contactless nature; it can be employed in various industrial
applications, such as drilling, cutting, milling, polishing, etc. [1–3].

Laser processing can be categorized into thermodynamic and non-thermodynamic
processes based on the laser pulse width. Thermodynamic processes involve continuous,
long-pulse and short-pulse lasers with pulse widths greater than 10–11 milliseconds (ms),
leading to heat transfer and diffusion phenomena, such as electron excitation, electron–
phonon relaxation and phonon–phonon relaxation. These processes result in material
melting, evaporation and removal through thermal effects, causing significant thermal
damage to the edges of the laser-processed area. In contrast, picosecond and femtosecond
lasers, with pulse durations shorter than the electron–lattice energy relaxation period,
operate under a “cold processing” mechanism. During these ultra-short pulses, the laser
energy is absorbed by the electrons before any energy coupling with the lattice, leaving
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the lattice and electrons in a non-equilibrium state. This results in an instantaneous non-
thermal phase change, where the material is ejected with the formed plasma before thermal
diffusion can occur. This prevents thermal damage and produces clean, precise edges [4,5].

Femtosecond lasers are widely used in various fields. A femtosecond fiber laser for
micro-hole drilling and cutting in ambient air was developed in [6]. Initially, the process
was examined for both transparent materials (such as glass) and nontransparent materials
(such as metals and tissues). The hole shapes and morphologies were characterized using
optical and scanning electron microscopy (SEM). The results indicated the successful
creation of debris-free micro-holes with excellent roundness and no thermal damage,
achieving an aspect ratio of 8:1. Additionally, micro-hole drilling in both hard and soft
tissues was accomplished without causing cracks or collateral thermal damage. The study
then investigated trench micromachining and cutting in various materials, analyzing the
influence of the laser parameters on the trench properties. The findings show that straight
and clean trench edges can be produced without thermal damage.

The theoretical and experimental analysis of micro-hole arrays on coated fused silica
using a femtosecond laser was developed in [7]. The authors discussed 3D microstruc-
tures to underline the advantages and the rapidity of the processing method using an
ultrafast laser.

In the laser microfabrication applications field, the authors in [8,9] discussed the power
output of picosecond and femtosecond ultrafast lasers, which typically ranges from tens
to hundreds of watts, positioning them as primary contenders. This contrasts sharply
with continuous lasers, which boast an average power rating of 10 kW. Recent advances in
industrial ultrashort-pulse laser technology have led to a substantial rise in the average
power levels, surging from a modest 10 watts to several kilowatts. These breakthroughs
are anticipated to catalyze significant advancements across multiple aspects, including the
processing efficiency, material thickness capabilities and surface area coverage. Moreover,
these innovations are expected to enhance the distinguishing characteristics of ultrafast
laser technology—notably, its unparalleled precision and quality in processing operations.

Studies referring to analyses across various materials emphasize the effects of the laser
parameters on the trench properties. The findings show that straight and clean trench edges
can be obtained without thermal damage [4].

The optimization of the processing outcomes was proposed in [10–12]. It is imperative
to focus the laser beam precisely on the surface of the workpiece, ensuring that it converges
to a single point without any deviation, a state referred to as zero defocus. This alignment
guarantees that the laser beam lands directly on the material’s surface to be processed, thus
maximizing the processing efficacy. It is crucial to note that the power density reaches its
zenith under these conditions. When the laser’s focal plane is positioned above the surface
of the workpiece, it is termed positive defocusing, while positioning it below the workpiece
surface leads to negative defocusing. Variations in the focal length lead to energy dispersion
and a consequent decline in processing quality, irrespective of whether the defocusing is
positive or negative.

Zhang et al. [13] conducted a comparative analysis on the impact of laser irradiation
on carbon fiber composite materials in both subsonic airflow and no-flow environments.
Their results indicated that the presence of a tangential airflow contributed to a notice-
able cooling effect within the processing area. As the air pressure increased, the airflow
intensified, leading to more efficient heat dissipation and a consequent reduction in the
heat-affected zone.

In a scientific study, Riveiro et al. [14] investigated the efficacy of assisted laser cutting
using Ar gas across varying air pressures with a 3.5 KW CO2 laser. Their findings demon-
strated that the gas delivered through both coaxial subsonic nozzles and paraxial supersonic
nozzles effectively dissipated the heat, resulting in a reduction in the heat-affected zone.

Furthermore, Yuki et al. [15] explored laser processing using nitrogen, argon and
oxygen as auxiliary gases under consistent average power and scanning speed conditions.
Nitrogen, with its higher specific heat capacity compared to argon, proved to absorb more
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heat, thus limiting the expansion of the carbon fiber end face. Additionally, oxygen’s inclu-
sion facilitated deeper material incisions, addressing challenges associated with material
removal in deeper layers due to lower laser energy.

In their study, Wang et al. [16] utilized a water-guided laser for the processing of a
carbon-fiber-reinforced polymer (CFRP). Their findings indicated that the resultant cutting
surface of the CFRP exhibited remarkable cleanliness and flatness when processed with a
water-guided laser. Notably, minimal fused impurities were observed adhering to both the
cutting surface and groove. Furthermore, enhancements were noted in the mitigation of
surface heat-affected zones, material delamination phenomena and fiber expansion.

Leveraging the cooling potential of a paraxial water jet, Zhang et al. [17] strategically
harnessed it to curtail the diffusion of excess heat generated during laser processing.
A morphology analysis revealed a direct correlation between the reduction in the heat-
affected zones and the flow rate of water through the system (B). This underscores the
effectiveness of water jet assistance in not only facilitating prompt heat dissipation but
also elevating the quality of carbon fiber cutting surface processing while concurrently
diminishing carbonization.

1.2. Objectives and Scope of the Study

The production and testing of airbag parts involves the use of various specific equip-
ment and technologies. In this context, the aim of this study is to analyze the laser micro-
perforation process of airbag components considering the main influencing factors. The
obtained results in the pull test are analyzed from the point of view of the influences of the
laser power (P1 and P2) and the thickness of the material. The statistical analysis of the
experimental data includes a goodness-of-fit test, regression analysis, analysis of variance
(ANOVA) and multivariate and factorial analyses. All of these are applied to identify
patterns, correlations and outliers within the dataset. Additionally, advanced visualization
tools are utilized to emphasize the complex data relationships and trends, aiding in the
interpretation of the results and the formulation of actionable insights.

The novelty in the laser micro-perforation process of textile materials refers to recent
technological improvements that optimize both the process and the outcomes of this
technique. The updated laser technology allows for the creation of extremely precise and
uniform perforations, which are essential for applications where the technical characteristics
are crucial. Laser micro-perforation systems are much faster, enabling mass production
without compromising product quality, thereby making the process more efficient and
cost-effective for manufacturers. Additionally, modern technologies offer advanced control
over the laser parameters, such as the power, frequency and pulse duration, allowing for
fine adjustments based on the type of material and the desired outcome.

This exhaustive investigation represents a significant step towards enhancing the
reliability and consistency of airbag cutout laser processing methodologies. The compre-
hensive analyses and proposed remedial measures outlined herein underscore the collective
commitment to quality assurance and process optimization within the automotive safety
industry. It is imperative that stakeholders collaborate closely to ensure the seamless im-
plementation of these measures, thereby fostering a culture of continuous improvement
and excellence in manufacturing practices. By applying the specific methods, the following
outcomes are expected.

• Uniform and precise perforations: The optimization of the laser parameters and
rigorous control implementation should lead to uniform and precise perforations
across the entire surfaces of synthetic leather parts.

• Reduction in defects and waste: Real-time process monitoring should enable the
immediate detection and correction of any issues, thus reducing the quantity of
damaged material and minimizing waste.

• Increase in efficiency and consistency: Through parameter optimization and contin-
uous process control, a significant increase in operational efficiency and improved
consistency in the quality of end products is anticipated.
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2. Materials and Methods

The analyzed CO2 laser micro-perforation process technology is presented in Figure 1.
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Figure 1. Laser micro-perforation flow process.

Material preparation: The materials used for airbags include robust technical textiles
such as nylon or polyester, which are treated for high tear and wear resistance. The
airbag material must be securely fixed on a work platform to prevent movement during
perforation, ensuring precision perforations.

Laser configuration: The CO2 laser used for the micro-perforation of airbag materials
operates at a wavelength of 10.6 µm. This wavelength is effective for absorption by technical
textile materials. The laser power varies depending on the thickness of the material and
the perforation specifications, with typical powers ranging from a few watts to hundreds
of watts.

Laser beam focusing: The optical system focuses the laser beam using lenses or mirrors
to concentrate the beam into a small point. The size of the focused point determines the
diameter of the micro-perforation, and the precise adjustment of the focus is essential to
ensure high-quality perforations in airbag materials.

Control and movement: A computer controls the movement of the laser and the
perforation pattern, allowing the precise programming of the size, shape and distribution of
the perforations. The movement system, which may include stepper motors or servomotors,
ensures the precise movement of the laser or the platform holding the material, essential in
achieving uniform perforations in the complex airbag materials.

Micro-perforation process: The laser beam is emitted and absorbed by the material,
causing the rapid evaporation of a small portion of the material and creating a perforation.
In airbag materials, the perforations must be precise to ensure the proper and safe deploy-
ment of the airbag during an impact. Lasers can operate continuously or in pulses, with
short, high-intensity pulses often preferred to minimize the heat-affected zone (HAZ) and
increase the perforation precision.
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Cooling and inspection: After perforation, the airbag material may need time to cool,
especially if the process generates significant heat. Quality inspection is essential, with the
perforated material being checked to ensure the size and uniformity of the perforations.
Optical instruments or high-resolution cameras are often used for this inspection, thus
guaranteeing compliance with the strict standards of the automotive industry.

Important parameters in the micro-perforation process for airbags: The laser power
is crucial to ensure precise and uniform perforations in the technical textile materials of
airbags. The power must be sufficient to vaporize the material but not so high as to degrade
the edges of the perforation or cause excessive material damage.

The pulse duration affects the precision of the perforations. Short pulses produce
precise perforations and minimize the heat-affected zone (HAZ), essential to maintaining
the structural integrity of the airbag material.

The movement speed of the laser affects the size and shape of the perforations. High
speeds can produce smaller, shallower perforations, while slower speeds allow deeper
penetration and larger perforations.

Beam focusing determines the size of the focused point, and precise focusing produces
smaller, more precise perforations. The stability of the focus is crucial to ensuring uniform
perforations across the entire airbag material.

The material type influences the absorption of the laser. The technical textile materials
used in airbags have specific absorption rates for the CO2 laser wavelength, and materials
with high absorption require less power for perforation. The thermal properties of the
material, such as the thermal conductivity and heat capacity, influence the heat dispersion
and the size of the HAZ. The following materials and technology were utilized for the laser
micro-perforation process.

• Synthetic leather: The synthetic leather parts used in this study were selected to repre-
sent common materials utilized in the automotive component manufacturing industry
for airbag production (Figure 2). The sample size was 50 parts for each analyzed
parameter: the laser power and material thickness. For the factorial analysis, 950 sam-
ples were considered. The material used consisted of synthetic leather produced from
polyvinyl chloride (PVC) with a nominal thickness of 1.2 mm. This was laminated
with a spacer fabric with a nominal thickness of 2.99 mm, with a specified tolerance of
±0.3 mm.
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Figure 2. Analyzed synthetic leather: (a) microstructure image of synthetic leather; (b) micro-holes
after laser micro-perforation into skin. The scale bar is 500 µm.

• Laser process: The micro-perforation process was conducted using a high-precision
laser system, enabling precise control of the perforation parameters, such as the power
and operating speed (Figure 3).
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The main components of the machine setup for laser micro-perforation include a CO2
laser, mirrors, a laser beam and a gas nozzle. The most important parameters of the laser
micro-perforation process are the focus, laser power (P1, P2), impulses, robot speed (ms)
and tolerance of material deviation.

The laser utilized in the conducted experiments operated in pulsed mode, exhibiting a
pulse duration of 200 femtoseconds (fs) and a repetition frequency of 2 kilohertz (KHz). This
configuration facilitated precise control over the laser’s output, providing high-intensity
pulses conducive to experimental investigations.

The analysis stages consisted of testing based on the following.

• Material characterization: Preliminary tests were conducted to characterize the ma-
terial properties, including the thickness, texture and temperature resistance, before
commencing the micro-perforation process.

• Laser parameter setting: Critical parameters of the laser process, including the power,
frequency and beam traversal speed, were optimized to ensure efficient and uniform
material perforation.
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• Real-time monitoring and control: During the micro-perforation process, monitoring
and control systems were implemented to detect and rectify any deviations in the oper-
ating parameters, thereby maintaining the quality and consistency of the perforations.

2.1. Methodology

The investigative approach adopted herein involved a meticulously planned and exe-
cuted series of experiments, orchestrated with precision to closely examine the intricacies
of airbag cutout laser processing. The methodology was designed to simulate real-world
production scenarios, ensuring that the findings were applicable and relevant to industrial
practices. Airbag cutouts, a critical component in automotive safety systems, underwent
laser processing precisely 24 h after adhesive application, mimicking the timeline encoun-
tered in actual manufacturing settings. However, the key aspect of this investigation lies in
the identification of a significant challenge: the inadvertent use of left-hand drive (LHD)
parameters for right-hand drive (RHD) components during laser processing. This systemic
inconsistency has far-reaching implications, potentially compromising the quality and
reliability of airbag cutouts, which are vital for passenger safety. The manifestation of
nonconforming (NOK) outcomes during subsequent pull testing procedures underscored
the urgency of addressing this issue, prompting a comprehensive examination of the
underlying causal factors.

2.2. Laser Processing Investigation

The airbag cutout laser processing investigation detailed in this report represents
a meticulous endeavor aimed at comprehensively understanding and rectifying the dis-
crepancies encountered during the manufacturing process. With automotive safety as a
paramount concern, the study meticulously delves into the nuanced intricacies surrounding
the application of LHD and RHD parameters in laser processing techniques. The optimiza-
tion of production methodologies within the automotive safety industry is not merely a
matter of efficiency but a critical aspect in ensuring passenger safety and regulatory com-
pliance. This investigation, therefore, serves as a critical work in the quest for excellence in
automotive safety standards. Through rigorous experimentation and analysis, the study
aims not only to identify areas of improvement but also to pave the way for innovative
solutions that elevate the standards of airbag cutout manufacturing processes.

2.3. Experimental Design and Setup

The experimental design was meticulously crafted to ensure robustness and reliability
in data collection. Airbag cutouts, sourced from diverse production batches, were carefully
selected to capture the variability inherent in real-world manufacturing processes. Prior
to laser processing, the cutouts underwent stringent quality control checks to ensure
uniformity and consistency across samples. Adhesive application was carried out using
state-of-the-art equipment, adhering to industry best practices to minimize variability. The
laser processing parameters, including the power, intensity and speed, were systematically
varied to evaluate their impacts on the processing outcomes. Additionally, environmental
conditions such as the temperature and humidity were closely monitored and controlled to
minimize external influences on the experimental results.

2.4. Collection and Statistical Analysis

Data collection during the experimental phase was conducted with meticulous atten-
tion to detail, employing advanced instrumentation and data logging techniques to capture
a comprehensive range of process parameters.

The inferential analyses of the recorded experimental data were performed using the
Minitab v17 software (Minitab LLC, State College, PA, USA). Considering a 95% confidence
interval (CI) and a significance level of α = 0.05, the normal distribution of the experimental
data was qualitatively and quantitatively validated by applying the Anderson–Darling (AD)
goodness of fit [18,19]. An analysis of means (ANOM) chat [20] for a normal distribution
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was computed for different laser power levels (P1 and P2). We used an analysis of means
for normal data and a two-way design to identify any significant interactions and main
effects. The experiments were designed (DOE) [21,22] based on the process’ particularities
by choosing the main control factors that affected the micro-perforation characteristics,
applying a full factorial design.

3. Statistical Analysis of Experimental Data
3.1. Goodness-of-Fit Test of Experimental Data

The pull test results and material thickness were statistically analyzed with a 95% con-
fidence interval (CI) and significance level of α = 0.05. The homogeneity of the experimental
data was tested by assessing the goodness of fit with a probability plot (Figures 4 and 5).
Additionally, the quantitative assessment was performed with a hypothesis test, such as
the Anderson–Darling normality test.
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The results of the goodness-of-fit normality test are synthetically presented in Table 1.
A parametric distribution analysis was considered in order to estimate the statistical
parameters of the pull test and material thickness (Table 2).
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Table 1. Anderson–Darling normality test.

Characteristic AD A-Squared Correlation Coefficient p-Value

Pull test (N) 0.208 0.21 0.990 0.843
Material thickness (mm) 0.192 0.19 0.992 0.883

Table 2. Descriptive statistics of analyzed characteristics.

Statistical Parameter Pull Test (N) Material Thickness (mm)

Mean 209.5 3.003
Standard Deviation 112.4 0.107

Minimum 30 2.78
1st Quartile 110 2.95

Median 210 2.99
3rd Quartile 310 3.10
Maximum 390 3.20
Skewness 0.014 −0.12
Kurtosis −1.185 −0.27

Visually comparing the probability plots depicted in Figures 4 and 5, it can be con-
cluded that the experimental data complied with a normal distribution. The points roughly
follow the straight line, all of the points are within the lower and upper confidence bound-
aries, and the p-value is over 0.05.

The estimated mean of the pull test data is 209.5 (95% confidence intervals of 155.31 and
263.64), the standard deviation is 112.4 (95% confidence intervals of 84.91 and 166.18), and
the median is 210 (95% confidence intervals of 127.28 and 292.72). Using a significance level
of α = 0.05, the Anderson–Darling normality test indicates that the pull test data follow a
normal distribution.

In the case of the material thickness, the mean is 3.003 (95% confidence intervals of
2.951 and 3.054), the standard deviation is 0.107 (95% confidence intervals of 0.081 and
0.159), and the median is 2.99 (95% confidence intervals of 2.958 and 3.074). Moreover, it
can be underlined that the estimated value of the Anderson–Darling statistic is 0.192.

The overall inferential analysis concludes that the pull test results and material thick-
ness are from a normally distributed population.

3.2. Analysis of the Main Factors in the Laser Micro-Perforation Process

The assessment of the main influencing factors on the micro-perforation laser process
is based on the analysis of means chart (ANOM) for a normal distribution. An experiment
was performed to assess the effects of the most important factors: the level I laser power
(P1), the level II laser power (P2), the pull test results and the material thicknesses. The
ANOM results are illustrated in Figures 6 and 7.

In the case of first level of the laser power (P1), the pull test results indicate that the
lower delimitation limit is 172.4 N and the upper limit is 246.7 N, with a mean of 209.5 N
(Figure 6) and standard deviation of 74.2 N. Tested parts that had recorded values below
the lower limit value were declared scrap.

The normal analysis of means chart for the P2 laser power (Figure 7) showed a lower
delimitation limit of 161 N, an upper delimitation limit of 257.9 N and a mean of 209.5 N
(Figure 3) with a standard deviation of 96.9 N.

The computed delimitation limits allow us to take appropriate measures to optimize
the laser process. The indicated direction is to optimize the two laser powers, P1 and P2, to
ensure the process’ stability.
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Figure 7. Normal ANOM for pull test results vs. P2 laser power.

The comparative analysis of the two laser powers emphasizes that the optimal level
should be set around 0.25 W to ensure a material rupture force during testing. Additionally,
quality limits can be easily determined from the comparative analysis: power of 0.20 W—
beyond tolerance threshold; power of 0.21–0.24 W—within accepted limits; power > 0.25 W—
higher precision, efficiency and stability (covers and removes material defects).

In order to highlight the interaction between the pull test results, laser power and
material thickness and its effect on the micro-perforation process, a factorial analysis
was designed (Figures 8 and 9). The magnitude and the importance of the effects were
determined by applying the Pareto chart of the effects (Figure 10).

The interaction plot indicates that the material with the highest thickness depends on
the P1 laser power, while the material with the lowest thickness depends on the P2 laser
power. The difference between the P1 and P2 powers is given by the number of pulses.
Specifically, a laser power fraction of 5–25% from the nominal laser power has a negative
influence on the results of the pull test, while, for a laser power greater than 25%, the tested
parts in the pull test are compliant.

In conjunction with an analysis of variance and design of experiments, we examined
the differences among the level means for the three analyzed factors. The P1 and P2 laser
powers appear to affect the pull test results compared to an overall mean of 209.5 N. A
main effect is present because the different levels of the studied laser powers factors affect
the response differently. Additionally, the graph for the material thickness shows that there
is no main effect present.
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The absolute effect values compared to the reference line show that the laser powers
are statistically significant (Figure 10). Moreover, the standardized effects of the micro-
perforation factors show a significant effect of the P2 (90%) and P1 (77%) laser powers.

4. Results and Discussion
4.1. Results and Summary

Nonconforming results (Figure 11): The statistical analyses revealed deviations from
the established acceptance criteria during pull testing, indicative of underlying inconsisten-
cies within the manufacturing process.
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Post-pull-test values: Subsequent evaluations of the post-pull test revealed values
within the predefined intervention thresholds, underscoring the need for further investiga-
tion to address the root causes.

Further action: This section delineates the ensuing steps, including additional testing
protocols and proposed remedial measures aimed at rectifying the identified discrepancies
and optimizing the manufacturing practices (Figure 12).

4.2. Proposed Measures and Next Steps

Laser processing with adhesive application on Bluemelt machine: Noteworthy con-
sistency was observed within the specified tolerance limits, affirming the efficacy of this
approach and providing valuable insights for future process refinements.

Cross-testing RHD parts on LHD nest: The validation experiments yielded pull test
results consistent with the acceptance criteria, highlighting the potential interchangeability
of the manufacturing parameters and informing standardized practices.
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New batch of material preparation: The rigorous assessment of the material batch’s
impact on the pull test tolerances can inform future manufacturing practices and enhance
the process’ predictability and repeatability.

Adhesive application and laser: The granular examination of the variances after
adhesive application and laser processing can identify process optimization opportunities
and minimize variability.

4.3. Detailed Analysis

Pull test influences: The in-depth analysis revealed the significant influences of the
adhesive application techniques and spacer dimensions, necessitating meticulous control
and calibration of the process parameters. The laser power needs to be set and optimized
for both the P1 and P2 powers to ensure the coverage of defects from the previous process.

Parameter adjustments: The dynamic nature of the spacer thickness underscored the
imperative for frequent iterations and standardization efforts to ensure consistent laser
processing outcomes.

Continued research: The ongoing exploration of alternative laser processing scenarios,
including variations in adhesive application techniques, is necessary to comprehensively
delineate the process dynamics and inform iterative enhancements.

Glue application influence: The differential outcomes observed based on the adhesive
application methodologies underscored the need for systematic evaluation and refinement
to optimize the process parameters and ensure uniformity across adhesive types.

4.4. Proposed Enhancements

Spacer dimension standardization: The implementation of stringent protocols to stan-
dardize the spacer dimensions, minimizing the need for frequent parameter adjustments
and enhancing the process’ stability and predictability.

Laser line optimization: The precision calibration of the laser line positioning to
ensure seamless alignment with the spacer fabric, facilitating consistent pull test results
and mitigating variability.
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Refinement of glue application: The systematic evaluation of the adhesive application
methodologies to ascertain the optimal parameters conducive to uniform outcomes across
different adhesive types and enhance the process’ repeatability.

Contingency planning: The development of robust contingency plans to preemp-
tively address potential machine-related issues, safeguarding the production continuity
and efficiency.

Noise parameter adjustment: The fine-tuning of the noise parameters to optimize the
process’ stability and minimize adverse effects on the pull test outcomes, enhancing the
overall process’ reliability and repeatability.

4.5. Discussion

The investigation results indicate several significant findings and implications in the
context of previous studies and working hypotheses. The detailed analysis of the airbag
cutout laser process revealed substantial discrepancies in the application of LHD and
RHD parameters, aligning with the initial working hypotheses. Additionally, other influ-
ences on the process, such as the adhesive application techniques and spacer dimensions,
were identified.

Interpreting these results in the context of previous studies suggests that a more
rigorous and systematic approach is needed to ensure consistency and reliability in the
airbag cutout laser process. Compared to previous research, which has indicated similar
challenges in laser processing for automotive applications, this investigation adds a new
perspective by identifying and documenting detailed issues related to the incorrect use of
the LHD and RHD parameters.

The implications of these findings are extensive and could significantly impact the
production process across the automotive industry. Optimizing the airbag cutout laser
process could lead to significant improvements in the quality and reliability of automotive
safety components, thereby reducing the risk of failure and enhancing passenger safety.

Regarding future research directions, this investigation opens the door to several
further studies. These include more detailed research into the influence of various process
parameters on the final outcomes, exploring alternative adhesive application methods
and assessing the impact of introducing new or improved technologies into airbag cutout
laser processing.

These future research directions can contribute to the ongoing development of knowl-
edge and practices in laser processing in the automotive industry and provide innovative
solutions to improve the production processes and product quality.

Moreover, it is essential to consider the broader implications of autonomous vehicles
beyond the manufacturing process. The widespread adoption of autonomous driving
technologies has the potential to revolutionize urban mobility, reduce traffic congestion
and minimize environmental impacts. By leveraging AI-driven autonomous vehicles, cities
can reimagine transportation systems, optimize infrastructure utilization and enhance the
overall quality of life for residents.

Furthermore, the ethical and societal implications of autonomous vehicles must be
carefully examined. Issues such as liability, privacy and job displacement require thoughtful
consideration and proactive measures to mitigate the potential risks and ensure equitable
outcomes. Collaborative efforts between policymakers, industry stakeholders and the
research community are essential to addressing these challenges and fostering public trust
in autonomous driving technologies.

5. Conclusions

• The overall conclusion of the presented study is that the level of the laser power has a
significant influence on the micro-perforation process.

• The analysis of the micro-perforation factors provides significant evidence for an
interaction. The effect of one laser power factor depends upon the level of the other



Processes 2024, 12, 1275 15 of 16

laser power. Moreover, the statistically significant difference is highlighted by the
design of experiments analysis and main effects plots.

• The laser micro-perforation process is optimal for a percentage of at least 25% of
the laser power, with upper limits above 25% beneficial for both process stability
and the material’s resistance to the pull test. The analyzed parameters for the laser
process, including the power (W) and material rupture resistance (N), are of paramount
importance due to their critical characteristics (CC), significantly influencing the
efficiency and quality of the process.

• The analyses of the experimental results provide valuable insights into the factors
influencing the airbag cutout laser processing outcomes. The inappropriate use of
LHD parameters for RHD components significantly contributed to process variability,
resulting in nonconforming outcomes during pull testing. The correlations between the
processing parameters and product quality underscore the importance of parameter
optimization for consistent outcomes. To address this, standardized parameter sets
tailored to specific component configurations are recommended, alongside enhanced
quality control protocols including real-time monitoring. Future research may explore
advanced laser processing techniques, like adaptive process control and machine
learning algorithms, to optimize the efficiency and quality.
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RELIABILITY ESTIMATION OF TOWED GRADER ATTACHMENT 
USING FINITE ELEMENT ANALYSIS AND POINT ESTIMATION 

Summary 

The paper presents an analysis of the reliability of front blade, rear blade and frame of 
the towed grader as well as experimental validation of the results obtained from the finite 
element analysis. The analyzed prototype was designed for maintenance and repair of forest 
roads and equipped with two types of blades for cleaning and levelling the ground surface. 
Lifetimes of towed grader attachments can be estimated with high accuracy using three-
parameter Weibull distribution. The values of the location parameter γ were determined by 
using the maximum values of the correlation coefficient, while the method of maximum 
likelihood was used for the point estimation of the parameters. Because higher values of the 
shape parameter had been obtained, the point estimation and estimation with confidence 
intervals of components lifetimes were performed. The analysis of the results indicates that 
the used assumptions may not fully take the complex stresses encountered in use into account. 

Key words: towed grader, reliability estimation, finite element analysis (FEA), Weibull 
distribution, confidence interval 

1. Introduction 

An ambitious and rapidly growing rate of the earth moving machinery industry is 
achieved owing to the high performance construction machinery with complex mechanisms 
and the automation of the construction activities. Bulldozers, scrapers, graders, excavators and 
other machines are widely used for most arduous earth moving work in construction 
engineering. Thus, it is really necessary for the designers to provide not only equipment of 
maximum reliability but also of minimum weight and cost, keeping the design safe under all 
loading conditions by performing careful stress analyses of machines [1, 2]. 

Towed graders are designed for a variety of applications including earthworks for 
removing vegetation, grading, road building and maintenance, ditch and slope works, 
scarifying and snow removal [3, 4]. 

These types of machines are characterized by a good handling of an actively working 
body (blade) that is displaced horizontally, vertically and laterally. The maneuverability of the 
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blade and the creation of the needed force for the blade to penetrate the soil are the main 
requirements imposed on the towed grader to ensure its operational performance [5]. 

Most of the studies on reliability estimation of grader structural components have 
focused on the finite elements analysis (FEA), [1, 6-10].  

FEA is the most powerful technique for calculations of strength of the structures 
working under some known load and boundary conditions [2]. The implementation of the 
FEA makes the identification of weak components of towed grader attachments possible 
because a strength analysis is performed.  

A case study on the analysis and simulation of shock resistance of a grader blade was 
carried out by Yongjun et al. [11]. The authors determined that a crack on a grader blade often 
occurred during an impact. In order to avoid this failure, shock resistance of the blade was 
analyzed and the characteristic curve of the shock resistance of the blade was also obtained 
based on different types of impact acceleration. They also studied the FEA model, impacts of 
different types of obstacles were transferred into impact forces, and the impact characteristics 
of the blade were acquired rapidly based on the dynamic explicit finite element method. 

In this paper, we propose a design solution for towed grader attachments, i.e. for two 
blades designed for maintenance and repair of forest roads, including an estimation of the 
grader reliability and experimental validation of the results obtained from the FEA. The main 
working part of the grader blade is the front blade, to which auxiliary ripping teeth and a 
bulldozer front blade can be mounted. The front blade can be used either as embankment or 
ditch digging equipment, depending on the change of the working position. The FEA analysis 
enables us to determine levels of stress and deformation on the grader frame, the front blade 
and the rear blade and to estimate the product lifetime. Based on the FEA results and 
considering the performance specification, the duration of exploitation, as well as the design 
and technological factors, the reliability of the towed grader attachments has been estimated 
using the most suitable statistical model for such an analysis. The reliability of the front blade, 
the rear blade and the frame was estimated by using the three-parameter Weibull distribution. 
The objective was to estimate the distribution parameters by two methods: point estimation 
and estimation with confidence intervals. 

2. Design characteristics of the towed grader designed for maintenance of forest roads 

The prototype of the analyzed towed grader was designed and built by the Institute of 
Research and Forest Management Bucharest, Laboratory for Forest Works Mechanization. Its 
main technical characteristics are as follows (Fig. 1a): 

 main dimensions: length: 2,000-2,200 mm, width: 2,200-2,500 mm, height: 900-
1,000 mm, 

 weight: 550-600 kg, 
 angle of the blades: 0°- 30°, 
 blade height: 540-560 mm. 
The front blade is made of steel sheet sleeve 8 mm thick in order to obtain the curvature 

for the transport of filler material. The blade has reinforcing ribs (gussets) at the back, 
arranged equidistant so as to stiffen the blade. At the bottom of the moldboard, there is a 
scraper knife made of manganese austenitic material with a relatively low hardness (250 HB - 
Brinell units) with high wear resistance, commonly termed the Hadfield steel. 

Due to heavy wear that they are subjected to, scraper blades are spare parts. 
At the upper part of the blade and decentered from the axis of symmetry of the blade, a 

bracing tube is welded to the rod of the hydraulic cylinder which controls the rotation of the 
blade. Also, at the top there is a metal box with a screw of special design that fastens bearing 
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bushes to the chassis. The special design screw mounted in the blade is fastened to the chassis 
with a nut and a cotter pin is inserted to prevent the nut from loosening. 

The front blade has a length of 2,000 mm, which permits spreading and levelling the 
material in a single pass, which is completed by the second blade (the rear blade) arranged 
asymmetrically with respect to the front blade. This technological solution has been adopted 
to improve the load distribution on the two blades. In addition, the asymmetry to the 
attachment of the blades to the frame results in a working width of about 2,700 mm in the 
case when the blades are arranged perpendicular to the longitudinal axis of the chassis. 

The rear blade has an identical design with the front blade, having the same kind of a 
longitudinal scraper knife (similar to the one on the front blade) at the bottom of the working 
area. The movement relative to the longitudinal axis is carried out separately by the first blade 
by means of the second hydraulic cylinder. It is possible that the grader works with one of the 
blades inclined at an angle and the second blade perpendicular to the direction of advance of 
the grader. 

The blades are powered by two hydraulic cylinders. The blades work simultaneously 
with an overlap of 1,600 mm centered by the longitudinal axis of the chassis. In this manner, 
in a single pass of the grader, the blades, levelling the road surface, pass the surface twice. 
With the inclination of the blades operated by the hydraulic cylinders, the working width 
decreases with a sinusoidal projection, reaching the minimum value of 2,500 mm. 

In the case when a forest road is repaired with gravel it will be necessary to obtain 
parallelism between the equipment frame and the road surface that must be repaired. 

3. Finite element analyses of the subassembly of the towed grader 

A 3D model of a towed grader (Fig. 1a) was performed by using the Pro-Engineering 
software, widely used in design and mechanical engineering. In the 3D modelling only the 
components that have a structural role in the operation and the most unfavorable position of 
the two blades, i.e. when they rotate through 30 degrees relative to the transverse axis of the 
machine, were taken into account. The hydraulic cylinders, which tilt the blade, were not 
modelled, but were simulated directly in the Ansys Workbench. 

 
Fig. 1  Finite element modelling of the towed grader: (a) 3D model; (b) 2D towed grader frame; (c) the link 

between the blade and the frame and between the blade and the hydraulic cylinder 

The FEA was performed by using the Ansys Workbench software. The 2D finite 
elements that simulate profiles and sheets as they are given in the model were assigned 
material properties including the thickness of each component. 

(a)

(b) (c)
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The towed grader structure is made of square profiles, C profiles and plates. On the 
front frame there are two mounting brackets and a mounting bracket subassembly of the upper 
link. This structure is welded, non-removable and simulated with shell-type elements (Fig. 
1b). The links between the welded components are achieved by using common joints, located 
between the finite elements of the weld area. Shell type 2D finite elements were used to 
simulate the blade. The welded blade sheets were connected by common nodes between the 
finite elements of the weld area. The pin around which the front blade rotates to the grader 
frame was modelled with a rigid element, linked to the two components, the blade and the 
frame, which rotates freely around the axis of the pin (Fig. 1c). The hydraulic cylinder was 
simulated by using a deformable beam type 1D element, which preserved the cylinder section 
properties. The links with the blade, i.e. with the grader frame were made by using rigid 
elements fixed in all degrees of freedom (Figs. 1b and 1c).  

The finite element modelling of the towed grader has taken the following into account: 
the numerical modelling is to be as close to actual operating conditions as possible, the quality 
of items and the number of nodes and elements result in a finite element mesh.  

When the levelling blade is calculated, the blade geometry is a portion of a cylinder 
having a radius of 3,100 mm, sectioned by two generators. The blade is considered to be 
embedded in the centre of the cylinder by means of a rigid member at its upper end. On the 
working surface of the blade the applied normal pressure is about 0.016727 MPa, representing 
a half of the traction force needed for the levelling process (36000 N). 

For the purpose of obtaining the results from the numerical calculation that would be as 
close to reality as possible, all forces acting on the towed grader during operation will be 
taken into account (Fig. 2). The traction force produced by the tow tractor is Ftot = 36,000 N 
and it is exerted to each of the grader blade. When the structure is subjected to such stress, it 
was considered that the worst case is when each blade grader was charged with the same 
amount of material (ballast) over the whole surface. The force is applied normal to the 
working surface of the blade, angled at 30 degrees. Gravitational acceleration was applied to 
the whole system taking the grader mass into account. The constraints in the finite element 
model were all degrees of freedom, the clamping brackets and the mounting bracket 
subassembly of the upper link of the grader. 

 
Fig. 2  The force decomposition in three directions of each blade 
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4. Reliability analysis of towed grader attachments 

In order to estimate lifetime of the towed grader attachments, in the first stage we 
identified the most suitable statistical model for such an analysis. In this respect, the 
Anderson-Darling concordance test was used, applied on experimental data, n,i,yi 1  
considering four statistical distributions used in the reliability analysis (Fig. 3). 

Applying this concordance test to the four cases, the statistic estimation of the following 
parameter is carried out as follows [12]: 
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Using the experimental results obtained from the operation of the three attachments to 
the towed grader (the front blade, the rear blade and the frame), the calculated values of the 
Anderson-Darling statistics (Table 1) indicate that the Weibull distribution allows modelling 
of the lifetime of this equipment with the highest accuracy (Fig. 3). 

 
Fig. 3  Probability plot of the Anderson-Darling test for the frame, the front blade and the rear blade 

The location parameter γ is estimated by using the correlation coefficient method and 
minimum lifetimes are determined experimentally (Table 2). 
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Table 1  The Anderson-Darling statistics 

Distribution 
Anderson-Darling statistic values, 2

nA  
Frame Front Blade Rear Blade 

Weibull 2.092 2.089 2.092 
Log-normal 2.112 2.110 2.112 
Exponential 3.390 3.389 3.389 

Normal 2.104 2.101 2.103 

The estimation method consists of determining the location parameter values, γ, under 
maximum conditions of the correlation coefficient values [14]. 

Table 2  The parameter estimation 

Coefficient Towed grader 
Frame Front Blade Rear Blade 

γ 315226.979 460147.983 2746288.329 
ρ 0.99821 0.99839 0.99821 

The results shown in Table 2 were obtained by using an application in the Mathcad 
software. Knowing the values of the location parameter, the obtained values are two-
parameter Weibull distributed (Table 3). 

Table 3  Lifetime estimation of the frame, the front blade and the rear blade. 

Issue 
Lifetime (cycle), n,i,xi 1  

Frame Front Blade Rear Blade 
1 224773.02 339852.02 1953711.67 
2 314773.02 472852.02 2733711.67 
3 404773.02 609852.02 3523711.67 
4 494773.02 739852.02 4303711.67 
5 584773.02 869852.02 5083711.67 
6 674773.02 1009852.02 5873711.67 

In order to estimate the reliability and unreliability functions, the probability density 
function and the hazard rate of the front blade, the rear blade and the frame of the towed grader, 
the statistical processing of experimental data allows us to determine the statistical parameters 
of distribution using specialized functions from the Minitab [15] and Mathcad software. 

The point estimation method used is maximum likelihood. The estimated values of the 
shape and scale parameters of the two-parameter Weibull distribution are obtained as a 
solution to the equation system [12, 14, 16-21]. 

Because the sample size is very small, asymptotical properties of the maximum 
likelihood estimators cannot be applied in this case, and the estimations with confidence 
intervals were calculated on the basis of two random variables, independent of the sample size 
(n) and the type of test (n = r) for the complete test. The point estimation and the estimation 
with confidence intervals for the Weibull distribution parameters were determined based on 
the estimated lifetime presented in Table 3 and are shown in Table 4. The confidence level 
used is 9501 .  and corresponding values of the random variables  n,rv  and  n,rk  
were taken from [14]. 
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Table 4  Parametric estimation of   with confidence interval 

Parameter Frame Front Blade Rear Blade 
β 3.312 3.345 3.308 
β unbiased mean estimate 2.475 2.500 2.472 
β unbiased median estimate 2.786 2.814 2.782 

L  1.125 1.137 1.124 

U  5.221 5.273 5.214 
η 503199.504 753268.187 4377022.514 
η unbiased mean estimate 509353.318 762387.877 4430623.371 
η unbiased median estimate 509302.572 762312.678 4430181.362 

L  349418.523 524968.199 3037882.11 

U  745295.925 1111319.82 6486304.749 

Fig. 4 shows a comparison between values of the reliability indicators of the three 
attachments of the towed grader in the Weibull probability network. 

High values of the shape parameters β = 3.308, β = 3.312 and β = 3.345 indicate that the 
normal distribution for reliability modelling can be used. The same conclusion can be drawn 
from the Anderson-Darling statistics analysis, as shown in Fig. 4. 

The point estimation and the estimation with confidence intervals for normal 
distribution parameters were determined based on the estimated lifetime given in Table 3 and 
they are shown in Table 5. The confidence level used is 9501 . .  
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Fig. 4  Probability plot of the frame, the front blade and the rear blade for the Weibull distribution 

Table 5  Parametric estimation of   with confidence interval 

Parameter Frame Front Blade Rear Blade 
μ 765000.00 1133833.33 6658333.33 

L  588301.71 871801.70 5119652.86 
U  941698.29 1395864.97 8197013.80 

σ 168374.5824 249688.1388 1466198.031 
L  105100.7617 155857.3343 915212.544 
U  412957.8561 612388.622 3596017.801 
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Fig. 5 shows a comparison between values of the reliability indicators of the three 
attachments of the towed grader with confidence interval in a network having normal 
probability distributions. 
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Fig. 5  Normal probability plot of the frame, the front blade and the rear blade 

5. Results and discussion 

The results obtained from the finite element calculations performed for the prototype of 
a levelling blade focus on deformation and stress levels. Since the blade is a structure made of 
welded steel plates, the assumptions for the analytical calculation were simplified. The finite 
element calculation was modelled based on the existing levelling blade and it took all the 
components, such as tables and gussets behind the blade, into account. Modern methods of 
calculation, widely used in the machine building industry and beyond, were used to check the 
blade size calculation. Due to the curvature of the blade, forces acting on the blade were 
broken down in each direction.  

The calculated maximum displacement on the levelling blade is 0.4 mm and is located 
at the bottom of the blade, as shown in Fig. 6a. Also, blade positions (undistorted or 
deformed) are presented, indicating the deformation gradient (scaling factor 100). The 
maximum value of the equivalent stress (88.7 MPa) is obtained on the back of the blade, near 
the gusset-plate weld zone. It is noted that the stress value does not exceed the yield strength 
(365 MPa) of the material (Fig. 6b). From Figs. 6c and 6d it can be seen that the main stress 
acting on the blade is compressive stress. It is caused by the pressure applied to the blade 
surface, which compresses the gussets that are located behind the blade. For the calculation of 
the levelling blade a safety factor greater than 2, which is calculated by the finite element 
method using the ANSYS Workbench, is required. As can be seen in Fig. 6e, the minimum 
value of the safety factor is 4. The safety factor value is obtained in the area near the gusset-
back blade plate weld zone. Forces acting on the two blades of the towed grader developing 
reaction forces in each direction are presented in Fig. 6f. 
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Fig. 6  Equivalent von Mises stresses, distribution of the safety factor and total reaction force 

Due to the fact that the two blades are angled in opposite directions, the resultant force 
in the X direction is cancelled. The reaction force obtained in the Y direction is given by the 
mass of the vehicle and by the force component that causes stress on these two blades having 
the same direction. The higher force acts around the Z axis, in the direction of the movement 
of the tractor. The total resultant force is close to the maximum value of the towing force. The 
difference in the calculated total force in the extent from 31,342 N to 36,000 N can occur due 
to nonlinearities appeared in the model, numerical calculation errors specific to the calculation 
method, but also because of the way the connections between the components of the finite 
element model are made.  

The maximum total displacement calculated on the towed grader is 46.6 mm and was 
located at the bottom of the blades, the point farthest from the grader blade attachment to the 
frame (Fig. 7). Fig. 7 shows the grader deformation in side view where the real grader 
deformation can be seen and the undistorted position is illustrated as wireframe on an 
enlarged scale of 5:1. Also, the frame displacement value is 26.3 mm. 

(c) 
(d) 

(e) (f) 

(a) 

(b) 
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Fig. 7  Total shift of the towed grader 

Von Mises equivalent stresses on the towed grader are shown in an overview in Fig. 8. 
The maximum stress (767 MPa) is obtained in the area in which the frame is welded to the 
plates forming a rotating hitch of the tilting blades (Fig. 8a). These values of stresses in the 
weld areas are not real, because in these areas, due to the transformations of the welded 
material during welding, mechanical properties of materials change. For this reason, the 
reading is made at a distance equal to the size of the weld. The real value of the maximum 
equivalent stress is about 376 MPa, measured in the area in which the frame is welded to 
plates forming the rotating hitch used for tilting the front blade (Fig. 8b). In this weld area the 
equivalent stress is about 305 MPa (Fig. 8c). In Figs. 8d and 8e the equivalent stress 
distribution on the two blades is shown. Maximum stresses are located near welds, in the 
middle part of the blade, right near the rotation couplings. Thus, on the front blade, the 
maximum stress is approximately 433 MPa (Fig. 8d) and on the rear blade it is about 374 
MPa (Fig. 8e). 
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Fig. 8  Von Mises equivalent stress: (a) overview; (b) and (c) details in weld areas; (d) front blade; (e) rear blade 

In terms of static loads acting on the towed grader, the maximum obtained stresses 
exceed the yield stress of material (356 MPa), but are below the breaking point of the material 
(441 MPa). Thus, the maximum stress on the grader frame is 376 MPa, on the front blade it is 
433 MPa and on the rear blade it is 374 MPa. These results indicate that during operation or 
after a limited period of time the towed grader can undergo permanent plastic deformation 
without reaching the breaking point. Also, the results obtained from the durability calculation 
in the marked areas are synthetically presented. The minimum lifetime is about 5.4e5 cycles 
and the critical area is on the front side of the frame, in the area in which the frame is welded 
to the plates that form the rotating hitch for tilting the blade. The front levelling blade has a 
minimum life of 8e5 cycles and this refers to the areas in which the gussets are welded to the 
plates which form the blade.  Minimum lifetime of the rear blade is 4.7e6 cycles. 

 

 
Fig. 9  Estimated lifetime: (a) general view; (b) and (c) area in which the frame is welded to plates forming 

rotating hitch for tilting two blades; (d) lifetime of the front blade; (e) lifetime of the rear blade. 

The reliability of the towed grader subassemblies can be modelled by using the Weibull 
distribution model. In Table 6 and Fig. 10 analytical expressions of reliability functions for 
the three analyzed subassemblies are specified and values of the main reliability indicators are 
estimated based on the experimental results collected from the operation of these attachments. 
The value of the location parameter γ indicates the minimum lifetime of each subassembly, 

(a) (b) 

(c) (d) (e) 
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estimated in real operating conditions. Reliability distribution plots for the frame, the front 
blade and the rear blade are presented in Fig. 10. 

Table 6  Reliability indicators 

Subassembly 
The main reliability indicators 

 tR        

Frame 
3123

503200
315227 .x

e






 



 315227.0 765000.0 168374.6 

Front blade 
3453

753268
460148 .x

e






 



 460148.0 1133833.3 249688.1 

Rear blade 
3083

4377023
2746288 .x

e
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Fig. 10  Reliability distribution overview plot for front blade, rear blade and frame 

6. Conclusions 
In this paper, a reliability analysis of a prototype of a towed grader equipped with two 

blades and designed for maintenance and repair of forest roads is presented. Lifetime of the 
front blade, the rear blade and the frame was estimated and the FEA was validated through 
experimental studies. Based on the performed FEA modelling on the towed grader 
attachments, the following conclusions can be drawn: 

 The maximum displacement obtained on the towed grader is 46.6 mm; on the rear 
blade it was obtained on the corner farthest from the point of rotation; 

 The maximum stress obtained on the frame is 376 MPa, and it is located in the area 
in which the frame is welded to the plates forming the torque needed for the 
inclination of the blade. On the front levelling blade, the maximum stress is 433 
MPa, and on the rear levelling blade the maximum stress is 374 MPa. The stress 
values obtained on the towed grader exceed the material yield strength (356 MPa), 
but they are lower than its breaking limit (441 MPa); 

 The determined minimum lifetime is 5.4e5 lifecycles in the area in which the frame 
is welded to the plates forming the torque needed for the inclination of the blade. On 
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the front levelling blade, the lifetime is 8e5 cycles. These values do not fit the theory 
of fatigue which states that if the number of cycles exceeds 1e6, lifetime is 
unlimited. On the rear levelling blade, lifetime amounts to 4.7e6 cycles, which 
exceeds the duration of 1e6 cycles, and this is not a problem as long the lifetime 
complies with the stress cycle  determined by the calculation. 

The reliability analysis carried out for the towed grader attachments, based on the data 
collected from actual operating conditions allows us to draw the following conclusions: 

 Reliability modelling of high accuracy can be achieved when the three-parametric 
Weibull distribution model is used; 

 The value of the estimated minimum lifetime in actual operating conditions is lower 
than the value determined by the FEA method. These results indicate that the made 
assumptions may not have fully taken the complex stresses encountered in use into 
account. 

 From Fig. 4 it can be concluded that the reliability values of the frame and the blade 
assemblies are close to each other, whereas the reliability value of the rear blade is 
much higher compared to the first two attachments. 

 A high value of the shape parameter allows us to use normal distribution in the 
reliability analysis. This has offered the possibility of point estimation and 
estimation with confidence intervals of the average lifetime of the three component 
systems, as well as the estimation of the standard deviation of their lifetimes. 

 Knowing the parameter values of the statistical distribution and the values of the 
main reliability indicators allows us a more useful approach to conducting 
preventive maintenance activities and their realistic planning. 
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Fuel type and quality, in terms of physical and 
chemical properties became essential for engine’s 
power performances and emissions. These aspects 
were pushed forward by the EU regulations regarding 
emissions. 

Thus, the internal combustion engines evolved, 
adopting a series of strategies in order to improve 
their efficiency and reduce the pollutant emissions. 
So, these solutions were: downsizing combined with 
supercharging or/and turbocharging, lean burn, 
higher compression ratios, variable compression 
ratios. All these technical solutions also involve the 
improvement of fuels properties in order to avoid 
abnormal, destructive operating regimes, such as 
knock, which consists in autoignition of portions of 
the unburned mixture ahead of the flame front. Then 
one or more specific regions in the end gas are 
compressed to a high pressure and temperature that 
generate spontaneously autoignition. This abnormal 
combustion – knock – limits engine’s compression 
ratio and boost pressure and therefore engine 
performance and efficiency. 

The tendency to knock depends on: 
 constructive and functional parameters such as 

engine design and operating values which 
influence end-gas temperature, pressure and 
duration, before flame front arrival; 

 antiknock property of the gasoline is defined by 
the fuel’s octane number which is an indicator 
of a gasoline’s resistance to autoignition. 

It became obvious the dependency between 
engine operating parameters, “compression level” 
and gasoline octane number. Considering this aspect, 
the higher the octane number, the better the resistance 
to autoignition and knock. 

 
 

In this section are presented the aspects regarding the 
engine characteristics and test bench. For the test 
were used two types of gasoline: regular RON 95 and 
premium RON 100. 
 

  
The test was performed with a Ford Focus equipped 
with an EcoBoost gasoline direct-injection 
turbocharged 1.6-liter four-cylinder engine, power 
134 kW, at 6000 rpm. The EcoBoost 1.6 L features 
double overhead belt-driven camshafts and variable 
intake and exhaust valve timing 

The research was carried out on the dynamometric 
MAHA LPS 3000 stand. The dynamometer consists 
of: 
 communication desk with PC; 
 a remote control; 
 a roller set. 

The LPS 3000 is available in various versions for 
performance testing of cars. Depending on the 

 

Abstract: - This paper aims to analyze the 

differences in power performance of a 

turbocharged engine in the case of fueling with 

two types of gasoline, regular and premium. 

Generally, on turbocharged gasoline engines 

higher octane fuels are typically recommended. 

A gasoline with higher octane number, typically, 

will boost performance in the case of 

supercharged or turbocharged engines, 

considering and adequate engine’s mapping, too. 

Nowadays, the oxygenated compounds are used 

to increase the octane number, ethanol being one 

of them, as a renewable source of energy.  

Thus, the gasoline characteristics are directly 

related to the power and environmental 

performance of the engine.  

Key-Words: - gasoline type, octane number, 

power, turbocharging, ethanol, dynamometer. 

 

 

The influence of the gasoline octane number on a 

turbocharged engine performance 

 
Dumitrascu Dorin Ion 

Department of Automotive and Transport Engineering, “Transilvania” University of Brasov, Eroilor 

Street, No. 29, 500036, Brasov 

ROMANIA 
 

I INTRODUCTION 

II METHODOLOGY 

A. The vehicle & engine 

B. The dynamometric MAHA LPS 3000 test bench 

Volume 1, 2021 ISSN 2769-2477

30



version, wheel power from 260 kW to 520 kW with 
a max. test speed of 260km/h can be tested. The dyno 
load simulation is done with an eddy-current brake.   

The LPS 3000 enables engine power 
measurements to be made on cars with Otto and 
diesel engines. Testing of four-wheel drive vehicles 

is possible if the LPS 3000 is equipped with the 
appropriate roller set and the corresponding control 
electronics. A cooling air fan which is connected to 
the communication desk and is operated via the radio 
remote control. 
 

 

 
 

Fig.1 The dynamometric MAHA LPS 3000 test bench 

 
Fig. 2 Tests results for 95 RON gasoline. 

III THE RESULTS OBTAINED WITH THE TWO TYPES 

OF GASOLINE 
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Fig. 3 Tests results for 100 RON gasoline. 

 

 
 

Fig. 4 Comparative analyses for 95 and 100 RON gasoline.   
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During the test all the characteristic parameters, such 
as the power and torque curves, have to be recorded 
and comparatively assessed. 

In figure 2 and 3 are presented the results obtained 
for the for the two types of gasoline (RON 95 and 
100) and in figure 4 is represented the comparative 
analyses between them. 

The tests were performed in the fourth gear of the 
gearbox where the power and torque are maximum. 
 
 

As it can be seen from diagrams the maximum engine 
power was 112,6 kW for 95 RON gasoline and 119,9 
kW for 100 RON gasoline, an increase of about 6%, 
and this above 5000 rpm.  

In the speed range between 2000 and 3000 rpm 
the differences between the registered power values 
for the two types of gasoline are insignificant, the 
curves overlapping almost the entire interval. In this 
case a higher-octane level doesn’t increase the 
vehicle performance. 

In the speed range between 3000 and 3500 rpm 
the power values for 95 RON gasoline are superior 
compared to 100 RON gasoline, the usage of a 
superior octane number decreased the engine 
energetical performance. 

Only after the speed of 3600 rpm the power values 
become superior in the case of the 100 RON gasoline, 
in other words after this speed, the 100 RON gasoline 
makes its presence felt. Between 3600 rpm and 6000 
rpm the engine power level become superior, 
compared with the case of 95 RON gasoline. 

Maximum torque and maximum speed were 
obtained at about the same points for both types of 
gasoline, these aspects can be seen on the related 
diagrams. 

In the case of this type of turbocharged engine, 
higher octanes can improve performance and can 
reduce emissions during some average to severe duty 
operations, above 3600 rpm. However, under normal 
driving conditions, it will do little to nothing for the 
vehicle performance. 

Extrapolating the research results, it can be 
concluded that in a large number of cases a higher-
octane level may not necessarily increase the 
vehicle’s performance, but only paying extra for 
premium gasoline. This is especially true for 
naturally aspirated engines, which clearly do not have 
a mapping that can capitalize the benefits of a higher-
octane number. 

This can be contradicted, for example, by the 
corresponding increase of the compression ratio 

value for the naturally aspirated engines, in order to 
increase their performance and efficiency. 
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Abstract. This paper aimed to investigate the process of six-sigma imple-
mentation in an assembly process for vehicle parts. The Six Sigma objectives
consists in reducing the occurrence of specific defects, scratches and deforma-
tion of the assembled doors, saving material and reducing costs for internal
repairs. By implementation of Six Sigma, it was possible to improve the DPMO
indices (Defects per Million Opportunities) with 70 percent and to analyze the
quality characteristics considered critical for the monitored process, in order to
determine the performance level of the product. The results indicate that with
proper implementation of Six Sigma methodology it can be achieved a positive
impact on the quality parts by reducing defects, improving the flexibility of the
assembly process and customers’ satisfaction, too.

Keywords: Assembly process � Six Sigma methodology � Defects per Million
Opportunities (DPMO) � Capability analysis

1 Introduction

Six Sigma is a strategy of continuous quality improvement for an organization that is
used in many fields. In general, Six Sigma is a methodology to improve the process by
reducing the defects of products, minimizing the process variation and improving the
capability of manufacturing processes. The Six Sigma objectives are focused on
increasing the profit and reducing the costs, by minimizing the defective rate of per-
formed products [1, 2].

Due to the diversity of industrial products and competitive environment, organi-
zations have searched strategies to improve the processes and products quality such as
total quality management (TQM), ISO certification, Six Sigma, etc.

Six Sigma is the new statistical approach for total quality management, a global
approach aimed to improve customer satisfaction, which is not the same as quality
improvement. Based on this improved customer satisfaction, Six Sigma is increasing
source of profitability for the organization cumulating the following effects [3]:

• a decrease of scraps, work correction and generally the non-quality costs;
• an improvement of machine availability and synthetic yield rate;
• better market segments, considering product quality improvement.

© Springer International Publishing Switzerland 2017
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One of the basic principles of Six Sigma is to reduce the process variability, which
derives in particular from:

• variability of materials;
• procedures variability;
• variability of the condition where production process evolves.

Six Sigma has two major perspectives. One is a statistical perspective, the other is
the business perspective. From the statistical point of view, the term Six Sigma is
defined as having less than 3.4 defects per a million of produced items or a success rate
of 99.9997 %, where sigma is a term used to represent the average of process variation.
From a commercial perspective, Six Sigma is defined as a business strategy used to
improve business profitability, to increase effectiveness and efficiency of all operations
in order to meet the customer needs and expectations or to exceed them [4, 5].

Six Sigma promotes a philosophy of excellence and it is based on using two
methods: DMAIC and DMADV [6, 7].

DMAIC method consists of the following steps: definition phase, measurement
phase, analysis stage, stage and phase control improvement; it is applied when you
want to improve products/services or existing processes.

DMADV method consists of the following steps: defining stage, measurement
phase, analysis phase, design phase/stage and verification phase useful when you want
to design new products or processes for a specific imposed capability.

In this paper is presented a study consists on implementation of Six Sigma
methodology using DMAIC method in order to improve the assembly process. By
implementation of Six Sigma methodology it allows us to identify the effective way to
find out the critical points of the analyzed process. For analyzed process, which initially
is carried out with open doors in assembled state on the vehicle, there are a number of
defects (deformation of the assembled doors and paint scratches) that need repairing or
even the parts are rejected. The main objective is to improve the assembly process by
decreasing the number of defective units with a percent of minimum 70 %.

2 Implementation of Six Sigma. Case Study

2.1 Define Phase

The objective of Six Sigma is to reduce the number of rejects due to specific problems
that appear during the doors assembly process on the vehicle, by reducing the occur-
rence of specific defects (door scratches and sheet shocks).

Thus, the following targets are defined with related indicators:

• Improving the number of DPMO (Defects per Million Opportunities) by 70 %, so
reduction with the same percentage of the number of defective units, reported to a
million opportunities of developing these defects;

• Increasing the number of positive results at the car body and paint;
• Saving materials;
• Cost savings due to internal repairs.
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2.2 Measure Phase

In the second phase are presented measurements undertaken for further analysis of how
internal failure occurs, reported proportional for the four doors assembled motor
vehicles (for two models of the car body). Thus, for the first model body is observed
that most failures occur on the back door on the left side, followed by the right front
door and then by the other two doors, in the same proportion (Fig. 1). It can be
concluded that failures occur approximately at the same proportion on each door,
resulting the idea that the corrective actions that will be reached after applying opti-
mization of the entire cycle will be applied to all four doors.

For the second examined car body model, it is observed that most failures occur at
the front door on the right side, followed by the back door on the right side and the
other two doors on the left side (Fig. 2). From here comes the same conclusion,
according to which the optimal corrective solution will be applied to all four doors.

In order to determine the performance of the products, there are monitored the
quality characteristics considered critical for the analyzed process, defects caused
during assembling process: paint scratches and sheet shocks per 1000 products.

Fig. 1. Defects distribution for assembled doors of the analyzed type I car body
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2.3 Analyze Phase

Due to previously recorded data, there are identified the possible causes that generated
the unfavorable recorded situation. It is analyzed the defect by drawing up a
cause-effect diagram and as generating potential sources are included (Fig. 3):

• environment - workplace design, inadequate lightening;
• measurements - Cpk process capability indices;
• material - processed material strength (in a state of semi and finished parts),

resistance of the paint layer, the protective elements of the door;
• labor force - improper assembly and usage of tools, lack of training, failure

procedures;
• methods - improper design of the workplace, how to adjust the edges;
• machine tools - door handles transporters, improper maintenance of devices, faulty

design of the conveyor.

The main causes that produce the irregular flow are faulty assembling process and
inadequate equipment usage (as causes related to the labor force) and the doors con-
veying and transfer systems (as causes related to machine tools).

2.4 Improvement Phase

Process improvement consists in the use of an optimized transfer device to ensure
disassembly of the vehicle doors, in order to avoid the appearance of defects related to

Fig. 2. Defects distribution for assembled doors of analyzed type II car body
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the previous mode of organization of assembling the inside components. This device
allows not only a fence door, but its proper grip due to its overall dimensions and
weight.

As an effect of applied corrective measures, the process performances by product
quality point of view it was monitored for three months. Figure 4 shows that the defects
percent records a significant decrease.

Monitoring the occurrence of defects on the assembly line, it is seen predominantly
low levels, with a steep decrease slope, corresponding in time, immediately after
implementation of the corrective solutions. The proposed and implemented optimiza-
tion has led to a record level of DPMO by 1098, related to a defective fraction of 4.4.
Compared to the initial state, it results an improvement of more than 85 % of the
process, for the monitored critical quality characteristics.

2.5 Control Phase

The analysis of the samples dependency for means of monitored defects specific to
initial and optimized stages it is detailed in Fig. 5.

The t test for determining the samples dependence is a statistical technique that is
used to compare two populations if the two samples are correlated. Data were recorded
before (def b) and after implementation of improvement actions (def a).

The analysis of process capability for monitored defects specific to initial and
optimized stages are presented in Figs. 6 and 7.

Fig. 3. Case-effects diagram of the assembly process
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Fig. 6. Poisson capability analysis for def b

Fig. 7. Poisson capability analysis for def a
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3 Conclusions

The implementation of Six Sigma methodology offers measurable parameters of process
performance and valuable conclusions of the consequence of statistical analysis.

By implementing a permanent change for the transfer system and transport
inter-doors, disassembled for a vehicle, in order to make the installation of interior
components, it is removed completely the possibility of an error, a fact detected by a
100 % control of the machined parts.

From the statistical point of view, it can be seen that improvements have been
implemented effectively.

After implementing the corrective actions, it can be mentioned that improvements
applied to the analyzed process leaded to:

• significant reduction of losses by improvement of more than 85 % of the assembly
process for the monitored critical quality characteristics;

• improving the assembly flexibility by taking into account aspects of ergonomics in
the workplace;

• operational efficiencies growth;
• increase labor efficiency.
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Abstract: - Biodiesel, due to its renewable feature, greenhouse gas emission reduction became an attractive 

alternative to replace fossil diesel fuel in order to fulfill future demands for sustainable transport development. 

The physical and chemical properties of biodiesel make it suitable to be used in pure form (B100) or may be 

blended with petroleum diesel at different concentration. 

The aim of this paper is to present some aspects regarding the energetical and ecological performances obtained 

with a compression ignition engine fueled with biodiesel.   

 

 

Key-Words: - biodiesel, renewable, emission, performance, sustainable, compression ignition engine 

 

1 Introduction 
Biodiesel is a fuel composed of mono-alkyl esters of 

long-chain fatty acids derived from vegetable oils or 

animal fats, for use in compression ignition engines. 

Biodiesel, a clean-burning alternative fuel, is 

considered to be the most appropriate in this 

category of fuels that can be used without major 

problems in compression ignition engines.  

Compared to petroleum diesel, biodiesel is 

characterized by: 

- energy content  is about 10% less on a mass basis; 

- reduced level of some exhaust emissions (although 

it may, in some conditions, increase others); 

- lower / no sulfur content; 

- lower heating value; 

- no aromatics content; 

- oxygen content up to 11%; 

- higher cetane number; 

- higher flash point; 

- higher freezing temperature; 

- higher viscosity; 

- less toxic; 
- superior lubricity; 

- biodegradable; 

- tends to deteriorate some types of natural rubber of 

which are made the fuel system parts found in 

some older engine. 

Considering these aspects, it results that some 

characteristics, such as higher cetane number, 

superior lubricity, sulfur and aromatics content, 

flash point, etc. are advantages of biodiesel, while 

others, including flow proprieties at low 

temperature, lower heating value, higher viscosity, 

corrosion properties are inconveniences.      

 

2 Experimental Research Data 
During the experimental phase, it was used pure 

petroleum diesel fuel and blended with biodiesel 

obtained from sunflower oil and waste oil. The 

proportion of biodiesel used during experiments was 

10%. 

 

 

2.1 The engine  
The experimental research was made on a Renault 

turbocharged direct injection common rail diesel 

engine (K9K P 732), which has the following 

characteristics: in line 4-cylinder engine with a 

compression ratio of 18.8:1, displacement of 1.461 

litters (bore =76 mm, stroke =80.5 mm), water 

cooled.   

 

 

2.2 Experimental test bench 

The engine was mounted on a Horiba Titan T250 

test stand that is optimized for steady state and 

transient testing of light and heavy duty gasoline 

and diesel engines. 

The main characteristics of the Horiba Titan 

T250 test stand are: 

- Maximum torque [Nm]: 400 

- Maximum speed [rpm]: 8000 

- Moment of Inertia [kgm2]: > 0.15 

- Dynamometer: Dynas3 HT250 
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emissions that characterized the energetical and 

ecological potential of biodiesel blended with 

petroleum diesel fuel compared to pure petroleum 

diesel fuel. 

 

Table 1. Pure Petroleum Diesel Fuel 

Speed Power Torque Soot CO CO2 O2 HC NOx 

[rpm] [kW] [Nm] [mg/m3] [%] [%] [%] [ppm] [ppm] 

1200 13.47649 107.2292 166.56 5.25 14.7 17.11 143 418 

1700 29.37798 164.9864 89.59 1.25 15.6 16.87 141 883 

2200 41.49626 180.1189 39.24 0.86 15.1 16.9 111 838 

2700 63.83509 225.7622 30.25 0.8 14.5 16.23 89 1137 

3200 69.4686 207.306 40.5 0.78 14 16.75 95 1168 

3700 71.63496 184.8818 63.46 0.8 14.1 16.38 80 1248 

 

Table 2. B10 - sunflower oil 

Speed Power Torque Soot CO CO2 O2 HC NOx 

[rpm] [kW] [Nm] [mg/m3] [%] [%] [%] [ppm] [ppm] 

1200 12.7691 101.5908 144.32 2.35 12.7 20.52 39 978 

1700 29.00575 162.8987 74.25 0.23 12.6 20.26 40 874 

2200 42.14181 182.9082 32.46 0.06 12.1 19.97 35 898 

2700 64.44046 227.9237 28.47 0.04 11.4 20.24 40 1173 

3200 69.11801 206.2719 32.47 0.04 12 20.02 46 1165 

3700 71.87303 185.4877 40.43 0.04 11.4 20.08 64 1198 

 

Table 3. B10 - waste oil 

Speed Power Torque Soot CO CO2 O2 HC NOx 

[rpm] [kW] [Nm] [mg/m3] [%] [%] [%] [ppm] [ppm] 

1200 12.67961 100.8999 126.74 2.28 13.1 20.26 80 978 

1700 29.21389 164.0858 67.14 0.23 13 19.93 79 910 

2200 42.20342 183.1791 31.93 0.06 12.6 19.49 67 916 

2700 64.22325 227.1576 27.41 0.04 11.5 19.21 62 1140 

3200 69.39461 207.0703 29.94 0.04 11.6 19.02 42 1149 

3700 71.62849 184.8628 44.41 0.04 11.2 19.09 41 1211 

 

The evolution of torque and power relative to 

engine’s speed is illustrated in figure 3. The level of 

emissions for engine’s full load is represented in 

figure 4 to 7. 

Figure 3 shows a proximate evolution of torque 

and power at full load for a B10 and pure petroleum 

diesel fuel. 

Figure 4 and 5 indicate that HC and CO2 

emissions decrease in case of biodiesel blends (10% 

in our case). This effect is determined by the oxygen 

content in biodiesel, which generates a more 

complete oxidation in the combustion chamber.  

NOx emissions are increased with biodiesel 

especially at low to medium speed, but at high speed 

(3200-3700 rpm) the difference is insignificant, 

obtaining even a higher value for pure petroleum 

diesel fuel. An increased level of NOx could be 

explained through high oxygen content of biodiesel. 

The soot level is decreased in case of B10 for all 

speeds (figure 7).  

 

   

4 Conclusion 
In terms of energetically performances, in case of 

B10 it can be observed that power and torque had an 

appropriate evolution, without notable differences. 

Regarding the ecological side, the usage of 

biodiesel blended with pure petroleum diesel fuel 

generally reduces most of emissions in compression 

ignition engines. The exception is represented by the 

NOx emission that is increased at some speed levels. 
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Abstract:  Traffic accident involving pedestrians are much different compared to other types of road events. This is certainly 

due to the different masses in contacts (average mass of a vehicle is 1200 kg and a pedestrian has 80 kg) and different 

speeds. The result of this collision is easy to predict: the pedestrian always has to suffer. Traces resulting from this type of 

accident are very important. 

Vehicle-pedestrian accident reconstruction viability depends on the accuracy with which are extracted and recorded, during 

the primary investigation at the scene, the two samples: location of the vehicle and pedestrian impact and where pedestrian 
remained after the accident. If these elements are missing, which allowed the direct identification, should be searched and 
recorded other collateral evidence necessary to establish precisely the first two. 

Keywords:  pedestrian, simulation, dynamics, collision, vehicle 

 

 

1. INTRODUCTION  
 

A peculiarity of collisions with pedestrians is the time available for pedestrians on one side and the driver on the 

other side regarding the best decision to avoid the accident. 

If a pedestrian crosses the street and gets hit from the left side, his knee bends properly to the shape of the 

vehicle bumper. Friction force between pedestrians shoe and road surface, keeps shoe on road initially, while the 

vehicle gives off a force that pushes forward the knee. 

This mechanism can cause a fracture of the lower leg bone and cause pedestrian to rotate left, around its center 

of gravity, up above the hood or the roof, depending on the speed of impact. There is a transfer of mass from his 

right leg to left one, preventing, in most cases, a fracture of the right leg that is farthest from the vehicle's bumper 

and behind the initial impact. 

The way that pedestrian rotates toward and over the vehicle and lands on the pavement on the road or on 

sidewalk area is another significant step of the dynamics of accident that requires a detailed analysis. 

In the case of an impact of the pedestrian's head with the windscreen, in the crack area may remain hair, 

fragments of tissue and blood. 

 

 
Figure 1: Impact with vehicle windscreen 
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The impact with the pedestrian body generally produces deformation of the car hood. It is necessary to 

corroborate trauma, primarily of swollen areas located on pedestrian upper body, like the shoulder or elbow or 

such as those of the hip or knee. Bumper causes the impact at lower leg pedestrian and by comparing the 

distance from the ground to the lesion with the height of known bumper, it can be established the contact area. 

 

 

2. DYNAMICS OF PEDESTRIAN-VEHICLE ACCIDENT 
 

From the made measurements to determine the distance of visibility, is chosen for the case study, the simulation 

of an accident with a pedestrian dummy dressed in yellow in a particular traffic situation. 

For the simulation it was chosen a regular car traveling on a road at night, when at one point hits pedestrian 

traveling on the same lane in the opposite direction. 

Pedestrian is drunk and moves irregularly. The chosen car is a Peugeot 206 that runs with a speed of 90 km/h, 

with low beam and when driver notifies the pedestrian, breaks vigorously. Yellow was chosen because it was 

determined from made measurements that it reflects a lot of light and is visible from the driver distances. The 

road is not heavily traveled, being out of town. 

Pedestrian has the following characteristics: mass 75 kg, height 1.72 m, speed 4 km/h. 

The objectives of the paper were: 

• Dynamics of the accident; 

• Place of impact in relation to the road surface 

• Pedestrian observation distance by the driver in the following circumstances: with or without oncoming 

vehicle; 

• Collision avoidance ways. 

 

 

2.1. Collision simulation 

 

Accident reconstruction was performed by using specialized software PC Crash 9.1. 

 

 
Figure 2: Position of Peugeot 206 when the driver notified the state of danger 

(about 70m from the pedestrian) 

 

Starting from the set speed ≈ 90 km/h = 25 m/s, it can be calculated the braking space: 
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where: tr - reaction time (= 1 s); ti - the time required to achieve maximum deceleration from the braking start 

(0.2 s); φ - coefficient of adhesion = 0.7. 
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Figure 3: Peugeot 206 speed variation 

 

Average referral distance for pedestrians dressed in yellow, as measured data is about 70m. Following 

notification exposure to danger, after covering the distance of 25 m corresponding reaction time of 1 s, at night 

time, the driver does push the brake pedal, resulting in braking printing marks on the road. The time to reach 

maximum deceleration of -6.87 m/s2 from the start of braking, for a coefficient of adhesion of 0.7, is 0.2 seconds 

and vehicle continues to move for approximately 5m. Total braking space is about 46 meters. Pedestrian was hit 

after the vehicle has braking about 40 m. 

The impact was characterized by: 

• First contact between car and pedestrian was between the victim's right leg and bumper of the vehicle; 

• The impact among the victim's head and the boundary between the hood and windscreen get materialized 

through the windscreen crack and bruises to the head of the victim; 

• slip on the hood and pedestrian separation after completing by the vehicle of a distance of approximately 3.5 m; 

• pedestrian slip on asphalt for a distance of about 4.3 m. 

 

 

 

 
Figure 3: Pedestrian impact stages  
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The accident was simulated in condition of having an oncoming vehicle or the driver is moving with the low 

beam. The average distance for a pedestrian is 70 m. Under these conditions the accident cannot be avoided at 

this distance. 

As shown in the table 1, the accident could have been avoided at the speed of 82.8 km/h. 

If there is no oncoming traffic and it is used the high beam, the pedestrian would be visible from a distance of 

between 150 and 200 m, and the accident could have been avoided without problems. 

 

Table 1: Dynamic parameters 

Initial speed 

 

v0 [km/h] 

Speed for maximum 

brake efficiency 

vb [km/h] 

Impact speed 

 

v1 [km/h] 

Braking 

decelaration 

ab [m/s
2
] 

90 81.5 40 -6.87 

Time to impact 

 

 

t [s] 

Reaction time 

 

 

tr [s] 

Time for braking 

system activation 

 

 tl [s] 

Time elapsed from 

maximum braking 

to impact 

tb [s] 

3.56 0.80 0.20 1.96 

Total space 

 

 

s[m] 

Distance covered 

during reaction time 

 

 

sr[m] 

Distance covered from 

the start of braking 

until maximum braking 

efficiency 

sl[m] 

Distance covered to 

impact with 

maximum braking  

sb[m] 

72.10 20 19.06 33.5 

Avoidance 

deceleration 

aa [m/s²] 

Avoidance reaction 

time 

atr [s] 

Avoidance speed 

 

av [km/h] 

Avoidance space 

 

as [m] 

Vehicle 

7.32 0.38 82.85 82.58 

 

          

3. CONCLUSION 

 

In real traffic situations, special circumstances most often arise that contribute to road accidents with unpleasant 

consequences. Among the causes of accidents that occur at night, the most common is the lack of visibility 

correlated with an improper equipping of the traffic partners. 

One with particularly serious consequences is the vehicle-pedestrian accident type, which can be produced from 

various causes. 

This paper aimed to describe the dynamics of the vehicle pedestrian impact by using the simulation software 

PCCrash, accident generated by the lack of visibility of pedestrians in traffic at night on a road outside the city. 

Lack of sufficient visibility is a major contributor to increased risk for driving at night. This is even more evident 

in the case of accidents involving pedestrians. Human visual performance is limited in adapting to the sudden 

darkness or from darkness to light. 

It may be noted that in these circumstances of the accident occurrence, the speed difference from 90 km/h to 

82.85 km/h of the vehicle involved in the accident may determine the avoidance of the accident. We can say that 

road events that happen in special circumstances, as the lack of visibility at night can be avoided by compliance 

with road safety regulations, by the use of active safety devices designed to compensate physiological 

deficiencies of the driver. Under these conditions the improvement of the traffic safety at night, depends heavily 

on the quality of vehicle lighting systems, whose evolution is growing.  
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Abstract: - The objective of this paper is to present the results and advantages of the engine cycle simulation of 

a single cylinder direct injection diesel engine using AVL Boost software. The simulation results highlighted 

the energetically and economical performances of the engine and the evolution and the control of engine cycle 

parameters.  

 

 

Key-Words: - simulation, model, engine cycle, performances, estimation, parameter 

 

1 Introduction 

AVL BOOST represents an advanced and fully 

integrated “Virtual Engine Simulation Tool” with 

advanced models for accurately predicting engine 

performance. The code can simulate the entire 

engine cycle including combustion [1]. 

Some typical applications include [1]: 

•••• Torque curve prediction;  

•••• Fuel consumption   

•••• Manifold design and tuning   

•••• Valve timing optimization   

•••• Turbocharger matching, waste gate, VTG   

•••• Acoustic analysis (intake/exhaust orifice noise)   

•••• Combustion and emission analysis   

•••• EGR with Boost-Fire Link   

•••• Turbocharger response.  

  

 

2 Engine Cycle Simulation  
 

2.1 The simulation main steps 

• Design the model (the model can be designed 

by placing the elements in the working area 

first and then connecting them with the pipes) 

• General input data (e.g. engine speed, mixture 

preparation, fuel, reference conditions, cycle, 

etc.); 

• Element input data (e.g. engine constructive 

characteristics, combustion model, heat 

transfer, valve port specifications, etc.); 

• Run simulation; 

• Post-processing (e.g. engine overall 

performances); 

 

 

2.2 The model 
In figure 1 is presented the single cylinder diesel 

engine model used for the analysis. The model 

consists of the following elements:  

• SB - system boundaries; 

• MP - measuring points; 

• C - cylinder; 

  

 

 

  

 

 

 

 

 

 

 
 

 

Fig.1 

 

 

2.3 Engine characteristics 
The characteristics of the engine are: 

• bore: 76 mm 

• stroke: 65 mm 

• displacement: 295 cm3 
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• power: 4 kW   

• speed: 3000 rpm 

• compression ratio: 17:1 

The Diesel engines by small power have a wide 

range of application for the mechanization of the 

most activities in industry and agriculture. This type 

of engines, with power up to 10kW, is using, in 

most of the cases, the air-cooling. 

 

 

3 Simulation Results 
The general performances of engine torque, power, 

specific and per hour consumption against engine 

speed are shown in figure 2. 

 

 
 

Fig.2 

 

Table 1 

Parameter Unit Results 

Power kW 3,93 

Maximum torque Nm 13,79 

Specific consumption at 

nominal power 
g/kWh 275 

g/kWh
 

262,8 Specific consumption at 

maximum torque/speed rpm 2400 

 

Effective mean pressure variation is illustrated in 

figure 3. The range of it is between 0.54 to 0.58 

MPa, the values are close to the real case of engines 

in this class. Figure 4 shows the variation of excess 

air ratio and the volumetric efficiency relative to 

speed. By increasing the speed, the volumetric 

efficiency will decrease, it reduces the intake valve 

opening time and the filling worsens. The 

volumetric efficiency values are in the range from 

0.91 to 0.93. The coefficient of excess air is in the 

range from 1.54 to 1.55, values characteristic of 

diesel engines. 

 

 
 

Fig.3 
 

 
 

Fig.4 

 

Figure 5 presents the influence of speed on residual 

gas coefficient. Specific range of diesel engines is 

between 0.03 and 0.06. The values obtained indicate 

a proper discharge of the cylinder. 

 

 
 

Fig.5 

 

The main results of the simulation, from the two 
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measuring points MP1, MP2 located in inlet and 

exhaust manifolds, are represented in the following 

figures. 

Figure 6 illustrates the air mass flow, figure 7 the air 

rate and figure 8 mean air pressure in inlet manifold. 

 

  
 

Fig.6 

 

 
 

Fig.7 

 

 
 

Fig.8 

 

Once engine speed increases, both, mass flow of 

fresh air that enters the cylinder and inlet pressure 

decrease because of the increased admission rate 

that diminishes the volumetric efficiency. In the 

same time an increase of exhaust gas rate occurs, 

that accelerate the gas column (figure 9). In figure 

10 is presented the mean pressure of exhaust gas.  

Figure 11 illustrates exhaust gas flow. 

 

 
 

Fig.9 

 

 
 

Fig.10 

 

 
 

Fig.11 

 

In figure 12 are presented the evolution of the 

cylinder pressure and temperature for the 3000 rpm 

engine speed. Maximum cycle pressure is 5.9 MPa 

and temperature of 2065.97 K. The maximum 

duration of the ignition delay is ~ 5.5 °CA, at this 

stage are visible the processes resulting with heat 

absorption (latent heat vaporization of diesel fuel, 

the first reaction of oxidation) and causes a 

reduction in air pressure and temperature increase. 

Growth rate of the pressure is within normal limits, 

causing a quiet running engine (figure 13). Heat 
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release rate (figure 14) captures the typical phases of 

the combustion process: the ignition delay, 

premixed (chemistry-controlled), heat release rate 

reaching the maximum at about 6 °CA after TDC 

and then the diffusive burning (mixing-controlled). 

The premixed combustion lasts ~ 10 °CA and total 

combustion duration is about 30 °CA. 

 

 
 

Fig.12 

 

 
 

Fig.13 

 

 
 

Fig.14 

 

In figure 15 is represented the total heat flow 

through walls. 

 

 

 
 

Fig.15 

 

Largest amount of heat lost through the walls is 

concentrated around the combustion process, a 

lower proportion belonging to expansion stroke, this 

indicating an optimum combustion process. 

 

 

4 Conclusion 
The simulation of the engine cycle processes 

highlighted the evolution of the main specific 

parameters. Analyzing the values of the 

energetically and economical parameters obtained, it 

finds that they correspond to the real range of 

variation for this type of engines. 

The results obtained by simulation shows that this 

method offers an accurate picture of the progress of 

real processes from a diesel engine. 

Concluding it can be mentioned that AVL Boost 

software represents a powerful tool for engine cycle 

simulation of internal combustion engines. 
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Abstract:  In this paper are presented some general aspects regarding bicycle crash types, cyclist injury and the assessment 

of the main potential risks that influences the traffic accidents between cars and two wheeled vehicle and single bicycle –

crashes. Traffic accidents are events out of the ordinary, generally characterized by more or less information on the crash 

causes, on some parameter measurement and observation tools. The statistical analyses of the potential risks and their 

influences on traffic accidents between cars and two wheeled vehicles it was performed using cumulative density function 

based on 87th percentile.   

Keywords:  accidents, bicycle, risks assessment, injury, cumulative density function. 

   

 

1. INTRODUCTION 
 

The traffic accident is an event produced on public roads, consisting of the collision of two or more vehicles, or 

of a vehicle with another obstacle, hitting pedestrians, cyclists or other participants to the traffic and resulting in 

injury to corporal integrity of some persons, material damage, as well as disturbing circulation. The traffic 

accidents are classified by: severity of injury to persons, type of collision, impact configuration, determined 

factors.  

In road accidents are involved three components of the traffic system: vehicles, people and the road together 

with the environment. 

The bicyclists are included in the category of the most vulnerable road users and the bicycle riding becomes a 

popular means of transportation.  Thereby the bicycles are used for travel to work, shopping and for leisure 

purposes. In the same time the increasing intensity of bicycles usage was generated by: the growth of urban 

traffic intensity, some economic facts, a healthy lifestyle, the increasing environmental pollution.  

Considering the aspects previously presented it becomes obvious that cycling injuries and fatalities are on an 

increasing tendency, being necessary that the causes and effects of the road accidents involving this category of 

traffic participants need to be taken into account. 

Analyzing the potential risks that influence the accidents between vehicles and two wheeled vehicles, in 

particular bicycles can be developed techniques, methods and systems in order to increase the safety of this 

category of traffic participants. 

The events in which is involved the tandem bicycle – cyclist can be split into two categories: bicycle-car crashes 

and single bicycle – cyclist crashes, including here for example obstacle collision, falls due to road surface 

condition or quality. Bicycle defects represent a reduced cause in crashes. 

Another important factor in accidents incidence is represented by the light condition: night, twilight and daylight. 

Other determinant factors are: age and sex, speed, bicycle type, knowing the location, alcohol use, physical 

problems, etc.  

Obviously, bicyclists become one of the most exposed participants in traffic, who suffer injuries in case of an 

accident. Compared to cars, the bicycles have a reduced visibility (preponderantly frontal), are less stable and 

offer a much less protection to the cyclist. Taking into account the unprotected or partially protected body in 

comparison to the cars, the bicyclist usually falls from his bicycle and hits some hard elements, non-deformable 

structures of other vehicles or infrastructures, suffering the most severe injuries: to head and extremities 

fractures. 

  

2. PROCEDURES AND ANALIZING METHODS 

 

The methodology of assessment of potential risks consist of the following elements, performed, more or less, in 

the following order: identify, assess the vulnerability of critical assets to specific threats, the quantification of 

risk (the expected likelihood and consequences), identify ways to reduce those risks and prioritize risk reduction 

measures based on a strategy [2],[3]. 
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In figure 1, by using a realistic evaluation of security control effectiveness, a more accurate 

prioritization can be made. The most extreme risks will obviously take precedence over the low, 

moderate, and high-risk areas. 

 
Figure 1: Overlaying control effectiveness enables differentiation between 

 risks and illustrates residual risk [1] 
 

The present study refers to the estimation of the potential risks that can be manifested in the case of cyclists 

traveling on public roads. 29 potential risks were identified, being quantified both qualitatively and 

quantitatively. 

The assessment of risk impact is graphically detailed in figure 2. It can be observed that a number of 17 potential 

risks can have a significant impact. 

 

 
Figure 2: The distribution of risks impact 
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Analyzing figure 3, it can be pointed out that the vast majority of the estimated risks have a high probability of 

occurrence. 

 

 
Figure 3: The distribution of risks likelihood 

 

The priority score of the potential risks is established according to the probability of occurrence and the impact 

score of the risk. 

The quantification of the risk score indicates that the risks fall into the high-risk area (figure 4).  

 

 
Figure 4: The distribution of risk based on risk score 

 

By using the specific cumulative density functions applied to each identified risk, the influence of cumulative 

risks was analyzed (figure 5). The results expressed by the cumulative density functions show that for a 

probability of 87th, the risks have a score of 0.6876. Thus, these risks can be classified in the category of high 

risks with negative influences. 
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Figure 4: The cumulative density functions of potential risk 

 

 

3. CONCLUSION 

 

Analyzing the results of the risk score evaluation, the significant risks are the following: 

- Frontal accident with a vehicle; 

- Rear accident with a vehicle; 

- Overtaking on the left side; 

- The intersection on the right side; 

- Door open in front of the bicyclist; 

- Transit on the red color of the traffic light; 

- Driving under the influence of alcohol; 

- Failure to observe the limit distance that is needed to be maintained both, for moving vehicles and for parked 

cars; 

- The cyclist driving at night time; 

- The condition, quality of the road and the presence of different obstacles on it. 
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