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Abstract

Pre-pretensioner (PPT) seatbelts are equipped with an electrical pretensioner that
tightens the belt in safety critical situations and liberates some webbing if the driver is
able to avoid the hazard. These PPT seatbelts introduce new loading scenarios, posing
a requirement to evaluate the biofidelity of present-day Anthropometric Test Devices
(ATDs). This study evaluates the biofidelity of ATDs of different sizes in four pre-
defined positions under PPT seatbelt loading also considering the habituation effect.
Data from 5™ and 50" percentile females, and 95™ percentile male volunteers and their
corresponding ATDs- Hybrid IIT 5™ and 95" percentile dummies, and a prototype
BioRID 50 percentile female dummy were analyzed. Evaluation of the biofidelity was
done by comparing the responses of volunteers and ATDs. Basic kinematics
parameters were tracked with TEMA3.5-012 software and the seatbelt force, current
and voltage signals were obtained from the transducer. Corridors were generated with
the volunteer subjects’ mean response +1 standard deviation. Hybrid III family does
not reproduce human-like motion of the head-neck complex under PPT loading due to
the stiffness of the neck and torso. The 50t percentile female BioRID dummy shows
a reversed trend compared to the flexion-extension motion of the volunteers. Changes
in stiffness and damping properties may lead to improvements in biofidelity of these
dummies under low load conditions (PPT loading). In general, the small female
volunteers are observed to have larger head-neck rotation amplitudes, which may
contribute to higher whiplash risk in females. Large male volunteers show lower
backset reduction and low T1 kinematics compared to other sizes of volunteers. Some
volunteers exhibit limited range of head-neck motion compared to others, which may
be a result of neck muscle tension.

Current studies about PPT seatbelts suggest that there is a scope to develop more
powerful systems that may use higher forces to reposition the occupant before an
impact. This study identifies injury assessment reference values for neck injuries and
optimal force values for PPT development. Dynamic and static tests were conducted
with H-III6C and the BioRIDS5S0F prototype. Two safe crash pulses, one with a
maximum deceleration of 4g at 56ms and a delta V of 9km/h and another with a
mean acceleration of 6g and a delta V of 28km/h were used in child and adult ATDs
respectively. Neck injury assessment reference values (NICprotraction and Nij) were
obtained from the dynamic tests and literature review. In static tests, neck injury
criteria for higher seatbelt forces were obtained to compare them with the previous
thresholds. Forces close to 600N might be critical in children when seated slightly
leaning forward. Some test results were discarded due to technical limitations, hence
for future testing it is recommended to use sensors and data acquisition systems
according to the low loading scenario.

Key words: biofidelity, pre-pretensioners, ATDs, volunteers, corridor, kinematics,
whiplash.
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1 Introduction
1.1 Background

Approximately 1.24 million deaths occur every year on the world’s roads and another
20 to 50 million suffer injuries as a consequence of traffic collisions. Road traffic
accidents are the eighth leading cause of death worldwide and current tendencies
suggest that in fifteen years road traffic accidents will become the fifth leading cause
of death. Moreover, motor vehicle crashes are the leading cause of death for young
people, aged 15-29 years. Road crashes cost USD $ 518 billion globally and for each
individual country, road traffic accidents cost from 1-2% of their annual GDP [1].

According to this, road traffic injury prevention must be included in a broad range of
sectors, such as road infrastructure development, government policies, urban and
environmental planning, the supply of hospital services and safer vehicles. Present
day technological advancement in the automotive industry is supporting the
development of active restraints. Pre-crash active seatbelts were developed with the
goal of keeping occupants in a better position before the crash and optimizing the
efficiency of passive safety restraints. The integrated safety offers the benefit of crash
avoidance and reduction of crash severity [2].

Injury mechanisms and drivers’ behaviour are many times addressed in vehicle crash
safety studies. Data obtained from crash tests with standard Anthropometric Test
Devices (ATDs) in ideal seating postures is often assumed to be representative of a
real road traffic accident. Nevertheless, age, gender and anthropometrics influence the
drivers’ posture. Moreover, in real life scenarios, the driver’s posture can change
before the collision because of body’s inertial loading by Autonomous Emergency
Braking (AEB) systems or crash avoidance maneuvers. According to a Japanese
analysis of traffic accident data, around 60% of the drivers took crash avoidance
maneuvers. The analysis also suggests that the injury degree is influenced by the pre-
crash reaction. Consequently, restraint systems should consider posture changes and
driver motion at the pre-crash phase [3].

1.2  Pre-crash active seatbelt

Pre-crash active seatbelts also known as pre-pretensioner seatbelts (PPT) use
information available in active safety systems such as electronic stability control
(ESC) system, cameras and/or radars to restraint the occupant in a pre-crash phase.
Active seat belts have an electrical pretensioner that tightens the belt in safety critical
situations and liberates some webbing if the driver is able to avoid the hazard. Motor
torque is transmitted to seatbelt webbing via reduction gear and a clutch system.
When the electronic control unit (ECU) detects an emergency situation, it supplies
required current to the motor connected to the retractor. Seatbelt retractor withdraws
the belt by producing tension in it.

Under a braking situation prior to an impact, the dummy in the crash test or the
occupant in real life moves forward due to the deceleration causing a change in
occupant posture that increases occupant injuries. Moreover, the distance between
airbag and occupant is reduced. A direct impact of the airbag can produce head or
neck injuries. Numerical simulations, considering that the brake was activated prior to

CHALMERS, 4pplied Mechanics, Master’s Thesis 2015:60 1



collision, show this change in body posture during the braking stage (Figure 1.1).
Without pre-crash seatbelts, the body posture before the impact does not optimize the
effectiveness of the occupant restraints.

Figure 1.1: Posture change and movement due to braking at t=0s
(left) and t=0.6s (right)[5]

According to an observational study 10% of the drivers and 22 % of the passengers
are poorly positioned for impact [8]. Motorized shoulder belt tensioning can reduce
seatbelt slack and perform occupant repositioning in pre-crash situations if the impact
is determined sufficiently early. Automotive manufactures have pre-crash active
seatbelts in production or preproduction stages and are beginning to study the benefits
of this system in vehicles.

Since pre-pretensioner seatbelt is operated by an electric motor a relation between the
webbing retraction and the motor torque (seat belt webbing tension force) exists. The
linear relation implies that the retraction length can be monitored based on the
webbing tension of the pre-pretensioner seatbelt. (Figure 1.2)

200
150

100

50

Retraction [mm]

0

0 100 200 300 400
Tension [N]

Figure 1.2: Retraction performance of motor retractor [6]

Occupant forward movement is lowered with larger seatbelt retraction (Figure 1.3).
Numerical simulations show that the more belt retraction, the lower the chest
deceleration and displacement.
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Figure 1.3: Forward chest movement reduction by seatbelt retraction [6]

Increasing seatbelt-webbing tension prior to a crash can reduce occupant injury risk.
However, excessive retraction of seatbelt can produce an upward trend in chest
deflection, owing to the initial deflection of the chest created by retraction. The upper
limit of seat belt tension should be adjusted to occupants’ tolerance limit [6]. Two
main system design parameters for active seatbelts are the amount of tension or
retraction to be activated and the timing at which the device activates the motor
retractor. Occupant size has an important effect in retraction time. Larger car
occupants require more time because of a slower retraction velocity [7].

1.3 Head restraint

In rear impacts, head restraint together with the seat is the main car interior
component that contributes to internal load transfer. Head restraints prevent neck
injuries in rear-end collisions hence head restraint positioning plays an important role
in rear impacts. To protect the occupant, vehicle’s head restraint should be tall enough
such that the top of the restraint is above center of gravity of the head and close to the
back of head. If the restraint is far from the head, less support is provided and head
and torso will tend to move separately creating harmful forces on the neck. Height
and backset are the basic geometric requirements, which are measured to produce a
rating of good, acceptable, marginal or poor restraint. A procedure for Evaluating
Motor Vehicle Head Restraints (RCAR 2008) states that a restraint to be rated as
marginal should not be farther than 11 cm of the head and a good geometry implies a
head restraint no farther than 7 cm behind it [4]. (Figure 1.4)

Backset (cm)
2 4 6 8 1012 14 16 18 20

Distance from top of head (cm) 6

Figure 1.1: Diagram of geometric head restraint ratings [4]

CHALMERS, 4pplied Mechanics, Master’s Thesis 2015:60 3



1.4  Whiplash Associated Disorders

Whiplash Associated Disorders (WAD) can occur in impacts from all directions and
at low velocity changes. The whiplash injury mechanism remains unclear but various
factors may influence this neck injury. These factors are divided in three groups: seat
factors, occupant factors and external factors [9]. Seat factors, for example are seat
and head restraint geometry, occupant factors include gender or anthropometry while
external factors are vehicle mass or stiffness [10]. Occupant factors have a direct link
with the incidence and duration of WAD, consequently differences between world
populations should be considered in order to optimize the performance of the
restraints in vehicle design.

Factors
occupant
scat
external

s X

Clinical Physical
Responses Responses

symptoms [ kinematic |
intensity - c kinetic
|  duration | muscle ‘

Figure 1.2: Relationships between potentially influential factors and physical and
clinical responses [11].

According to statistics, rear impact induced whiplash injuries account for 50 % of the
total injuries [12]. A study from Hanover, Germany states that males account for 58 %
of the occupants involved in rear impacts, but in relation with neck injuries, females
were involved 2.4 times more than males [9]. Another study of rear end collisions
involving 1,147 occupants, presents that 52% of them had pain one year later and 62
% of females had remained symptoms two years after the impact [13]. The incidence
of recovery is lower in female than male occupants [14]. Gender is an influential
factor in rear impact induced injuries (Figure 1.6) [15]. Female upper body interaction
with the head restraint and seatback varies in comparison with males due to difference
in anthropometry and mass distribution.

3 O Females
= Males

Risk

o+ , -

Driver Front-seat Rear-seat
passenger passenger

Figure 1.3: Risk of permanent whiplash injury in relation to male driver risk
(normalized to 1) for different seating positions in rear impacts.
Adopted from A.Carlsson [16]
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According to insurance data, whiplash protections that already exist in the market
have approximately 65 % higher effect for males than females [17]. Therefore, it is
important to adapt the restraint systems by considering the female properties and the
different anthropometric sizes of the population worldwide.

Without whiplash With whiplash
protection protection

Figure 1.4: Whiplash injury reduction for females and males including 95% CI.
Adopted from Carlsson.A [16]

Whiplash injuries are costly and the related socio-economic impact is approximately
10 billion euros annually in Europe [18]. They account for 70 % of all injuries leading
to disability in Swedish automotive market [19].

According to statistics, between late 1960s and late 1990s, there was an increase in
whiplash injuries [20]. Different factors have contributed to this raising level of WAD
risk and number of injuries:

o Vehicle structure is stronger and stiffer [21].

o Seatbacks strength has increased to provide better retention in high-speed
crashes [22]. This increase in strength has led to higher stiffness, which affects
the interaction between the seatback and occupant. It can produce an increase
in neck forces.

o Whiplash injury risk increases with the use of seatbelts [23]. The seatbelt
restraints the torso in the rebound phase of the rear impact collision [24].
However, pretensioners, airbags and load limiters have the capability to reduce
neck loads [77].

o Occupants in cars that are not equipped with advanced whiplash protection,

have 50 % higher risk of suffering whiplash injuries compared with occupants
in cars with whiplash protections systems installed [19].

CHALMERS, 4pplied Mechanics, Master’s Thesis 2015:60 5



1.5 Gender and Size differences

Head restraint positioning is not the only variable that affects the kinematics of
human-neck complex. Other factors such as gender and occupant size are involved in
biomechanics of rear-end collisions. Body mass and gender differences have
significant physiological implications.

Higher whiplash injury risk may be explained due to anatomical differences between
males and females. Males have smaller range of neck motion than females in
extension [25]. Female occupants have greater S-curve motion. In rear-end collisions,
they have greater head [26], segmental and facet joint motions than males [27]. In
addition, the two cartilages on the juxtaposed subchondral bones of the articular
pillars and the structure of the facet joints present differences between males and
females specimens [28]. According to a study with post mortem human surrogates
(PMHS) cervical spines, cartilage in male specimens was comparatively thicker [28].
There are also differences in anterior cruciate ligament strength (43% stronger in
males) and stiffness (55% stiffer in males)[29].

There are anatomical differences in the location and size of neck muscles that may
lead to differences in load distributions between male and female specimens. Female
neck muscles have lower strength [30] and faster reaction (11%) than male neck
muscles [31]. Moreover, they have smaller necks in relation to head size [32].

Gender difference is not the only variable that has an influence in vertebral size.
Dimensions of C3-C7 vertebral bodies tend to increase with stature [33].

6 CHALMERS, Applied Mechanics, Master’s Thesis 2015:60



2 Purpose

Anthropometric test devices are mechanical surrogates of the humans, which are used
in crash testing to determine effectiveness of restraint systems. These crash dummies
are designed to be repeatable, reproducible, fulfill requirements of anthropometry and
biofidelity and allow measurement of parameters that are related to injuries. On one
hand, dummies should represent a human in terms of size, mass and mass distribution
and on the other, it has to mimic human biomechanical response to an impact.
Biofidelity is evaluated based on cadaver and volunteer studies. Since it is not
possible to use human volunteers in crash tests that are conducted to replicate real
accident scenarios, their replacement, ATDs, are required to be biofidelic.

New vehicle restraint systems such as pre-pretensioner seatbelts, introduce new
loading scenarios, posing a requirement to evaluate the biofidelity of the current
ATDs. Therefore, the aim of this study is to evaluate the biofidelity of crash dummies
under pre-pretensioner seatbelts loading.

The results of this study can be used to improve the design of the current ATDs,
contribute to the development of pre-pretensioner seatbelts in the automotive industry
as well as reduce crash injuries worldwide in the future.

Research questions which are considered in this study:

o Evaluation of the kinematics and belt-occupant interaction between Hybrid III
5t percentile female dummy and AFO05 volunteer subjects for different
occupant positions.

o Evaluation of the kinematics and belt-occupant interaction between BioRID
50™ percentile female dummy (BioRID50F) and AF50 volunteer subjects for
different occupant positions.

o Evaluation of the kinematics and belt-occupant interaction between Hybrid III
95" percentile male dummy and AM95 volunteer subjects for different
occupant positions.

o Evaluation of different volunteers’ responses taking into account differences
in gender and size.

o Evaluation of the differences between the first volunteer exposure and the
second volunteer exposure under low loading scenario (habituation effect).

2.1 Limitations

Unable to place HybridIIl in some of the positions.

Evaluation of PPT loading scenario in children, pregnant women, elderly or
obese population. Only healthy and relatively young people were included in
the study so the expected results are not representative of the whole
population.

Evaluation of subjective volunteers’ impressions to the restraint system.
Evaluation of different load cases.

Evaluation of the PPT seatbelt under dynamic conditions.

Evaluation of chest deflection under PPT loading.

O O O O
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3 Methodology

3.1 Previous study: data collection

Data collection to evaluate the biofidelity of ATDs under seatbelt pre-pretensioner
loading was performed in a previous master thesis by Jean-Adrien Develet for
Chalmers University of Technology (2013)[34].

Tests were conducted for ATDs and volunteers in a stationary environment after the
regional ethical board in Goteborg approved them. The study was performed in a
Volvo XC70 (MY2009) and car seats were set according to EuroNCAP 2011 testing
protocol for neck injury protection. Coordinate systems were selected in agreement
with SAE J211/ISO6487. Passenger vehicle for the experiment was equipped with a
prototype unit including three pre-pretensioners, controller and power supply. Current
and power supply data from the PPTs as well as tension in the seatbelt (acquired with
a seatbelt transducer) were collected during the experiment. In addition, video
cameras recorded the kinematics of research subjects ensuring anonymity of the
volunteers (Figure 3.1). Skin landmarks were located on the research subjects with a
goal of positioning important reference points for kinematics analysis during data
processing.

Data from four different sizes of volunteers and their corresponding ATDs were
collected in the preceding master thesis but the biofidelity evaluation was performed
only for the 50th percentile male. Data that were already collected but not processed
and analysed are the starting point of the present study.

In the previous study it was found that the BioRID-II reproduced the volunteer motion
more aptly than the THOR-NT in front row positions. Also, the ATDs showed some
limitations in reproducing the head-neck movement.

Car battery
’ N .| Research

wvia CANalyzer \L
4 Kinematics
L Belt force Belt movement
transduccr scnsor
Current Wltage
) I
supply supply : i
(ampmeter) (divider) i i
Bridge Independant
fier 12V source
y 'I i . Camera
. Tigger ou . .
Anzlog trigger —4>|; DAQ %0 E—?z P > equipped with
\ wide angle lense

USB \l}Zchcmct
G

Computer running
Labview programs

Figure 3.1: Data acquisition system used in previous master thesis. Adopted from
Adrien. J [34]
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3.2 Research subjects

Current restraint systems are primarily adapted for the 50" percentile male. However,
occupant restraint system development should include anthropometric differences in
the population worldwide to guarantee an optimal protection during vehicle accidents.

3.2.1 Anthropometric Test Devices (ATDs)

The Hybrid III 95" percentile (HIII AM95) was chosen to represent the 95" percentile
male subjects and Hybrid IIT 5™ percentile (HIII AF05) was chosen to represent the 5
percentile female subjects. These ATDs are designed for frontal loading. The thoracic
spine of HIII is made of steel and does not allow bending [35]. The lack of bending in
thoracic spine influences the motion of torso [36]. Moreover, chest properties of the
dummy were adapted to non-belted situations, so the interaction with seatbelt restraint
system is not very humanlike [37]. HIII does not have a movable clavicle and scapula,
which affects the range of motion of the shoulder. The shoulder design is stiffer
compared with human volunteers [36]. In low speed rear impacts, the HIII does not
reproduce human’s head motion, which is found to be more complex. The HIII is not
very adequate for evaluating neck injuries in low speed rear-end collisions [38].
However, these dummies are the only ATDs, which are available to represent the
small females and large males.

The BioRID50F, a 50 percentile female rear impact prototype crash test dummy,
was chosen to represent the 50" percentile female subjects. This dummy was built by
modifying the BioRID II dummy (50" percentile male dummy for low-speed rear-end
impacts). The torso jacket was scaled and the length of the spine was reduced. In the
female prototype, weaker springs substitute the neck muscles in comparison with the
BioRID II. In addition, arms and legs were reduced and material was removed in
order to have a more precise representation of the female body [39]. The prototype
was built with the goal of testing the head restraint and seat back response in rear-end
collisions.

3.2.2 Volunteers subjects

Volunteer subjects represent different size groups; 5 percentile female, 50"
percentile female, 50" percentile male and 95" percentile male. Data from the 50"
percentile male population was presented in the previous master thesis [34]. Selection
criteria of volunteers were based on anthropometric specifications from the
Anthropometry of Motor Vehicle Occupants (AMVO) study [40]. An interval of +
3% on the stature values and £13% on the weight values was accepted in the
recruitment of the volunteers [34].

Aging in both genders is associated with a decrease in neuromuscular performance
due to the reduction in skeletal muscle mass and the loss of strength [41]. According
to that, the age of the volunteers’ subjects may influence the response of the
volunteers so relatively young and only healthy subjects were part of the research
study.
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Table 3.1: AF05 anthropometric specifications

Subject Weight [kg] Stature [cm]
HIII AF05 49 150
Volunteer’s recruitment criteria 47+6 151+4

Table 3.2: AF50 anthropometric specifications

Subject Weight [kg] Stature [cm]
BioRID50F AF50 62.3 161.8
Volunteer’s recruitment criteria 62+8 16245

Table 3.3: AM50 anthropometric specifications

Subject Weight [kg] Stature [cm]
BioRID-II AMS50 78 178
THOR-NT AMS50 78 180
Volunteer’s recruitment criteria 77+8 17545

Table 3.4: AM95 anthropometric specifications

Subject Weight [kg] Stature [cm]
HIIT AM95 101 185
Volunteer’s recruitment criteria 102.5+13.5 187+6

Table 3.5: Number of volunteers in each research group

Subject Number of volunteers in the study
AF05 2
AF50 9
AMS0 8
AMOI5 10

3.3  Test matrix (positions)

In the preceding master thesis, four testing positions were selected after a literature
review to represent different driving scenarios [34]. Data in the four positions are
available for evaluating the biofidelity. However, it was not possible to place the HIII
95™ percentile in position 4 and the HIIT 5™ percentile in position 3 due to limitations
in the range of motion of these ATDs. Consequently, there are no ATD data for these
two cases to compare with the volunteer subjects’ responses. Four different test
scenarios were considered: a driver in a frequent driving posture, a driver in a leaning
forward posture, a front passenger leaning forward and a rear occupant in a common
posture which marginally exceeds the backset recommendations. In order to maintain
the same positions in subsequent tests a support rod was used. All positions are
described with more details and their explanations are accompanied with screenshots
from the video analysis software (TEMA3.5-012) for a better understanding (7able
3.5).
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Table 3.6: Test matrix with description of positions. Adapted from Adrien.J [34]

Position Description Picture
Person in driver seat with
hands placed on the

. teeri heel. N 1
1. Real life | >crme Whee orma
driving position according
normal w )
.. to “the dynamic assessment
driving ..
of car seat for neck injury
protection testing protocol
(EuroNCAP 2011)”
2. Attempting | Person in driver seat,
to increasing | leaning forward with hands
the visibility | on steering wheel trying to
at increase the visibility at
intersections | intersections

3. Searching
for the glove
box

Forward passenger with
hands on the lap, head
position replicating the
action of searching the
glove box.

4. Talking to
the forward
occupants

Occupant in the rear seat,
hands on lap, head
replicating the action of an
occupant leaning forward
to talk to the front row
occupants
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3.4 Data analysis
3.4.1 Parameters selection to study the biofidelity

Evaluation of biofidelity was done by comparing the responses of volunteers and
ATDs. Basic kinematics parameters were chosen to describe their motion. To obtain
comparable results with the previous thesis work and have consistency in the analysis
of the data the same two-link approach was used for the analysis of head-neck
kinematics. Lower and upper pivots were located at the T1 and Auditory Meatus
(AM) respectively.

Seating position of the research subjects, in relation to car head restraint was
described by the backset (the horizontal gap between the back of the head and the
front surface of the head restraint). Increased backset has been found to have a
negative impact in neck symptom duration [42].

Backset depends on several factors. Initial head restraint distance may depend on
seating position. In comparison with the occupant in the front passenger seat, the
backset increases for male (37 mm) and female (26 mm) drivers with hands on the
steering wheel. Increased kyphosis in the thoracic spine is the cause of this postural
change depending on the seating position [43]. There is also a difference in the initial
backset based on the gender; it is shorter for females compared to males (Figure 3.2).
One possible explanation is that females have shorter stature and shorter arms (50-70
mm) than males [44].

Figure 3.2: Different initial backset of a female (light grey) and a male (dark grey)
volunteer. Adopted from Carlsson.A [16]

The motion of T1 was described by T1 x-displacement, T1 x-velocity, T1 z-
displacement and T1 angular rotation. T1 kinematics allows tracking the torso motion
along the axis. The T1 position in volunteer’s subjects and ATDs was calculated
based on two skin landmarks (Clavicle Target and T1 Target) (Appendix 14.2).

Neck and head motions are important in whiplash mitigation research. Therefore,
neck and head rotations were described in order to study if ATDs provide a
sufficiently biofidelic response of the flexion and extension motion of the volunteers
neck.

12 CHALMERS, Applied Mechanics, Master’s Thesis 2015:60



Seatbelt force is the cause of the motion. It is influenced by different mechanical
properties of the ATDs and the muscular tension of the volunteers during the
experiment. A drop in the seatbelt force may be explained by the state of the battery.

3.4.2 Data processing

Videos of the volunteers and ATDs were taken during the test. A number of target
points were marked on the subjects in order to be able to track these points on
TEMA3.5-012. Two landmarks, one called T1 Target and the other Clavicle Target
were marked to identify position of T1 (Appendix 13.2). The occipital condyle (OC)
was drawn with a marker that was identified by palpating during the experiment. The
other targets were Auditory Meatus (AM), eye, knee, femur and the back of head. The
back of head was taken to be a point on the back of the head that makes the first
contact with head restraint. Targets were also placed on the door of car to serve as
markings for scaling. A target was placed on the centre of the head restraint and offset
was accounted during the analysis.

The video recorded during the test was imported into TEMA3.5-012. A template,
specifying the camera parameters, scaling factors and offsets to the reference plane
was created. Each position had a different set of offsets and hence, one template for
each position was created. The corresponding camera views were imported into these
templates. Targets, distances and angles were tracked on TEMA3.5-012 (Figure 3.3).

' .BackofHead

o . E"
Bottom QéM &4

Clavicle Target —

Knee
Femurl X
Femur2X

N
A

Figure 3.3: TEMA3.5-012 screenshot with targets, distances and angles

T1 Angle is the angle between the T1 Target and T1. It gives a picture of motion of
T1 in the sagittal plane. Neck angle is the angle between T1 and OC. It indicates the
motion of neck with respect to T1 in sagittal plane. Head angle is the angle between
the lines connecting the OC-Eye and OC-T1. It represents the movement of the head
also in the sagittal plane. It is a clear representative of flexion or extension motion
(Figure 3.4).
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T1 angle Head angle Neck angle

Figure 3.4: Screenshot from TEMA3.5-012 showing the different angles

A timetable was created with angles, distances and targets varying with time and was
exported as a text file.

After tracking the kinematics with TEMA3.5-012, seatbelt force, current consumption
and voltage data were imported to MATLAB along with the kinematics parameters
for each test. Force and voltage signals were filtered with a Channel Frequency Class
(CFCQ) filter of 30. Data was synchronized at the moment when the current supply
started and the signals were cut at 1.5 s. An offset correction was made for the seatbelt
force signal. Moreover, a sign correction was implemented for position 3 data to
match the coordinate system (SAE J211/ISO6487), since the videos for the front
passenger seat were filmed from a different side (7able 3.5).

Corridors were created with the volunteer subjects’ mean response +1 standard
deviation. However, corridors were not generated for 5™ percentile female volunteers
due to their limited number. Comparison between ATDs and volunteer responses was
done to evaluate the biofidelity of dummies under PPT loading. Different kinematics
responses for all research subjects were examined according to peak occurrences,
amplitude and asymptote values for each subjects’ data.

All the volunteer data could not be processed during analysis due to some issues like
missing camera frames, extremely low or no current values.
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4 Results
4.1 Evaluation of biofidelity of ATDs

4.1.1 95" percentile male (AM95)

Seatbelt force characteristics: The seatbelt force response can be described in three
stages; increase in force until 1 peak is reached, followed by a drop and then the 2™
peak, which is followed by a nearly constant force.

In the 1% stage, force increases continuously as the webbing is being retracted; there is
a reduction in the initial belt slack until 1¥ peak is attained. In the 2™ stage, the
occupants move at a constant T1 x-velocity, hence there is a drop in seatbelt force.
The instance that the torso makes a contact with the seat, seatbelt force starts to
increase again. After reaching the 2™ peak, power supply to the pre-pretensioner ends
resulting in a decrease in force level. Subsequently, the pre-pretensioner maintains a
constant force level.

In position 1, (Figure 4.1) it is observed that HIII reaches the 1% peak quicker than the
volunteers (0.19s and 0.29s respectively). The initial slope of HIII is steeper than the
slope of the volunteers. The ATD asymptote is between the volunteer subjects’ mean
and the inferior boundary of the corridor. However, the second peak occurs at the
same instance (0.5s).

In position 2, (Figure 4.2) the dummy and the volunteers reach the first and the
second peaks at the same time (0.2s and 0.49s respectively) and the seatbelt force
values matches approximately. The initial slope is similar for both of them and the
most significant difference can be appreciated in the seatbelt force drop that the HIII
experiments after the first peak while volunteers do not experience this decline in the
force value.

In position 3, (Figure 4.3) it can be observed that ATD reaches the first peak faster
(0.16s) in comparison with the volunteers (0.28s). The initial slope of the HIII is
steeper than the volunteers’ one. After the first peak, force value decreases for the
dummy, however the volunteers do not show this behavior. The second peak occurs at
the same time (0.5s) and reaches a similar force level. The HIII asymptote exceeds the
volunteers mean force by 20 N.

The results are summarized in Tables 4.1-2.

Table 4.1: Peak occurrence and seatbelt force for 1* peak in positions 1,2,3,4

Subject Peak occurrence (s) Force level (N)
1 2 3 4 1 2 3 4
AMOI5 0.29 0.2 0.28 / 245 174 195
HIII AM95 0.19 0.2 0.16 / 250 188 210 /
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Table 4.2: Peak occurrence and seatbelt force for 2™ peak in positions 1,2,3,4

Subject Peak occurrence (s) Force level (N)
1 2 3 4 1 2 3 4
AM95 0.5 0.49 05 / 229 213 226 /
HIIT AM95 0.5 0.49 05 / 207 212 232/

Backset: In position 1, (Figure 4.1) backset reduction is not significant in volunteers
and HIII. The peak amplitude and peak occurrence are not evident as there is no
reduction in backset values. However, there is a difference in the initial backset for
the volunteers (24mm) compared to HIII (33mm).

In position 2, (Figure 4.2) HIII and volunteers have similar initial backsets (230mm
and 220mm respectively). Backset reduction is faster for HIII (0.36s) in comparison
with volunteers (0.45s). Nonetheless, volunteers have greater backset amplitude
(120mm) than the HIIIT (83mm).

In position 3, (Figure 4.3) the initial backset of HIII is greater (295mm) than the
volunteer subjects mean (260mm). The peak occurs at the same instance (~ 0.4s). It is
observed that both of them attain a similar asymptote value (~210mm).

The results are summarized in Table 4.3

Table 4.3: Amplitude, peak occurrence and asymptote of backset for positions 1,2,3,4

Amplitude (mm) Peak occurrence (s) Asymptote (mm)

Subject
1 2 3 4 1 2 3 4 1 2 3 4

AMO95 /120 48 / / 045 045 / 23 100 209 /

HITAMYSs 11 8 74 / 024 036 04 / 28 160 211 /

T1 x-displacement and T1 x-velocity: In position 1, (Figure 4.1) the HIII follows the
same trend as volunteers in T1 x-displacement and T1x-velocity plots. There is a
difference of Smm in T1 x-displacement asymptotes of ATD and volunteers mean. It
is seen that HIII responses are closer to the superior boundary of the volunteers’
corridor.

In position 2, (Figure 4.2) the same trend is observed between the dummy and
volunteers. The asymptote of T1 x-displacement is greater for volunteers (93mm) in
comparison to HIIT (58mm). T1 x-displacement of the dummy is closer to the superior
boundary of the corridor. Also, T1 x-velocities have similar peak values (320mm/s for
the volunteers and 344mm/s for the HIII) and HIII response is close to volunteers
mean response.

In position 3, (Figure 4.3) HIII practically overlap the volunteer subjects mean
responses. Both have similar peak values at same instances as well as close asymptote
values.
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The results are summarized in Tables 4.4-5

Table 4.4: Amplitude, peak occurrence and asymptote of T1-x displacement for
positions 1,2,3,4

Amplitude (mm) Peak occurrence (s) Asymptote (mm)

Subject
1 2 3 4 1 2 3 4 1 2 3 4

AMO95 13 93 49 / 025 048 04 / 10 93 49 /

HITAMYSS 6 60 53 / 022 05 046 / 5 58 53/

Table 4.5: Amplitude, peak occurrence and asymptote of T1-x velocity for positions

1,2,3,4
Subject Amplitude (mm/s) Peak occurrence (s) Asymptote (mm/s)
! 1 2 3 4 1 2 3 4 1 2 3 4

AMO95 115 320 245 / 0.16 0.2 017 / 2 2 1 /

HIII AM95 100 344 230 / 0.15 022 018 / O 1 2 /

Head and neck complex: In position 1, (Figure 4.1) the amplitudes of neck and head
rotations of volunteers and HIII are very close. It can be seen that HIII and volunteer
mean overlap each other in head rotation, indicating that the dummy reproduces
human head motion approximately. Neck angle however, shows that the HIII follows
the superior boundary of the corridor. Asymptotes for the neck rotation have a
difference of 4deg.

In position 2, (Figure 4.2) the volunteers experience a flexion followed by an
extension while the dummies do not show any head motion. The HIII does not
reproduce the neck motion of the volunteer subjects although they have the same
amplitude values (~7deg). The neck of the HIII reproduces an extension motion
instead of the flexion-extension motion shown by the volunteers.

In position 3, (Figure 4.3) the responses are similar to position 2. The dummy does
not reproduce any head motion. The dummy also reproduces an extension motion of
the neck instead of the flexion-extension motion as seen in the volunteers.

The results are summarized in Table 4.6

Table 4.6: Amplitude of head and neck rotations

Subject Head rotation (deg) Neck rotation (deg)
1 2 3 4 1 2 3 4
AMO5 2 6 6 / 4 8 8
HIIT AM95 4 1 1 / 3 7 7 /
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T1 z-displacement: In all positions, T1-z displacement shows that the trend followed
by HIII and volunteer mean is similar. However, the HIII is close to the superior
boundary of the volunteer corridor. These displacements do not bring any remarkable
information since the amplitude is around only Smm in all cases.

The results are summarized in Table 4.7
Table 4.7: Amplitude of T1-z displacement for position 1,2,3,4

T1- z displacement (mm)

Subject
1 2 3 4
AM95 2 1 8 /
HIII 4 5 1 /
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Figure 4.2: Corridors for the evaluation of AM95 ATDs in position 2
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4.1.2 50" percentile female (AF50)

Seatbelt force characteristics: In position 1, (Figure 4.4) the initial slope of the
BioRIDS50F is steeper and has a faster response (0.22s) compared to the volunteers
(0.27s). The same trend is also observed in the second peak. ATD reaches the second
peak before the volunteers’ mean response (0.45 s and 0.5 s respectively). Force
levels in BioRIDSOF are always higher than the volunteers’ force levels. In the first
part of the response, BioRID50F follows the upper boundary of the volunteers’
corridor but in the later phases it has higher asymptote force value (40N). It can be
observed that the female volunteers experience a drop in force level between the first
and second peak that is reproduced by the dummy.

In position 2, (Figure 4.5) the first peak is attained at the same instance (0.2s)
however they having varying force values (BioRID50F=220N, Volunteers=150N).
Also, both reach the second peak at approximately the same time (0.52s) exhibiting
differences in force values (BioRIDSOF=270N, Volunteers=222N). Asymptote value
is greater for BioRID50F than for the volunteers (70N). At 0.8s an oscillation in the
BioRIDS50F force can be observed due to a minor rebound.

In position 3, (Figure 4.6) the peak occurrences were synchronized for the
BioRID50F and the volunteers (1 peak ~0.22s, 2™ peak ~0.51s) although the ATD
showed higher peak values. The force value of the dummy was closer to the upper
limit of the volunteers’ corridor. After the second peak, some oscillations can be
noticed for both of them.

In position 4, (Figure 4.7) BioRID50F reproduces the volunteers’ response. The
initial slope is the same for the ATD and the volunteers. The peaks occurred
synchronously (1% peak ~0.22s, 2™ peak ~0.5s) although the BioRID50F has lower
force values. The BioRIDS5O0F response is closer to the lower boundary of the corridor
until the second peak and then is closer to the volunteers’ mean response.

The results are summarized in Tables 4.8-9

Table 4. 8: Peak occurrence and seatbelt force for 1" peak in positions 1,2,3,4

level (N

Subject Peak occurrence (s) Force level (N)
1 2 3 4 1 2 3 4
AF50 0.22 0.22 0.21 0.22 250 150 102 244

BioRID50F  0.27 0.19 0.22 0.22 275 220 157 215

Table 4.9: Peak occurrence and seatbelt force for 2™ peak in positions 1,2,3,4

level (N

Subject Peak occurrence (s) Force level (N)
1 2 3 4 1 2 3 4
AF50 0.5 051 051 0.47 246 222 166 240

BioRID50OF 045 0.53  0.51 0.48 270 270 195 210
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Backset: In position 1, (Figure 4.4) the backset remains nearly constant in volunteers
(~24mm). However, the BioRID50F has a greater initial backset (42mm) and it shows
significant backset reduction (peak=0.34s). After the peak, ATD response matches the
female volunteers’ asymptote value (24mm).

In position 2, (Figure 4.5) the BioRIDS0F and the volunteers’ mean have the same
initial backset (200mm). They exhibit a backset reduction, although the BioRID50F
reaches a comparatively low peak value (20mm) faster (0.42s) than the volunteers.
After that they reach the same asymptote value (74mm).

In position 3, (Figure 4.6) the BioRID50F and the volunteers have the same initial
backset (400mm) and they reach nearly the same peak value (~100mm, 0.6s).
Subsequently, the BioRIDSOF shows an increment in backset value, as a result the
final asymptote value is 65mm higher.

In position 4, (Figure 4.7) initial backset is higher for the ATD (~ 25mm) and it has a
steeper and faster decline until it attains the peak value (50mm, 0.4s). However, after
the peak BioRID5OF shows an increment in the backset. Its asymptote value is 20mm
higher than the volunteers.

The results are summarized in Table 4.10

Table 4.10: Amplitude, peak occurrence and asymptote of backset for positions
1,2,3,4

Subject Amplitude (mm) Peak occurrence (s) Asymptote (mm)

1 2 3 4 1 2 3 4 12 3 4

AF50 /120 325 40 / 058 06 06 24 74 95 68

BioRID50OF 40 180 300 80 034 042 06 04 24 74 160 &8

T1 x-displacement and T1 x-velocity: In position 1, (Figure 4.4) the BioRID50F
follows nearly the same trend as the volunteers in both displacement and velocity.

However, the peak value of BioRID50F’s displacement is 4mm lower and velocity is
50mm/s lower.

In position 2, (Figure 4.5) although the ATD and volunteers attain peak displacement
at the same instance (~0.5s), the BioRID50F has lower amplitude (90mm) than
volunteers (110mm). In case of velocity, the BioRIDSOF has a greater peak value

(602mm/s) and at a shorter time period (0.18s) compared to the volunteers (402 mm/s,
0.22s).

In position 3, (Figure 4.6) BioRID50F’s T1 x-displacement has lower amplitude
(160mm) in comparison with the volunteers (240mm). After the peak, the difference
in displacement is nearly constant. T1 x-velocity of the dummy is closer to the upper
boundary of the volunteers’ corridor but it reaches the peak value faster (BioRID50F
at 0.28s, volunteers at 0.38s).

In position 4, (Figure 4.7) BioRID50F’s T1 x-displacement is closer to the lower
boundary of the corridor and its initial slope is steeper. Although there is a difference
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of 8 mm in the peak value, this distance is halved in the asymptote’s value. The
BioRIDS50F and the volunteers reach the peak velocity value at the same time (~0.13s)
however; ATD peak value is greater (373mm/s) than the volunteers’ (180mm/s).

The results are summarized in Tables 4.11-12

Table 4.11: Amplitude, peak occurrence and asymptote of T1-x displacement for
positions 1,2,3,4

Amplitude (mm) Peak occurrence (s) Asymptote (mm)

Subject
2 3 4 1 2 3 4 1 2 3 4

AF50 16 110 240 30 038 0.5 056 045 17 120 245 30

BioRID5S0OF 20 90 160 38 0.34 046 054 03 17 78 145 34

Table 4.12: Amplitude, peak occurrence and asymptote of T1-x velocity for positions
1,2,3,4

Asymptote

Amplitude (mm/s) Peak occurrence (s) (mm/s)

Subject

12 3 4 1 2 3 4 1 2 3 4

AF50 130 402 840 180 0.16 022 038 0.12 3 5 5 4

BioRID50F 181 602 700 373 0.14 0.18 028 0.14 4 5 5 5

Head and neck complex: In position 1, (Figure 4.4) BioRID50F does not reproduce
the volunteers’ head and neck motion. The female volunteers experience a small
flexion while the BioRID50F experiences an initial extension followed by flexion.

In position 2, (Figure 4.5) the ATD reproduces a dual-motion. However, it shows an
extension followed by a flexion while the volunteers show a flexion followed by an
extension.

In position 3, (Figure 4.6) ATD and volunteers follow the same motion as in position
2.

In position 4, (Figure 4.7) the volunteers show a small flexion-extension motion while
the BioRIDS50F experiences a larger extension-flexion motion.

The results are summarized in Table 4.13

Table 4.13: Amplitude of head and neck rotations

Subject Head rotation (deg) Neck rotation (deg)
2 3 4 1 2 3 4
AF50 6 10 9 6 8 15 13 6
BioRID50F 3 35 8 16 7.2 35 49 16
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T1 z-displacement: In all positions, the amplitude of T1 z-displacement is lower than
15 mm. The displacement values are small and not very significant. In position 2 and
4, it is observed that the BioRID50F values are close to the upper boundary of the
volunteers’ corridor.

The results are summarized in Tables 4.14

Table 4.14: Amplitude of T1-z displacement for position 1,2,3,4

T1- z displacement (mm)

Subject
1 2 3 4
AF50 6 5 14
BioRID50F 4 15 8 6
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Figure 4.4: Corridors for the evaluation of AF50 ATD position 1
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413 5™ percentile female (AF05)

Seat belt force characteristics: In position 1, (Figure 4.8) it is seen that volunteer 1
follows the same trend as HIII, 1* peak occurs at 0.3sec for 1* volunteer and at 0.32s
for the dummy. At the peak, values of force level differ by 35N. The 3" volunteer
however, shows a different trend. The 1* peak is observed at 0.22s followed by a drop
in force level before attaining the 2™ peak. The difference in asymptote between the
HIII and volunteer 1 is 30N while that between volunteer 3 and the dummy is 15N.

In position 2, (Figure 4.9) volunteers and the dummy responses overlap until the 1%
peak is reached. Peak occurrences in volunteers and HIII are very close (0.22, 0.26
and 0.23 respectively). However, the asymptote of the HIII is 200N while that of the
volunteers is 150N.

In position 4, (Figure 4.10) volunteers and the dummy follow the same trend with
similar peak force values (257N, 225N, 250N respectively). The 2™ peak however is
observed to occur earlier in the dummy than volunteers. The asymptotes of HIII and
volunteer 1 overlap each other while volunteer three has a lower value.

The results are summarized in Tables 4.15-16

Table 4.15: Occurrence and seatbelt force for 1st peak in positions 1,2,3,4

. Peak occurrence (s) Force level (N)
Subject 1 2 3 4 1 2 3 4
AF05 01 0.30 0.22 / 0.28 245 167 / 257
AF05 03 0.22 0.26 / 0.27 110 181 / 225
HIII AF05 0.32 0.23 / 0.27 210 181 / 250

Table 4.16: Occurrence and seatbelt force for 2nd peak in positions 1,2,3,4

. Peak occurrence (s) Force level (N)
Subject 1 2 3 4 1 2 3 4
AF05 01 0.54 0.5 / 0.5 240 222 / 271
AFO05 03 0.5 0.5 / 0.5 185 230 / 220
HIIT AF05 / 0.53 / 0.4 / 244 / 249

Backset: In position 1, (Figure 4.8) backset reduction for the dummy lies between the
two volunteers. Volunteer 1 and HIII show similar trend of backset reduction (peak at
~0.35s). The peak amplitude and peak occurrence are not evident in volunteer 3.
There is also a difference in initial backset value for the volunteers (25mm and
60mm) compared to the HIII (40mm).

In position 2, (Figure 4.9) HIII and volunteers have a similar initial backset (110 mm,
120 mm respectively). The backset reduction is faster for the HIII and volunteer 1 in
comparison with volunteer 3. HII reproduces the motion of volunteer 1 as their
responses overlap each other. Volunteer 3 does not show a peak but has a gradual
decrease in backset value. All three cases end with similar asymptote values.
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In position 4, (Figure 4.10) the initial backsets of all three cases vary by
approximately 20mm. However, they follow the same pattern. The HIII shows a faster
backset reduction compared to the volunteers (HIII=0.28s, volunteer1=0.34s,
volunteer3=0.42s) .The backset reduction is evident in all three cases.

The results are summarized in Table 4.17

Table 4.17: Amplitude, peak occurrence and asymptote of backset for positions
1,2,3,4

Amplitude (mm) Peak occurrence (s) Asymptote (mm)

Subject —7 4 1 2 3 4 1 2 4

3 3

AF0501 23 73 /60 0.34 0.52 / 034 42 37 / 106
AF0503 / 66 / 50 / / / 042 46 46 / 85
HIITAFO5S 20 81 / 53 035 04 / 028 175 42 / 65

T1 x-displacement and TI1 x-velocity: In position 1, (Figure 4.8) HIII follows the
same trend as volunteer 1 in T1 x-displacement. However, volunteer 3 shows a
rebound after the 1% peak. The asymptotes of T1 x- displacement also vary in all
cases. (~10mm from each other). In T1 x-velocity volunteers exhibit similar responses
until the 1* peak (~0.16s, ~200mm/s) after which volunteer 3 experiences a small
rebound. The dummy has smaller amplitude and a slower response.

In position 2, (Figure 4.9) the volunteers and HIII follow similar trends in T1 x-
velocity and T1 x-displacement. However, HIII has lower amplitude in T1 x-
displacement (~15mm) and shows a slower T1 x-velocity response (~0.08s later).

In position 4, (Figure 4.10) HIII and volunteers follow a similar trend in T1 x-
displacement. The volunteers have higher asymptote values than the HIII. The T1 x-
velocities of all three cases are similar; particularly HIII and volunteer 3 overlap each
other. Volunteer 1 has a greater peak T1 x-velocity compared to volunteer 1 and HIII
(~50mm/s greater).

The results are summarized in Tables 4.18-19

Table 4.18: Amplitude, peak occurrence and asymptote of T1-x displacement for
positions 1,2,3,4

Amplitude (mm) Peak occurrence (s) Asymptote (mm)

Subject — 7 4 1 2 3 4 1 2 4

3 3

AF0501 35 80 / 69 026 048 / 03 35 79 / 69
AF0503 27 72 /45 024 0.28 / 035 27 72/ 45
HIITAFO5S 16 59 /32 034 042 / 03 16 58 / 32
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Table 4.19: Amplitude, peak occurrence and asymptote of T1-x velocity for positions

1,2,3,4
. Amplitude (mm/s) Peak occurrence (s) Asymptote
Subject (mm/s)
1 2 3 4 1 2 3 4 1 2 3 4
AF0501 226 400 / 356 0.16 0.18 / 014 4 7 / 4
AF0503 300 367 / 300 0.16 0.16 / 016 4 12 / 2
HIII AFO5 124 328 / 316 024 0.24 / 016 0 3 / 8

Head and neck complex: In position 1, (Figure 4.8) amplitudes of neck and head
rotations of volunteers and HIII show a large difference. The head rotation in
volunteers has larger amplitude (10 and 18deg) while the dummy has a slight head
movement (1.5deg). The volunteer neck shows a clear flexion followed by an
extension while the dummy fails to show any motion. A similar trend is observed in
head rotation also.

In position 2, (Figure 4.9) same trend as position 1 is observed, dummy does not
reproduce the flexion-extension motion of the volunteers.

In position 4, (Figure 4.10) the dummy does not reproduce the head or the neck
motion similar to the volunteers. Extension-flexion is observed in the dummy whereas
the volunteers exhibit flexion-extension.

The results are summarized in Table 4.20

Table 4.20: Amplitude of head and neck rotations

Head rotation Neck rotation
Subject (deg) (deg)
1 2 3 4 1 2 3 4
AF05 01 10 11 / 7 13 16 / 15
AFO05 03 18 25 / 7 18 23 / 10
HIIT AF05 1.5 3 / 11 1.6 10 / 12

T1 z-displacement: In all positions, the T1 z-displacement has amplitude less than
8mm for volunteers and the dummy indicating that displacement is not significant.
The results are summarized in Tables 4.4-5

Table 4.21: Amplitude of T1 z-displacement for position 1,2,3,4

T1 z-displacement (mm)

Subject

1 2 3 4
AF05 01 3 6 / 5
AFO05 03 4.5 7 / 3
HIII AF05 4 8 / 7
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4.2 Habituation effect in AM95 and AF50

Data for two AM95 volunteer subjects (AM95 01, AM95 05) and also data for two
AF50 volunteer subjects (AF50 02, AF50 05) are presented. The first test (1%
exposure to PPT loading) and the second test (2™ exposure to PPT loading) were
plotted together in the same graph for each volunteer in order to compare the two
responses. The volunteers were seated in the driver seat with hands on the lap.

4.2.1 AM9S

No clear changes in the seatbelt force characteristics were observed between the 1%
and 2™ exposure. The backset in AM95 subjects is constant in both of the exposures.
In AM95 01, it is observed that the volunteer shows larger head-neck movement in
the second exposure. It may be explained by the fact that the volunteer might have
been relaxed and potentially helping after he was exposed to the 1% PPT loading. In
AMB95 05, the results show that the volunteer has different head-neck motion in the
two tests. During the first test, the head-neck complex produces an extension followed
by a flexion. However, during the second exposure; the volunteer experiences a
flexion-extension movement. In AM95 06, the results of neck rotation show that the
volunteer experiences only a flexion during the 2nd exposure while he exhibits a
small extension in the Ist exposure. In AM95 07, all the parameters from both tests
overlap each other, except the seatbelt force response. In the 2nd test, the seatbelt
force is lower than in the 1st test.

4.2.2 AFS50

The shape of the seatbelt force response is almost the same in the first and second
exposure to PPT loading for both the volunteers. In AF50 05, the belt slack is reduced
faster during the first exposure and there is no remarkable difference in the head-neck
motion. However, the amplitude of the T1 kinematics is greater for the first test (~
Smm for T1 x-displacement, ~50mm for T1 x-velocity). It can be observed that there
is a slight change in backset value during the first exposure but it remains nearly
constant during the second. Lower range of motion during the second test can be
explained by a tense behavior of the female volunteer. In AF50 02, there is no evident
variation in T1 kinematics or backset reduction. However, head-neck movement is
larger and a greater flexion motion can be observed in the first test (~6deg in head
rotation, ~5deg in neck rotation). One possible explanation is that the female
volunteer could be more tensed during the second test resulting in a lower amplitude
of the head-neck motion.

In conclusion, differences between the first and the second test may depend on the
volunteer’s behavior and individual differences between the subjects.
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4.3 Differences in kinematics of AM95, AM50, AF50 and
AF05

Various volunteer sizes were plotted in a graph in order to compare differences in
kinematics. AMS50, AF50, AM95 data were represented with volunteers’ mean
response and AF05 data was represented with two curves, one for each of the two
volunteers (AF05 01 and AF05 03). The tests were performed with the same power
supply, controller and PPT unit.

Seat belt force characteristics: In position 1, (Figure 4.17) force levels and peak
occurrence were closer for all volunteer research subjects (1% peak: ~245N at ~0.3s
and 2™ peak: ~245N at 0.5s) except for AF05 03 which shows lower values of
seatbelt force. One possible explanation for the low force value might be that the
volunteer was potentially helping during the test.

In position 2, (Figure 4.18) all volunteers follow the same trend in seatbelt force
response, however AMS50 has lower force values.

In position 3, (Figure 4.19) the force levels have differences and force values are
lower (except for AM95 volunteers). It is observed that the force oscillates after the
2" peak, which is due to a minor rebound.

In position 4, (Figure 4.20) all-volunteer sizes produce a similar seatbelt force
response (force levels between 220N and 270N and 1* peak occurrence at ~0.28 s and
2" peak occurrence at 0.5s).

Backset: In position 1, (Figure 4.17) there is a difference in the initial backsets
between AM9S5 (~ 25mm), AF50 (~25mm), AF50 03 (~60mm), AF50 01 (23mm) and
AMS50 (~75mm). Backset reduction is greater for AM50 and AF50 01. A difference in
asymptote values can be observed in all volunteers.

In position 2, (Figure 4.18) the 5" percentile females have lower initial backsets
(~110 mm). All volunteers experience a backset reduction. The final asymptote values
are in the range of ~50 mm - ~100 mm.

In position 3, (Figure 4.19) the backset reduction response is similar for all volunteer
sizes except AMO95. The backset reduction is not very evident in large males. The
initial backset values (AM50, AF50, AF05) are within the range of ~400mm -
~500mm, the peak occurrence is at 0.6s and reaches an asymptote of ~100mm.

In position 4, (Figure 4.20) all the volunteers present a similar response as well. The
initial backset values lie in the range 110mm - 170mm. The asymptote values are
between ~70mm- ~100mm.

T1 x-displacement and T1 x-velocity: In position 1, (Figure 4.17) AM95 volunteers

show lowest amplitude of T1 kinematics preceded by AF50 and AMS50 while the
AFO05 01 volunteer experiences the highest T1 x-displacement and T1 x-velocity.
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In position 2, (Figure 4.18) AMS50 volunteers have a steeper slope than the rest of the
volunteers. They reach greater T1 x-displacement (178mm) and T1 x-velocity (600
mm/s). AF05 volunteers experience the lowest amplitude of the T1 kinematics.

In position 3, (Figure 4.19) it is observed that AM95 has low T1 kinematics
amplitudes (displacement 45mm and velocity 275 mm/s). The rest of the volunteers
experience similar T1 kinematics.

In position 4, (Figure 4.20) all volunteers follow a similar trend and it can be seen that
the small females exhibit larger T1 kinematics.

Head and neck complex: In position 1, (Figure 4.17) it is seen that smaller the size
of the volunteer, larger is the head-neck motion. According to this, the AF05 03
experiences larger amplitude of head and neck movement (~18deg.) in comparison
with the AM95 volunteers, which show the smallest head-neck movement (head
rotation: ~1.7deg, neck rotation: ~4deg.). All the volunteers present an initial flexion
motion followed by an extension.

In position 2, (Figure 4.18) the same trend as is position 1 is observed. AFO05
volunteers show the largest amplitude of head and neck rotation (AF05 01: 11deg and
16 deg respectively; AF05 03: 25deg and 23deg respectively) and AM95 volunteers
experience the lowest amplitude of head and neck rotation (6deg and 8deg
respectively).

In position 3, (Figure 4.19) a flexion-extension motion is observed in all volunteer
sizes, except for AF05 01 that shows only an extension motion. AM95 volunteers
have the smallest amplitude of head-neck motion compared to the rest of the
volunteers, who present similar amplitude values.

In position 4, (Figure 4.20) all volunteers show the same trend as previous positions.
It is observed that AM95 volunteers experience the lowest flexion amplitudes whereas
the neck extension amplitude is larger than in the other positions. AF05 volunteers
show the highest head-neck motion amplitudes (AF05 01: 7deg and 14.5deg
respectively; AF05 03: 7deg and 10deg respectively).
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5 Discussions

Impact of individual behavior on responses: Data was collected for a number of
volunteers (7able 3.4), the plots however does not include all the tests since some of
the volunteer data were not valid. For example, AM95 volunteers in position2 had
nine out of ten cases that were valid whereas in position3 they had only five out of ten
cases.

The biofidelity of the ATD was evaluated by comparing the response of the dummy
with the volunteer mean response =+l standard deviation (corridor). Since the
volunteers have different responses, the mean would be more representative if it was
calculated considering a larger group of volunteers. Individual anatomical differences
and mental state contributes to varied responses in different volunteer groups.

Two classes of behavior; tensed and relaxed, were noticed in the test subjects. Tensed
volunteers exhibit limited range of head-neck motion and a faster response compared
to relaxed volunteers [45]. AF05 01 was tensed during the testing [34]. This
phenomenon can be observed in the plots of all four positions. The volunteer has high
seatbelt force value, limited neck and head motion and faster response which can be
explained due to the activation of neck muscles making it stiffer [46]. On the other
hand, AF05 03 was relaxed during the testing [34]. In position]l and 2 AF05 03 shows
higher neck and head motion, this is delayed in comparison with AF05 01. In position
1, 3 and 4 AF05 03 has low force levels, which might be because the volunteer was
potentially helping.

Other size groups also exhibit behavioral differences. AF50 01 in position]l shows
flexion-extension motion of the head while the other volunteers show only a flexion
motion. Also, AF50 01 has low seatbelt force value. This phenomenon might be due
to the fact that the volunteer was relaxed during the test. AF50 04 in position 4 and
AMO9S5 04 in position 3 exhibit high neck-head motions and have low force values
indicating the volunteers might be relaxed. However, in the previous tests (position 2
and position 1 and 2 respectively) they seem to be tensed. The relaxed behavior in the
later tests might be a result of accustomization.

Habituation: In the 1% test, AF50 02 shows higher head-neck motion than in the 2™
test. In addition, AF50 05 shows higher T1-kinematics in the 1% exposure. One
possible explanation to this phenomenon is that AF50 volunteers might be more
tensed after the 1* exposure to PPT loading resulting in lower range of motion.
However, this trend cannot be generalized for all AF50 volunteers since two cases
only were valid and plotted. A larger sample of valid results is essential to conclude a
general behavior of the volunteers.

AM95 volunteers do not exhibit any general behavior. In the 2™ exposure, some of
them seem to be more relaxed as they show slightly higher range of motion while
others seems to be more tensed exhibiting lower range of motion. The absence of a
general trend can be attributed to the fact that the individuals respond in a different
way to the same system. There is no clear evidence to state whether muscle activation
aggravates or mitigates whiplash injuries. If muscle activation mitigates whiplash,
then warning in advance would help the volunteer in tensing the muscles before the
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impact. If muscle activation aggravates whiplash injury, not warning the driver before
would reduce peak muscle activation [47]. Tensed neck muscles reduce the flexion
and extension motion however; they could induce stress in neck joints and other
surfaces increasing the risk of injury [86]. Further investigation to study the role of
muscle activation in whiplash injuries can aid in the development of future PPT
systems.

Differences due to front and rear seat: Position 1 in the test corresponds to the driver
seated in the front seat while position 4 corresponds to a passenger seated in the rear
seat. In position 4, the head-neck complex of AM95 and AF50 shows both flexion and
extension motion while in position 1, only flexion motion is observed. An explanation
for this behavioral difference could be that the volunteers in the rear were more
relaxed as they were accustomed to the system since the test for position 4 was
performed after several tests in other positions. Another reason could be that
geometric differences between rear and front seat might have influenced the head-
neck kinematics of the volunteers. This head-neck motion is significant in assessing
whiplash injuries. A study suggests that risk of suffering a whiplash injury is higher in
the rear seat passengers compared to front seat passengers for females [48].

The angle that the seatbelt makes with the shoulder and the horizontal line (x-
direction) is larger for the front seat compared to the rear (Figure 5.1 a). As a result,
the component of the force acting perpendicular to the chest (x-direction) is larger for
the rear passenger. (Figure 5.1 b)
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Figure 5.1: a) Contours of AM50.4 at the front (blue dashed line) and at the rear (red
solid line) seat with the seatbelt. Adapted from Adrien. J [34].
*FSA=Front seat angle, RSA=Rear seat angle
b) Representation of variation in force components with respect to seatbelt angle
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Comparison between different size groups: Differences in initial backset for various
sizes were noticed in all positions. Backset might be influenced by the head shape,
position of the support rod and differences in seated height. Shape of the skull and the
seated height differ for volunteers of different gender and size resulting in different
distances between the back of the skull and the head restraint. In order to maintain
various positions, a support rod was held still by allowing changes in head and neck
angles also contributing to changes in initial backset. (Figure 5.2)
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/

Figure 5.2: Different initial seated posture for three volunteers in position 3.Adopted
from Adrien.J [34].

The same force level was applied to all volunteers during testing. As a result of this,
in positionl and 3 AM95 volunteers do not show a backset reduction and they have
the lowest T1 kinematics. Also in position 2, they present the lowest backset
reduction and low T1 kinematics compared to other volunteer groups. Higher forces
might be necessary to reposition these volunteers. In position 2, 3 and 4 it can be
observed that the volunteer group that has the highest initial backset also has the
highest T1 x-displacement and T1 x-velocity. This could be due to availability of
more distance in x-direction for the movement of the upper torso.

AFO05 volunteers have a different seatback interaction compared to AM95 volunteers.
Small female volunteers were found to interact more with the inner seat area while
large male volunteers interact more with the external seat frame. This difference in
seatback interaction might affect the kinematics.

Females have a higher range of head-neck motion approximately 1-12deg higher than
the males, depending on their age. Age has a dominant effect on the degradation of
the range of motion; females tend to lose mobility gradually while the males exhibit a
more rapid degradation in their youth and middle age [49]. Research subjects in the
present study were relatively young and healthy people. It can be observed that the
least head-neck motion is in AM95 volunteers while AF05 volunteers show the
highest motion in all four positions. Another possible explanation for this contrast is
physiological differences (Chapter 1.5) between males and females. This behavior in
female volunteers might help in understanding the risk of whiplash better.

Evaluation of biofidelity of ATDs under PPT loading: HIII (5" and 95" percentile)
does not reproduce the human-like motion of head-neck complex under PPT loading.
The neck and torso of the HIII are stiff and most likely to not interact with the
seatback like humans [50]. Studies indicate that humans show more complex head
motion than the HIII [51].
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In order to study light frontal loading conditions such as PPT loading, it is suggested
to modify some components of the HIII to be more representative of the human head-
neck complex. Changes to the stiffness and damping could be a possible solution.
New dummies that show more biofidelic responses like the BioRID-II (low speed
rear-end impact dummy) and THOR (frontal impact dummy) are being developed.
THOR is being considered as a replacement for HIII 50th percentile male in future
EuroNCAP frontal impact tests [52]. Subsequent ATD development should consider
designing more biofidelic dummies to reproduce 5™ and 95™ percentile populations in
order to efficiently test all loading conditions.

The neck experiences the same type of inertial loading but in the opposite direction in
a frontal impact compared to a rear-end impact. As a result, the general neck
kinematics varies according to the type of impact (Figure 5.3 and Figure 5.4).
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Figure 5.3: General neck kinematics in rear-end impact. Adopted from Linder A [53].
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Figure 5.4: General neck kinematics in frontal impact. Adopted from Linder A [53].

AF50 volunteers show a flexion-extension motion (PPT loading is similar to a light
frontal impact) while BioRID50F shows an extension-flexion motion. The
BioRIDS50F is designed for rear-end impacts which could be a plausible explanation
for this reversal in trend. The BioRID50F used in this study was the 1* physical
prototype and adjustments in the stiffness of the spine were some recommended
changes by the manufacturer to further improve the ATD’s dynamic response [16].

52 CHALMERS, Applied Mechanics, Master’s Thesis 2015:60



Population at risk: Some vehicle occupants are more prone to serious injuries than
others in the event of a crash. Future automotive systems, including in-vehicle
restraint systems such as PPT seatbelts, should consider the protection of all
passengers with different injury tolerance levels.

Obese occupants: Obesity is a growing concern worldwide and automotive safety
industry is considering the impact of this health problem in the performance of
occupant protection systems [54]. Adults are defined as obese if they have a body
mass index (BMI) of 30 kg/m2 or higher. About 34% of United States adults were
obese in 2010 [55]. Obesity increases the risk of some types of injuries in motor
vehicle crashes [56]. Morbidly obese occupants have lower seatbelt use [57]. This can
be explained due to insufficient webbing length for comfortable usage [58]. Seatbelt
use is optimal when the belt is tight and loads the bony structures early in the impact.
Seatbelt placement in obese occupants is not always over the bony structures of the
shoulder and the pelvis [56]. According to a study, obesity introduces slack in the
seatbelt system, which may increase the probability of contacts with the vehicle
interior [56]. In addition, the likelihood of submarining in frontal crashes will increase
due to the higher routing of the lap belt with respect to the pelvis [56].

Elderly occupants: The population over 65 years has increased by 10 times in the last
century [59]. Elderly people have an increased risk of suffering injury in a crash. They
have lower thoracic injury threshold hence older occupants sustain more
hemo/pneumothorax as well as rib fractures than younger occupants [60]. In a vehicle
crash, most of rib and sternum fractures in extreme elderly occupants (80 years or
older) are caused by seatbelts. It is recommended to consider the fragility of older
people in the design of safety belts by reducing the loading of the thorax in frontal
impacts [61]

Children: Children present structural differences compare to adults such as the head
mass in relation to the neck, body proportions, location of important organs,
biomechanical properties of tissues as well as the location of the center of gravity
[87]. Adequate children restraint systems should consider these critical anatomical
differences to ensure children protection. According to a study performed in a H-
II16C seated on different booster cushions, adding a pretensioner and a load limiter to
a standard retractor decreased loading of the neck, head and chest for all booster
cushions [88].

PPTs and drivers’ acceptance: An active safety system produces a warning after
compiling information from the vehicle, driver and surroundings. False alarms are
inevitable considering the rarity of accidents. Repeated false alarms may influence the
drivers’ acceptance to the system. These alarms can be annoying; moreover, they can
reduce the trust in system reliability. Effect of false alarms, influence of PPT loading
on drivers’ performance and familiarization of the driver to the system are some areas
of interest for future research. Active seatbelts are comparatively new in the market
hence there is a need to collect more data from realistic driving situations to
comprehend their performance.
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5.1

Future work

Some ideas and recommendations for further research are suggested:

54

o Evaluation of PPT loading considering population at risk (obese occupants,
elderly occupants, children and pregnant women).

o Larger groups of volunteers, particularly AF05 volunteers to obtain more
representative results.

o Investigating 4-point seatbelts with PPT for distributed chest loading in elderly
occupants.

o Adaptive PPT loading for different occupants (anthropometry and gender).
o Examining driver acceptance to the system in real life scenarios.

o Evaluation of biofidelity of new prototype of BioRID50F.

o New technologies in PPT activation.

o Explore the options of using higher loads in PPTs to reposition the occupants.
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6 Conclusion

The Hybrid III family (5" and 95™ percentile) does not reproduce the human-like
motion of the head-neck complex under PPT loading due to the stiffness of the neck
and torso. Changes in stiffness and damping may lead to improvements in biofidelity
of these dummies under low load conditions (PPT loading). Another suggestion is to
develop more biofidelic ATDs taking into account 5™ and 95™ percentile populations.
BioRID50F shows a reversed trend compared to the flexion-extension motion of the
volunteers under PPT loading. Further adjustments in stiffness of the spine are
recommended to improve the biofidelity of this 1st BioRID5SOF prototype. In general,
small females are observed to have larger head-neck rotation amplitudes. This may
contribute to higher whiplash risk in females. Large males show lower backset
reduction and low T1 kinematics compared to other sizes of volunteers. This may be
because the force level of PPT was not sufficient enough to reposition them. It was
observed that individual anatomical differences and mental state contributes to varied
responses. Tense volunteers exhibit limited range of head-neck motion. Further
investigations in neck muscle activation are suggested to understand its influence on
whiplash injuries. Differences in head-neck motion between the front and rear seat
passengers were observed. Geometric differences in the seats might have influenced
the kinematics of the volunteers. Moreover, tests in the rear seat were performed after
several tests suggesting that familiarization effect could have affected the kinematics.
The results of this study might be significant in the development and adoption of pre-
pretensioners in future vehicles worldwide.
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7 Introduction
7.1  Background

Seatbelts are effective safety systems. Nevertheless, there are constant attempts in the
automotive sector to improve and develop new seatbelt technologies to reduce the risk
of injuries. Pre-pretensioners seatbelts (PPT) combine active and passive safety
systems. They enhance occupant position and remove seatbelt slack. This reversible
system is adaptive to the situation and reduces the out of position risks. These
seatbelts assist in positioning the occupants better and provides a warning before a
potential crash. It is able to protect occupants in different crash scenarios such as
frontal, rear-end and side impacts [62]. Rollover crash scenarios are not been studied
but a positive effect is assumed for these types of impacts. Current studies about PPT
seatbelts suggest that there is a scope to develop more powerful systems that may use
higher forces to reposition the occupant before an impact. As mentioned in the first
part of the study, the upper limit of seatbelt tension should be adjusted to occupant’s
tolerance limit. Two main system design parameters for active seatbelts are the
amount of tension or the retraction to be activated and the timing at which the device
activated the motor retractor. Occupant size has an important effect in the retraction
time to reposition the torso since larger occupants require more time because of a
slower retraction velocity [63]. Low-level motorized shoulder belt tensioning is well
tolerated by occupants but optimized performance by occupant size is undiscovered
[63]. Information and studies about occupant response to PPT seatbelt tension are
limited.

7.2 Thorax

The thorax is composed of the ribcage and the subjacent soft tissue organs. The
diaphragm determines the lower limit of the thorax. Twelve pairs of ribs form the rib
cage. All ribs are connected posteriorly to their corresponding vertebrae through the
costovertebral joints. The rib cage is a quite stiff deformable cover that protects and
supports the internal organs and facilitates respiration [64].

first rib

second rib

floating ribs

Figure 7.1: Anatomy of the ribcage
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Thoracic Injuries: Blunt injuries are produced when an object impacts the thorax
without penetrating it. The injury mechanisms related to these kinds of injuries are:
compression, viscous loading and inertial loading as well as a combination of these
mentioned mechanisms. Some examples of injuries produced by these mechanisms
are - fractures in the ribcage, lung contusions and aorta lacerations respectively [65].
The Abbreviated Injury Scale (AIS) of the Association for the Advancement of
Automotive Medicine (AAAM) is a standard method to classify the level of injury to
a body region. Common skeletal and soft tissue injuries to the thorax ranked by AIS
(2005) are presented. (Figure 7.2)[64]

AIS Skeletal Injury AIS Soft tissue injury

I one rib fracture 1 contusion of bronchus

2 2-3rib fractures: sternum fracture 2 partial thickness bronchus tear
3 4 or more rib fractures on one 3 lung contusion; minor heart

side; 2-3 rib fractures with contusion
hemothorax or pneumothorax

4 flail chest; 4 or more rib fractures 4 bilateral lung laceration; minor

on each of two sides; 4 or more aortic laceration: major heart
rib fractures with hemo- or contusion
pneumothorax

wn

5 bilateral flail chest major aortic laceration; lung

laceration with tension
pneumothorax

6 aortic laceration with hemorrhage
not confined to mediastinum

Figure 7.2: AIS rating for skeletal and soft tissues thoracic injuries [AAAM 2005]

The influence of seatbelt loading has been under investigation since the late 1970s.
Seatbelt injuries affect the chest more than the abdomen region since current
automotive restraints generate a complex loading environment on the chest. The
shoulder seatbelt generates concentrated forces on fewer anatomical structures such as
the clavicle, sternum and ribs. Under this concentrated loading, the thorax is more
vulnerable to suffer an injury.

Thoracic injury criteria in frontal impacts: Injury criteria establish a relationship
between a certain loading of the thorax and a corresponding injury risk. The most
commonly used thoracic injury criterion is the Compression Criterion. Maximum
thorax compression correlates well with AIS (Eg.7). Compression (C) is defined as
the chest deformation divided by the thickness of the thorax.

AIS = —3.78 + 19.56C - [Eq.1]

For example, 92 mm of thorax deflection for the 230 mm chest of the 50th percentile
male THOR dummy results in a compression of 40 % and predicts AIS4 [64].

Thoracic injury risk is well predicted by maximum compression but it is strongly age-
dependent for frontal impact loading. Chest deflection is measured as the posterior
displacement of the anterior chest relative to the posterior chest under frontal loading
and it is a predictor of thoracic injury risk.
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According to cadaver studies, with increase in chest deflection the risk of injury
increases [66]. Moreover, chest deflection tolerance is reduced with increasing age
[67]. Anatomical changes related to ageing produce this decline. After the age of 30,
the mineral density, fracture toughness and failure strain of the bone decreases [68].
There is also a decrease in the cortical bone thickness, which increases the injury
susceptibility [69]. Reduction in chest deflection tolerance may be also due to
progressive calcification of the costal cartilage by decreasing the failure strain of the
cartilage. After the mid-thirties, 0.3% to 0.5 % bone loss per year is observed [70].
With increasing age, slope of ribs in the sagittal plane may decrease which may result
in increased strain in the rib for a level of chest deflection [71]. The tolerance to
concentrated force is lower in elderly occupants. Restraint development and design
should consider this decrease in chest deflection tolerance to protect all occupants.

Figure 7.5: Calcification in costal cartilages [72]
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A new age-dependent thoracic injury criterion was established for frontal impact
loading. Data from a cadaver test (age range 17-86 years) was used to develop
thoracic injury risks [73]. A 30-year-old has a 50 % risk of sustaining one rib fracture
at 35 % of chest deflection while a 70-years-old has a 50 % risk of sustaining on rib
fracture at 13 % of deflection [73].

" 30-Year-Old Compared to 70-Year-Old
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Figure 7.6: Injury onset risk and severe injury risk for two ages [73]

Maximum chest deflection (Cpax), as measured on the cadaver, can be considered to
be an objective injury criterion for different restraint conditions since the deflection
injury tolerance is not sensitive to the loading case. However, this insensitivity cannot
necessarily be applied to chest deflection as measured by a dummy since HII and
THOR dummy biofidelity is sensitive to the type of restraint used. HIII chest
deflection injury risk function is dependent on the restraint type [74]. This introduces
a new problem about how to evaluate new restraints since the injury risk function is
restraint dependent for dummies. Additional research is needed to test changes in
dummies’ chest deflection injury tolerance levels for different types of restraints.
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7.3 Neck

The spine as a whole consists of 7 cervical, 12 thoracic, 5 sacral and 4 coccygeal
vertebrae. Each of these vertebras is composed of cylindrical vertebral body
connected to a series of bony elements collectively referred to as the posterior
elements. The spine provides mechanical protection for the spinal cord and
contributes to the stability and kinematics of the vertebral column. The cervical spine
consists of 7 vertebrae the forms eight-motion segments between the base of the skull
and the 1% thoracic vertebra, T1 [75].
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Figure 7.8: Anatomy of the human spine [76]

Neck injuries: The injury mechanisms observed in cervical spine injuries are:
compression (vertical compression), compression-flexion, compression-extension,
tension, tension-extension, tension-flexion, torsion, horizontal shear and lateral
bending. Some of the injuries caused by these mechanisms are whiplash, hyper-
flexion sprain and burst fracture [75]. In case of automotive crashes the main loading
to the neck is either due to the head contact forces or combined axial or shear load
with bending. Injuries are a result of indirect loading caused due to the inertial loads
that is transferred from the torso to the head or head to torso after an impact or
acceleration differences. Neck is highly sensitive and comprises of a vertebrae joined
by cartilages and muscles, which together assist in producing varied range of complex
motions.

Neck injury criteria: Two commonly used neck injury criteria to estimate the injury
risk are - NIC and Ny;.

Neck Injury Criterion (NIC): AIS 1 neck injuries sustained in rear-end impacts can be
evaluated by using the NIC. It was proposed by Bostrom (1996) based on the relative
motion between the head and lower neck, acknowledging the damage found in the
cervical spinal ganglia that is produced by the transient pressure changes in the spinal
canal. NIC is calculated considering the accelerations between the center of gravity of
the head and T1. It is representative of the neck movement in retraction phase [77].
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NIC = Gyp; * 0.2 + V)2 [m?/s?]

Qrep = Ar1 — Qgead [m/sz]

Vyel = f Arel dt [m/s]

NIC is sensitive to the acceleration of the crash pulse, the value of the peak, shape of
the pulse, the shape and position of the head restraint and the properties of the seat
[78].

Neck Injury Criterion in protraction (NICporaciion): Bostrom proposed another neck
injury criteria, NICprotraction, to €stimate AIS1 neck injuries in frontal collisions. It was
formulated by considering that the injury occurs in the starting phase, when the neck
exhibits a protraction motion [79]. The NIC does not consider the sign of the relative
velocity in its calculation. A generic formula for extreme NIC value was developed,
which is expressed as:

NICgeneric = Qpe * 0.2+ Vrel * |Vrel| [mZ/SZ]

Based on the NICeneric, the NICprotraction Was formulated for frontal collisions [77].
NICprotraction = |minimum NICgeneric' [mZ/SZ]

Normalized Neck Injury criterion (Npy): It considers the extension and flexion motion
in both tension and compression. The criterion is determined by considering the axial
compression force, axial tensile force and the shearing forces at a transition from the
head to neck.

5 My
Fint Mint

NI] ==

F; - axial load, Fj, - critical intercept value of load used for normalization, My -
flexion/extension bending moment, M, - critical intercept value for moment used for
normalization [80].
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8 Purpose

Current PPT seatbelts pull the occupants with a force level less than 300N. In a pre-
crash scenario, occupants are probably out of position increasing the risk of injuries.
Higher forces might help to reposition them better under these situations.

A literature review aided in identifying two crash pulses; one safe for children and
adults and another safe for adults. These crash pulses are used to perform a dynamic
test in order to establish a threshold for injury criteria. In previous studies, tests have
been conducted for the 50th percentile male. However, these studies do not include
females and children.

Females are more prone to whiplash injuries than males [16]. Children have a lower
risk of injuries leading to permanent medical impairment compared to adults.
Nevertheless, injuries that lead to permanent medical impairment in children are
mainly in the head and cervical spine [81]. Consequently, it is important to consider
females and children in the development of new seatbelt systems.

The first objective of the study is to identify thresholds for neck injury criteria in
females and children by performing dynamic tests on ATDs representative of 50th
percentile female and a 6 year-old child.

Thereafter, static tests are conducted with these ATDs under the loading of PPT
seatbelts for varying forces. The second objective is to obtain neck injury data and
compare them with the thresholds from the dynamic testing in order to identify
optimal force values to be used in future PPT seatbelts.
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9 Methodology

9.1 Research subjects

H-1116C (Hybrid III six-year-old child) is a scaled down version of the HIII 50th
percentile male ATD. It was designed to evaluate the risk of out-of-position child in
an airbag environment. The H-III6C is equipped with 3 accelerometers in the head
and 6 axis load cells in upper and lower neck. The dummy is tested dynamically under
latest frontal crash environments.

BioRID50F the 50" percentile female is described in Part I under Section 3.2.1. (Page
9)

9.2 Dynamic tests

A series of sled tests were performed with two ATDs: a BioRID50F and a H-III6C.
The dummies were positioned in a Volvo V60 [Y352] driver seat and fastened with a
3-point standard Volvo V60 seatbelt with no pyrotechnic pretensioning. The seat was
at the mid low position with a seat back angle of 20 degrees. The child dummy was
seated on a Volvo child booster (Appendix 14.7). The seat belt geometry and position
were kept the same for repeated tests. Two compact high-speed cameras, MotionXtra
N4-S2 with a resolution of 1016x1016pixels, were used to record the side and front
views during the test. Coordinate systems were selected in agreement with SAE J211.
H-III6C was equipped with an additional accelerometer at the T1 in order to collect
data for injury criteria calculation. For safety reasons, the BioRID50F was strapped at
the elbow joint ensuring that the motion was not compromised.

From an amusement park bumper car impact, a non-injurious crash pulse in children
was identified [82]. A similar crash pulse was recreated with a maximum deceleration
of 4g at 56ms and a delta V of 9km/h for the H-III6C test. A crash pulse with a mean
acceleration of 6g and a delta V of 28km/h is non-injurious for AIS1 neck injuries in
adults according to Kullgren et al [83]. BioRID50F was subjected to a similar pulse
during the testing (Adppendix 14.7).

9.3 Static tests

Static tests were performed on a test rig equipped with a Volvo 850 seat and a Volvo
S60 pre-pretensioner seatbelt. H-III6C, BioRID50F, HIIISOM and THOR were tested
under PPT loading. The seat back was inclined at 20 degrees. A Casio EX-F1 high-
speed camera of 1920x1080pixels was used to record the test. The sign convention
compiled with the SAE J211 standard. The H-III6C was instrumented with an
additional T1 accelerometer and was seated in a Volvo booster seat. A combination of
batteries modulated the voltage to obtain different seatbelt forces (Appendix 14.8).
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9.4 Data Analysis

The neck injury criteria used in this study to define injury assessment reference values
were the Ny and the NICpropaction. These are neck injury criteria that have been
identified as relevant in this actual load case [79].

The seatbelt and ATDs were instrumented with sensors hence data was acquired
directly from the data acquisition system. The filtering of the signals was carried out
using DIAdem software. The Nj; values were calculated with this program. However,
the NICprotraction Values were calculated externally. The head x-acceleration signal was
filtered with a CFC 1000 according to the FMVSS-208 regulation and the T1 x-
acceleration was filtered with a CFC 60. Later, data was exported to MATLAB where
the NIC,rotraction Values were obtained.
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10 Results

10.1 Injury assessment reference values

Two different injury criteria were selected to define the risk of suffering AIS1 neck
injuries: NICprotraction and Ny. Data from mechanical sled tests and mathematical
models are available and presented in the following paragraphs.

Data from mechanical sled tests with physical dummies: Injury criteria for the HIII
50" percentile male were taken from a research [79]. However, the values for
BioRIDS5O0F and H-III6C were obtained from the dynamic tests performed during this
study.

Table 10.1: Injury assessment reference values from mechanical sled tests

Delta .
ATD Acceleration [g] Velocity Ny NIG, potraction Acquired
[kmv/h] [m*/s7] from
th Literature
HHI. >0 6 (mean value) 28 0.26 25 review
percentile male
[77]
BioRIDSOF 6 (mean value) 28  0.25 N 20 Dynamic
testing
Dynamic
H-1116C 4 (max. value) 9 0.1 Ntr 4 festing

*Nrr=Nyy in tension-flexion, Nrg=Nj; in tension-extension, Ncp=Nj; in compression-
flexion, Ncg=Nj; in compression-extension

Data from MADYMO models of the HIII 50" percentile male: In another study, injury
assessment reference values for HIII 50" percentile male were obtained from
MADYMO simulations. Real-world data from Folksam database involving 172 belted
occupants in 144 real frontal crashes with known crash pulses were simulated and
analyzed. The average delta velocity of the car was 22km/h and the average
acceleration was 5g. The injury outcomes were defined as long term (injury after 6-
months), short term and no neck injury. The assessment reference values were
calculated based on the rounded median values of the neck injury criteria for the
different injury outcomes [79].

Table 10.2: Injury assessment reference values from MADYMO simulations of HIII
50" percentile male [79]

Injury Outcome Ni (Median) NICprotraction (Median)

[m?/s?]
Non injured 0.1 11
Injured
(short term + long term) 0.16 15
Long term 0.21 25
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Development of new restraint systems demands that the dummy loading in terms of
NIC and Nj; are lower than the injury assessment reference values. It can be is
observed that these reference values are more conservative in the mathematical
simulations than in the mechanical models. Since PPT seatbelts are active restraints,
they should be designed to ensure that there is no injury to the occupants. Therefore,
the more conservative NICotracion and Ny values are selected as the injury assessment
reference values.

10.3: Injury assessment reference values for static testing

NICprotraction

Occupants Ny [m2 /Sz] Acquired from
Adults 0.1 11 Literature review [79]
Children 0.1 4 Dynamic testing

10.2 Neck loading for different seatbelt forces

Ny obtained for the H-III6C and BioRID5O0F at different seatbelt forces in a static test
set-up are tabulated below. NICpoiraciion Values for H-III6C and BioRID50F were
calculated but some inconsistencies were observed in T1 x-acceleration and head x-
acceleration signals and hence the results were discarded.

Table 10.4: Injury criteria for different seatbelt forces in H-III6C

Voltage [V] Seatbelt force [N] Nu
22 200 0.05 Ntg, 0.05 Ncg
22 370 0.03 Ntg, 0.03 Nce
37 544 0.04 N1g, 0.04 Ncg
37* 566 0.18 Ntg

*The H-1116C was seated leaning forward
Table 10.5: Injury criteria for different seatbelt forces in BioRID50F

Voltage [V]  Battery configuration  Seatbelt force [N] Nu

37 Ak 601 0.02 Ng
24 —El_l_:::l~ 599 0.01 Nrg, 0.01 Ncg
0.01 Ntg, 0.01 Ncg,

50 A 603 0.01 Nex

—

38 ‘E|__||_| 684 0.02 Nt

= 0.01 N7g, 0.01 Nex.

%
38 i 614 0.01 Nog

*The BioRID50F was seated leaning forward (Out of position) with the help of easy tear tape

A voltage value of more than 50V resulted in motor damage and as a consequence
higher forces were not tested.
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11  Discussions

In this study, neck injury assessment reference values were established for children
and females. The thresholds in children are - NICromacion=4m>/s> and Np=0.1.
Similarly, thresholds in females are NICotraction=1 1m?/s” and N;;=0.1. These reference
values could be used as a threshold for active seatbelt development in the future.
Furthermore, these values were used as IARV (Injury assessment reference values) in
the conducted static tests.

In static tests, it was observed that similar seatbelt forces produced higher T1 and
head accelerations in the H-III6C than in BioRIDSOF. This observation is in
congruence with Newton’s second law; for the same force level, lower the mass,
higher the acceleration. These results suggest that higher forces in active seatbelts
may result in higher loadings to children than to adults.

The calculated Ny value (Ny=0.18) for the H-III6C in a slightly forward leaning
position exceeds the threshold (N;;=0.1) when the seatbelt force is close to 600 N. In
real life scenarios, children in a booster tend to sit in this position. According to a
study, more than half of the driving time children were seated with the head in front
of the front edge of the head side supports in a booster [84]. Another study indicates
that children sitting postures are influenced by different factors, for example the
activities performed, type of protection or discomfort. Some activities such as playing
with electronic devices prolonged over a period of time. Playing resulted in a forward
flexed sitting posture with the head leaning forward [85]. The results of the current
study suggest that forces around 600N in a slightly leaning forward position might be
harmful hence further investigation is required in order to implement active seatbelts
with higher forces in children.

As a part of the study, NICprotraction Values for H-III6C and BioRID50F were calculated
but some inconsistencies as discussed below were observed in T1 x-acceleration and
head x-acceleration signals.

During the webbing retraction, the seatbelt contacts the torso first while the head
moves later due to its inertia. As a result, the head x-acceleration signal lags behind
the T1 x-acceleration as noticed in the dynamic tests results. However, this
phenomenon was not observed in some static test results. Moreover, in static tests, the
H-III6C acceleration signals indicate that the head and the T1 move in the opposite
direction, which is not in harmony with the video observations. Due to these
discrepancies, the NICprowraciion Values were not enlisted as they might not be credible.

One possible explanation for these discrepancies is that the accelerometers used
during the testing had a large range of measurement i.e poor resolution. Hence, they
might not accurately measure very low acceleration values. In comparison with
standard crash tests the static tests in this study were performed under relatively low
loads. Accordingly, the head and T1 x-accelerations values were also very low and
the sensor might not have registered them accurately. Another possibility is that the
H-III6C was designed to evaluate the risk of out-of-position child in an airbag
environment and might not produce precise results under low load conditions. Also,
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the BioRIDSOF was a first prototype and the remaining tension in the neck spring
after each test might have affected the results (Appendix 14.9).

There is a need to conduct further research for the development of active seatbelts.
Aspects such as the risk of thoracic injuries, volunteers’ kinematics or sensors’
resolution should be taken into consideration.

11.1 Future work

Recommendations for further research are suggested:

o It is recommended to consider PPT testing as a low load scenario and alter the
data acquisition system and the sensors accordingly (higher resolution).

o Further investigation with high seatbelt forces should be done in adults and
forces close to 600N in forward leaning position should be done in children.

o For better understanding of the results, it is suggested to record Tl x-
acceleration and head x-acceleration signals by instrumenting volunteers with
sensor during testing.

o It is needed to evaluate the risk of thoracic injuries in the development of

active seatbelts particularly considering the elderly population. Due to time
constraints, this was not included in the scope of the study.
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12  Conclusion

Dynamic tests and literature review resulted in obtaining injury assessment reference
values for neck injury evaluation under active seatbelt loading. The thresholds in
children are- NICprotraction=4m?/s” and Ny=0.1. Similarly, thresholds in females are
NICprotraction=1 1m?/s* and Ny;=0.1. Static test results suggest that seatbelt forces close
to 600N might be harmful in children when seated slightly leaning forward, which is
one of the common positions. NIC;otraction Values obtained from the static tests were
discarded due to technical limitations. The static test was a low load scenario; hence
the high-range accelerometers were not able to accurately measure the low
acceleration values. For future testing, it is recommended to use sensors and data
acquisition systems according to the loading scenarios. The results of this study could
be a baseline to future restraint development in the automotive safety industry.
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14 Appendix

14.1 Initial test positions for all volunteer sizes

Volunteers of different sizes seated in the same position were captured as screenshots
from TEMA3.5-012. The captures illustrate the differences and similarities amongst

the varying size groups.

Figure 14.2: Position 2, Attempting to increase visibility at intersections
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AF05 AF50

AMS50 AM95

Figure 14.4: Position 4, Talking to forward occupants
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14.2 Locating the centre of T1

Three-dimensional medical imaging techniques such as computed tomography (CT)
are utilized to capture anatomic information. The International Center for Automotive
Medicine (ICAM) morphomics database was created after the analysis of CT scans to
construct more detailed and anatomically correct human body models. Consistency
was maintained with the previous master thesis [34] by following the same procedure
to locate the center of T1. A set of N=150 subjects from the ICAM morphomics
database was available. These subjects were grouped based on the anthropometric
criteria used for the volunteer subjects recruitment resulting in N=3 AFO05 subjects,
N=9 AF50 subjects and N=12 AMO9S5 subjects. Different notations were used for
volunteer subjects (“T1 target at spinous process”) and for ATDs (“T1 spinous
process”).

Table 14.1: Location of the centre of Tl based on anthropometric landmarks.
Procedure adopted from J. Adrien [34]

. AF05 AF50 AMO95
Distances [mm]

Average SD Average SD Average SD

Clavicle target to T1 skin target

. 182 20 196 8 233 19
at spinous process

a_ Clavicle target to the center of T1 102 7 100 7 119 10

T1 skin target at spinous process
b to the center of T1 82 13 o7 10 15 12
c Spinous process of T1 to the 47 ) 49 ) 57 )

center of T1
Spinous process of T1 to clavicle 148 9 148 6 175 11
target
Centerof T1 c\h-—— T1 spinous process (ATDs)
Clavicle target T1 targetatspinous

process (volunteers)

Figure 14.5: Graphical representation of the distances for Table 13.1. Adapted from
J.Adrien 2013 [34].
This method was validated against skeleton projections for AM95 and AF05 from the
University of Michigan Research Institute (UMTRI). Film targets were placed on
scaled drawings and hand measurements were performed to validate the method.
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Table 14.2: Validation of the method for AM95 (N=12)

. Morphomics Relative Percentage
Distances [mm] Average SD UMIRI difference difference
Clavicle target to T1 skin 233 19 230 3 13 %
target at spinous process
Clavicle target to the 119 10 116 3 2.6 %
center of T1
T1 skin target at spinous
115 12 123 8 6.5 %

b  process to the center of

T1
2
\
CLAN\CLE
TARGEY
A 1
& L
: e
g / i / )

Figure 14.6: Validation of the method with UMTRI data (AM95)
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Table 14.3: Validation of the method for AF05 (N=3)

] Morphomics Relative  Percentage
Distances [mm] Average SD UMTRI difference difference
1 Clavicle target to T1 skin 182 20 193 11 5.7 %
target at spinous process
a Clavicle targeff tlo the center of 102 7 105 3 2.99,
b T1 skin target at spinous ) 13 91 9 9.9%

process to the center of T1

’I:';.“
e \ TARGET

!
/L;'Aﬁ o i4
| ;
i i SRR

,

Figure 13.7: Validation of the method with UMTRI data (AF05)

There is no UMTRI data available for the evaluation of AF50 subjects. However, it
was possible to verify if the method was matching the position of the T1 in the
BioRID50F dummy. According to the manufacturer, the location of the center of T1
corresponds to the screw encircled in red (Figure 13.8). The previously discussed
method was followed to locate the center of Tl on the BioRID5OF video in
TEMAZ3.5-012. It was verified that the center of T1 matches the position of the
encircled screw as suggested by the manufacturer.
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Figure 14.8: Centre of Tl in BioRID50F (5 0" percentile female
ATD)
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14.3 Volunteers’ corridor plots
14.3.1 95™ percentile male (AM95)
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Figure 14.9: AM95 volunteers in position 1
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Rotation of T1,
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Head rotation,
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Figure 14.10: AM95 volunteers in position 2
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Figure 14.11: AM95 volunteers in position 3
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14.3.2 50™ percentile female (AF50)

300 0 =
S e
| =
g R )
250 S g 0 N
m
-20
200 0 05 1 15
= 10
g g
g 150 @
o 8
T 2
% =
w100
50
0p#
: B 10
= 4 S
s =
s 2 £
® 0 =
- o
2 5 Z
10
g' %
5 T, 0 W‘
- Me
E ~ E
-10
0 0.5 1 15
AF5001
AF5002
AF5003
AF5005
AF5006
AF5007
AF5009
—— Volunteer subjects mean £15.D

Figure 14.13: AF50 volunteers in position 1
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Figure 14.15: AF50 volunteers in position 3
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14.3.3 5™ percentile female (AF05)

92

Seatbelt Force, N

250

200 ¢

150 +

100

(o]
o

-850 L
0 058 15
time,s
- 10
=
5 5 1
=
§=]
By 1
€, ,
0 05 15
time,s
20
=
§=]
=
] 10
=
o=
28 4 ;
0 058 15
time,s

. B p————
@ 40
-
& E 20
m
U —.-l\lk .
0 05 1
time,s
20
& o
%
e k
=
40 T n
0 05 1
time,s
200
FJ.- 0 W
T oo
o =
£
pocl -200
-400 L L
0 058 1
time,s
N 0
5
©
=] -10
5
o=
D @
=T 20 ; )
05 1
time,s
5
5
= 0
M
= E W
5 L .
0 058 1
time,s
AF0501
AF0503

Figure 14.17: AF05 volunteers in position 1
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Figure 14.19: AF05 volunteers in position 3
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14.4 Tables corresponding to habituation effect
14.4.1 95™ percentile male (AM95)

Table 14.4: Peak occurrence and seatbelt force for I*' and 2™ peak for driver seat,
hands on the lap

I Peak I’ Peak 2" Peak 2" Peak
Subject occurrence  Force level  occurrence Force level

(s) N) (s) N)

AMO5 01 First Test 0.35 241 0.48 231
AMOI5 01 Second Test 0.35 248 0.48 252
AMOIS5 05 First Test 0.25 266 0.4 263
AMOI5 05 Second Test 0.28 265 0.49 236
AMB95 06 First Test 0.29 260 0.5 255
AMO5 06 Second Test 0.29 250 0.51 250
AMB95 07 First Test 0.25 240 0.48 252
AMOI5 07 Second Test 0.18 178 0.5 112

Table 14.5: Amplitude, peak occurrence and asymptote of backset for driver seat,
hands on the lap

Subject Amplitude (mm) Peak occurrence (s) Asymptote (mm)
AMB95 01 First Test 15 / 70
AMO5 01 Second Test 10 / 65
AMO95 05 First Test 15 0.28 73
AMO5 05 Second Test 22 0.4 73
AMO5 06 First Test 20 0.38 78
AMO5 06 Second Test / / 108
AMB95 07 First Test / / 42
AMO5 07 Second Test / / 57

Table 14.6: Amplitude, peak occurrence and asymptote of Tl x-displacement for
driver seat, hands on the lap

Subject Amplitude (mm) Peak occurrence (s) Asymptote (mm)
AMB95 01 First Test 25 04 22
AMO5 01 Second Test 17 0.3 17
AMB95 05 First Test 9 0.22 1.5
AMO5 05 Second Test 12 0.4 8.5
AMB95 06 First Test 20 0.44 13
AMO5 06 Second Test 14 0.42 9.5
AMB95 07 First Test 32 0.26 20
AMO5 07 Second Test 18 0.28 14
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Table 14.7: Amplitude, peak occurrence and asymptote of T1 x-velocity for driver
seat, hands on the lap

Subject Agfrlrﬁlsl)d © Peak occurrence (s) Azlmnstsc))te
AMB95 01 First Test 157 0.18 1.5
AMO5 01 Second Test 140 0.16 1.5
AMB95 05 First Test 131 0.18 1.5
AMO5 05 Second Test 131 018 1.5
AMB95 06 First Test 182 0.2 1.5
AMOI5 06 Second Test 125 0.18 1.5
AMB95 07 First Test 166 0.26 1.5
AMO5 07 Second Test 177 0.2 1.5
Table 14.8: Amplitude of head and neck rotations
Subject Head rotation (deg) Neck rotation (deg)
AMO95 01 First Test 2.5 5
AMO5 01 Second Test 3.5 6
AMO5 05 First Test 3 3
AMOI5 05 Second Test 2 3
AMB95 06 First Test 3.5 3
AMOI5 06 Second Test 1.5 6
AM95 07 First Test 8 9
AMOI5 07 Second Test 7.5 11

Table 14.9: Amplitude of T1 z-displacement for driver seat, hands on the lap

Subject

T1- z displacement (mm)

AMO5 01 First Test

5

AM95 01 Second Test

AMO5 05 First Test

AMO95 05 Second Test

AMO95 06 First Test

AMOI5 06 Second Test

AMO95 07 First Test

Wb W k- |W

AMOI5 07 Second Test
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14.4.2 50™ percentile female (AF50)

Table 14.10: Peak occurrence and seatbelt force for I*' and 2" peak for driver seat,
hands on the lap

1" Peak 1" Peak 2" Peak 2" Peak
Subject occurrence(s)  Force level occurrence(s) Force level
AN) AN)
AF50 02 First Test 0.35 260 0.5 255
AF50 02 Second Test 0.35 267 0.5 255
AF50 05 First Test 0.39 260 / /
AF50 05 Second Test 0.5 262 / /

Table 14.11: Amplitude, peak occurrence and asymptote of backset for driver seat,
hands on the lap

Subject Amplitude (mm) Peak occurrence (s) Asymptote (mm)
AF50 02 First Test 30 0.52 45
AF50 02 Second Test 35 0.46 65
AF50 05 First Test 20 0.42 61
AF50 05 Second Test 3 / 75

Table 14.12: Amplitude, peak occurrence and asymptote of Tl x-displacement for
driver seat, hands on the lap

Subject Amplitude (mm) Peak occurrence (s) Asymptote (mm)
AF50 02 First Test 37 0.5 34
AF50 02 Second Test 36 0.56 36
AF50 05 First Test 34 0.44 32
AF50 05 Second Test 29 0.44 28

Table 14.13: Amplitude, peak occurrence and asymptote of Tl x-velocity for driver
seat, hands on the lap

Subject A?g;;lsl;i © Peak occurrence (s) Azﬁiﬁgte
AF50 02 First Test 228 0.16 1.5
AF50 02 Second Test 200 0.14 1.5
AF50 05 First Test 188 0.2 1.5
AF50 05 Second Test 131 0.34 1.5
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Table 14.14: Amplitude of head and neck rotations

Subject Head rotation (deg) Neck rotation (deg)
AF50 02 First Test 8 8
AF50 02 Second Test 1.5 3
AF50 05 First Test 14 19
AF50 05 Second Test 15 18

Table 14.15: Amplitude of T1-z displacement for driver seat, hands on the lap

Subject T1- z displacement (mm)
AF50 02 First Test 6
AF50 02 Second Test 9
AF50 05 First Test 5
AF50 05 Second Test 5

14.5 Tables corresponding to differences in kinematics of
AM9I5, AM50, AF50 and AF05

Table 14.16: Peak occurrence and seatbelt force for 1* peak in positions 1,2,3,4 in all
sizes

Position 1 Position 2 Position 3 Position 4
Subject . . . .
orce orce orce orce
PO (s PO (s PO (s PO (s
(s) (N) (s) (N) (s) N) (s) (N)

AMO9S5 0.29 245 0.2 174 0.28 195 0.32 220

AF50 0.27 250 0.22 150 0.21 102 0.22 244

AMS0 0.30 245 0.22 145 0.2 110 0.28 250
AF05 01 0.30 245 0.22 167 0.18 84 0.28 257
AF05 03 0.22 110 0.26 181 0.17 96 0.27 225

*PO= Peak occurence [s] As= Asymptote[mm] Ap= Amplitude[mm]

Table 14.17: Peak occurrence and seatbelt force for 2™ peak in positions 1,2,3,4 in

all sizes
Position 1 Position 2 Position 3 Position 4
Subject . . . .
orce orce orce orce
PO PO PO PO
(N) (N) (N) (N)
AMOI5 0.52 229 0.49 213 0.5 226 0.5 220
AF50 0.47 246 0.51 222 0.51 166 0.47 240
AMS50 0.5 250 0.5 200 0.5 110 0.5 247

AFO05 01 0.54 240 0.5 222 0.53 86 0.5 271

AFO05 03 0.5 185 0.5 230 0.53 85 0.5 220
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Table 14.18: Amplitude, peak occurrence and asymptote of backset for positions
1,2,3,4 in all sizes

Position 1 Position 2 Position 3 Position 4

Subject
Ap PO As Ap PO As Ap PO As Ap PO As
AMO95 / / 23 120 045 100 48 045 208 60 05 90
AF50 24 / 24 120 058 74 325 06 95 40 06 68
AMS0 28 0.6 41 220 06 28 350 066 123 30 052 76
AF0501 23 0.18 42 73 052 37 295 06 108 60 0.34 106
AF0503 14 038 46 66 066 46 437 066 96 50 042 85

Table 14.19: Amplitude, peak occurrence and asymptote of Tl x-displacement for

positions 1,2,3,4 in all sizes

Position 1 Position 2 Position 3 Position 4

Subject
Ap PO As Ap PO As Ap PO As Ap PO As
AMOI5 13 025 1035 90 048 93 45 04 49 45 045 45
AF50 16 0.38 17 110 0.5 120 240 0.56 245 30 045 30
AMS50 31 045 28 178 0.56 172 250 0.58 258 34 044 34
AF0501 35 026 35 80 048 79 243 056 241 32 03 32
AF0503 27 024 27 49 028 72 324 0.6 305 45 0.35 45

Table 14.20: Amplitude, peak occurrence and asymptote of Tl x-velocity for positions
1,2,3,4 in all sizes

Position 1 Position 2 Position 3 Position 4
Subject
Ap PO As Ap PO As Ap PO As Ap PO As

AM95 115 0.16 2 320 0.2 2 245 0.7 1 210 0.2 2

AF50 130 0.16 3 402 022 5 840 038 5 180 0.12 4

AMS50 170 0.2 2 600 034 2 790 046 2 185 0.16 2
AF0501 226 0.16 4 400 0.18 7 1000 034 14 356 0.14 4
AF0503 300 0.16 4 367 0.16 12 1059 046 8 300 0.2 2

* Ap=Amplitude [mm/s], As=Asymptote [mm/s]
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Table 14.21: Amplitude of head and neck rotations

Position 1 Position 2 Position 3 Position 4
Subject
HR NR HR NR HR NR HR NR
AMO95 1.7 4 6 8 6 8 3 5
AF50 6 8 10 15 9 13 6 6
AMS50 5 7 9 20 5 35 3 5
AFO05 01 10 13 11 16 20 32 7 14.5
AF05 03 18 18 25 23 10 30 7 10

*HR=Head rotation [deg], NR=Neck rotation [deg]

14.6 Differences in kinematics of Hybrid III 5% percentile,
BioRIDS0F, BioRID-II, THOR NT and Hybrid III
95t percentile

All ATDs’ kinematics were plotted together for each position in order to compare
their responses. In all positions, it is observed that the BioRID-II (50" percentile
male) and the BioRID50F (50™ percentile female) show greater head-neck motion
compared to HIII 05 (5" percentile female) and HIII 95 (95" percentile male) that
show the lowest head-neck movement. These results were expected since the HIII
dummy is unable to reproduce the bending of the thoracic spine as seen in volunteers
and PMHS and contributes to a poor head-neck motion of the HIII [app1]. Moreover,
BioRID50F, BioRID-II and THOR NT present higher amplitude of T1 kinematics and
higher backset reduction in comparison with HIII 05 and HIII 95. This difference may
be due to stiffness and rigidity of the thoracic spine of the HIII crash dummy.
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Figure 14.24: Differences in responses between all sizes of ATDs for position 4
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14.7 Dynamic test setup

accelerometer

Head — buckle anchor point:
Hx = 50 mm
Hz =710 mm

Pelvis — buckle anchor point:
Px =18 mm
Pz =450 mm

Knee distance:
Ky = 120 mm

Chin — belt ( upper edge)
Bz =100 mm

Figure 14.25: H-1116C installation in the sled test

Head — buckle anchor point:
Hx = 48 mm
Hz =780 mm

Shoulder - buckle anchor point:
Sx =65 mm
Sz =550 mm

Pelvis — buckle anchor point:
Px =70 mm
Pz =200 mm

Knee — buckle anchor point:
Kx = 450 mm
Kz =295 mm

Lower leg angle:
LLa = 59¢°

Knee distance:
Ky = 145 mm

Chin - belt ( upper edge)
Bz =130 mm

Figure 14.26: BioRIDS50F installation in the sled test
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Figure 14.27: Crash pulse with a mean acceleration of 6g and a delta V of 28km/h
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Figure 14.28: Crash pulse with a maximum deceleration of 4g at 56ms and a delta V
of 9km/h
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14.8 Static test setup

Figure 14.29: BioRID50F installation in the static test rig

14.9 T1 x-acceleration and Head x-acceleration plots

14.9.1 Dynamic tests
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Figure 14.29: a) H-1116C acceleration signals

b) BioRID50F acceleration signals
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14.

9.2 Static tests

0.8 T T -
T1 Acceleration
0.6+
T 04" J
5
=2 0.2+ 4
=]
5 |
A | W
8
< 0.2+ -
0.4 |
-0.6 1 . .
-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
Time [s]
a)
2 -
Head Acceleration
T1 Acceleration
15- r I
3 1)
c
205
g
8 0 b
o
: 1 | ]
05t m
AL
15 . \ . . .
-0.2 -0.1 0 0.1 0.2 03 0.4 0.5
Time [s]

¢)

08

0.6 T1 Acceleration
E 0.4+ |
2" \)
2. il
g, | 1l
g-02)
3]
<-04+

0.6

0.8 1 1 | 1 1

-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
Time [s]
4 T

—Head Acceleration
T1 Acceleration

Acceleration [g]

01 0.2 03
Time [s]

d)

01 0

Figure 14.30: H-1116C acceleration signals:
a) seatbelt force 200N b) seatbelt force 370N
¢) seatbelt force 544N d) seatbelt force 566N (leaning forward)
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Figure 14.31: BioRID50F acceleration signals

a) seatbelt force 601N
¢) seatbelt force 603N

e) seatbelt force 614N (leaning forward)

14.9.3 Fx, Fz and MOC, values from static tests

b) seatbelt force 599N
d) seatbelt force 684N

Table 14.22: H-1II6C force and moment values

Voltage [V] Seatbelt force [N]  Fx[KN]  Fz[KN] MOC, [Nm]
22 0.022 0.007 0.72
22 0.014 0.001 0.70
37 0.018 0.018 0.99
37 * 0.063 0.033 3.48
*The H-1116C was seated leaning forward
Table 14.23: BioRID50F force and moment values
Voltage Battery Seatbelt force MOC,
[V] configuration [N] Fx[KN] - Fz[KN] [Nm]
37 A 601 0.03 0.017 1.77
—
24 —I: 599 0.017 0.027 0.91
=
50 ARk 603 0.023 0.009 1.28
e
38 684 0.029 0.01 1.58
==
e
38%* 614 0.032 0.035 2.81
=i~

*The BioRID50F was seated leaning forward (Out of position) with the help of easy tear tap
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