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EvaRID - A 50" Percentile Female Rear Impact Finite Element Dummy Model
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Abstract Neck injury due to low severity vehicle crashes is of worldwide concern and the injury risk is greater
for females than males. However, whiplash protection systems have shown to be more beneficial for males than
females. Hence there is a need for improved tools to address female protection. The objective is to develop and
evaluate a 50" percentile female rear impact crash dummy FE model.

The model was based on the same design concept as the BioRID Il. A scaling approach was developed and
the first version, EvaRID V1.0, was implemented. Its dynamic response was compared to rear impact tests with
female volunteers.

The EvaRID model and volunteer tests showed good correlations until ~250 ms of the head and T1
accelerations, linear displacements and head angular displacement. Considerably less T1 angular displacement
was found for the EvaRID; similar results were obtained for the BioRID Il. Thus, the EvaRID V1.0 and BioRID Il
models have limitations at low Av (7km/h).

The EvaRID model demonstrated the potential to become a valuable tool when evaluating and developing
seats/whiplash protection systems, however, this will require updating the joint stiffness. The model may be
used as a template for the development of a physical female dummy.
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I. INTRODUCTION

Whiplash Associated Disorders (WAD), or ‘whiplash injuries’, sustained in vehicle crashes is a worldwide
concern. In Sweden, such injuries account for ~70 percent of all injuries leading to disability due to vehicle
crashes [1]. The majority of those who experienced initial neck symptoms following the car crash recovered
within a few weeks or months after the crash [2]. However, 5 to 10 percent of individuals experienced varying
degrees of permanent disabilities [2]-[4]. Whiplash injuries may occur at relatively low velocity changes (Av),
typically <25 km/h [5]-[6], and in impacts from all directions. Rear impacts occur most frequently out of all
recorded impacts in accident statistics [7].

It is well established that the whiplash injury risk is higher for females than for males, even in similar crash
conditions [8]—[22]. These studies concluded that the female injury risk was 1.5 to 3 times higher than the male
injury risk.

Females and males have different anthropometry and mass distribution, which may influence the interaction
between the upper body and the seatback/head restraint, and thus the injury risk. For example, the deflection
of the seat frame, seatback padding and springs may depend on the mass and/or the centre of mass of the
upper body with respect to the lever about the seatback hinge. The deflection of the structures of the seatback
affects the plastic deformation, energy absorption and the dynamic head-to-head restraint distance, as well as
the rebound of the torso [23]-[25]. The motion of the head relative to the head restraint may be affected by
seated height in relation to the head restraint geometry. It has been reported that females have a somewhat
different dynamic response in rear volunteer tests, such as a higher head forward acceleration, a higher (or
similar) T1 forward acceleration, a lesser (or similar) Neck Injury Criterion (NIC) value and a more pronounced
rebound than males [24]-[35].

Crash test dummies are used when developing and evaluating the occupant protection performance of a
vehicle. The 50" percentile male crash test dummy size corresponds to a ~90™"—95™" percentile female with
regards to stature and mass [36], resulting in females not being well represented by the existing low velocity
rear impact male dummies; the BioRID and the RID3D. Consequently, the current seats and whiplash protection
systems are primarily adapted to the 50™ percentile male with little consideration of female properties. Existing
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whiplash protection concepts are approximately 30 percent more
effective for males than for females according to insurance claims
records (Fig. 1) [37]. The difference between females and males has
effectively increased even though the overall whiplash injury risk has
decreased in rear impacts. It is important to further investigate these
differences and to understand the reason behind them in order to
achieve better protection for both females and males.

In Yiew of the above, the Europfear'l research project ADSEAT Without whiplésh With whiplash
(Adaptive Seat to Reduce Neck Injuries for Female and Male protection protection
Occupants) was initiated. The overall objective of ADSEAT is to Fig. 1. Whiplash injury reduction for
provide guidance on the protective performance evaluation of females and males including 95% Cl.
vehicle seats, aiming at reducing the incidence of whiplash injuries. Based on [37].

The work is focussed on evaluating the protective performance of

seats for female as well as male occupants. For this purpose the development of an average female size finite
element crash dummy model is a part of the ADSEAT project. This new research tool will be used in parallel with
the BioRID Il dummy model when evaluating enhanced whiplash injury protection systems.

The objective of this study is to develop and evaluate a finite element (FE) model of a 50 percentile female
rear impact crash dummy.

Il. METHODS

This study was divided into four subtasks: 1) selecting the size of the EvaRID V1.0 model 2) establishing
anthropometric specifications of the model 3) model development 4) model evaluation.

Selecting the size

Different types of sources were assessed in the EvaRID dummy model size selection process, such as injury
statistics, anthropometric data and previous publications on dummy development. Injury statistics were
extracted in order to verify that a 50" percentile female dummy would correlate in size to the females most
frequently suffering whiplash injury in rear impacts. Anthropometric data and previous publications on dummy
development were studied in order to define the stature and mass of the 50" percentile female.

The injury statistics were collected from two different sources; the Working Group on Accident Mechanics

(AGU) Zurich database (Switzerland) and the insurance company Folksam’s database (Sweden). The AGU Zurich
database was initiated in 2005 and contains records of technical as well as medical information of persons who
have sustained WAD in car crashes. Insurance claims made to the Swiss Accident Insurance Fund, the largest
accident insurer in Switzerland covering most of the working population, forms the basis for these records.
Researchers at AGU follow up most insurance claims by victims suffering neck symptoms following a car crash
once the victims are absent from work for more than four weeks. Police reports, vehicle specific information as
well as medical files are added to the AGU Zurich database. These records also include basic anthropometric
measures, such as stature and mass of the injured persons. The Folksam in-depth database consists of reported
car crashes in Sweden involving cars fitted with crash pulse recorders to record car acceleration-time history.
Occupant data such as age, gender, stature and mass are also noted in the database. The data used for age,
gender, stature and mass distributions cover front seat occupants aged 18 years and above involved in reported
car crashes between 1992 and 2010, irrespective of crash direction or occupant injury. In total 1610 female and
2093 male front seat occupants were included. The basic anthropometry of the injured females was compared
to the average stature and mass of the female population in Switzerland (year 2007: 164.7 cm/63.4 kg, obtained
by written communication from Swiss Statistical Office) and Sweden (year 2006: 166.2 cm/66.1 kg [38]).
Two main sources were studied for reference when selecting the size for the 50™ percentile female model; the
University of Michigan Transportation Research Institute (UMTRI) study [39]-[41] and the WorldSID project [45].
The purpose with the UMTRI study was to develop specifications for crash test dummies. Anthropometric data
were initially collected and analysed for four adult body sizes; the 5™ and 50" percentile females, and the 50"
and 95" percentile males. The stature, mass and seated height (TABLE 1) was defined based on the National
Health and Nutrition Examination Survey (HANES) of 1971-1974 [42]-[43]. These data were collected
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on 13,645 individuals representing the 128 million persons aged TABLE |

18-74 in the US population. Due to limited funds it was however STATURE, MASS, AND SEATED HEIGHT OF THE
decided that the 50" percentile female should be excluded from FOUR ADULT BODY SIZES— UMTRI [39].

the latter part of the study. The purpose with the WorldSID Stature Mass Seated
project was to design a new generation side impact crash test Percentile Sex Height
dummy [45]. Based on anthropometric data (weighted by road [em] [kg]l [ecm]
fatality rates) across eight regions comprising OECD countries it gt Female 151.1 47.3 78.1
was concluded that the size of a world-harmonized 50" percentile 5ot Female 161.8 62.3 84.4
adult male would correspond well with the size of the 50" 50 Male 175.3 77.3 90.1
percentile adult male as was defined by the UMTRI project [39]- 95" Male 186.9 102.3 96.6
[41].

Anthropometric specifications

The anthropometric data for the 50" percentile female was mainly collected from two references [44][46].
The study by [46] was based on data from several military and civilian sources. Emphasis was placed on the
most important surveys, giving due consideration to their accuracy, sampling size and how recently they were
performed. The study by [44] was part of a series of studies designed to obtain information about mass
distribution characteristics (including moment of inertia and centre of volume) of the living human body and its
segments, and to establish reliable means of estimating such properties from easily measured body dimensions.
Their study was based on 46 adult female subjects, selected to approximate the range of stature and mass
combinations found in the general US female population. The sampling plan was to achieve a stature and mass
distribution comparable to that found in the civilian female US population as reported in the HANES study of
1971-1974 [42]-[43].

In addition to the above sources, anthropometric data taken from the ergonomic software programmes
GEBOD [47] and RAMSIS [48] was used to validate the collected data. Product Information from Humanetics
(previously FTSS) was used to collect information on the BioRID Il hardware dummy for direct comparison of
anthropometry data. Finally, parts of the 50" percentile male data [49] were used for comparative purposes.

EvaRID V1.0 — Model development

The EvaRID V1.0 model was developed by scaling an existing BioRID Il LS-DYNA model (DYNAmore GmbH).
The goal of the scaling was to make sure that the mass and length data of each body segment match the
anthropometric data for the 50™ percentile female [44][46]. In the present study, we choose to scale mass and
length dimensions of each body segment according to equations (1)—(2) to obtain dimensions representative of
the 50" percentile female:

I\‘/]E\/aRID

Mass Ratio: MR = (1)

MBioRID
L

Scale Factor Length: ~ SFL= —2R0 2)
FaeRD TABLE Il

EQUATIONS FOR SFB (SCALE FACTOR BREADTH) AND SFD

Width and depth dimensions for the EvaRID were
(SCALE FACTOR DEPTH) FOR DIFFERENT BODY PARTS.

then established based on scaling of each body

segment (TABLE II). Body Part SFB SFD
Apart from the geometrical scaling, stiffness and Head Breadthe arp Head Depthe_
damping properties of those parts representing the Head Head Breadthgrp Head Depthg, o\
neck and spine response (i.e. torsion pin stiffness, Neck = SFBupper torso = SFLee
bumper stiffness, discrete damping elements as well as Shoulder Breadthg,zrip MR oper torso
friction elements included in the model) were scaled to Upper Torso Shoulder Breadthg,gp  (SFLXSFB)ypper torso
a value of 70 percent of the original values in the Pelvis 1 MR peivis
BioRID Il model. The chosen reduction of the stiffness (SFLXSFB)peis
and damping properties was based on reported Upper Arm
differences between females and males in static neck Lower Arm MRjimp MRjimp
flexion and extension muscle strength [50]. Due to the Upper Leg SFLjimb SFLjimb

non-linear response under dynamic loadings and large Lower Leg
displacements, the selected reduction should be regarded as an initial estimate for further correlation against
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test data.

Model evaluation

The EvaRID V1.0 model was simulated and compared to the responses in the volunteer rear impact test
conditions at Av 7 km/h [35]. The data were taken from six volunteers with an average stature similar to the
EvaRID stature (161.8 cm). The average age was 23 years; the stature varied from 162 to 166 cm with an
average of 164 cm; and the mass varied from 54 to 64 kg with an average of 59 kg.

A seat model representative of the test set-up was developed for the initial evaluation of the dynamic
response of the EvaRID V1.0 model. In the sled tests, a Volvo 850 seat-base dating from the early 1990’s was
used. In the model, however, a public Ford Taurus seat-base was used during the EvaRID evaluation, assuming
differences in the seat-base having minimal influence. The
seatback consisted of four stiff panels, each suspended in the stiff
seatback frame in four coil springs (Fig. 2) [35]. The panels were
covered in a 20 mm thick layer of medium quality Tempur foam
and lined with plush fabric (Volvo 850, year model 1993). The
panels and foam were fitted according to the specified
dimensions of the Volvo seat. The stiffness of the coil springs
were measured and implemented in the finite element model.
The head restraint consisted of one coil spring suspended stiff
panel which was covered by 20 mm thick soft and 20 mm thick
medium Tempur foam. The seatback frame inclination was 2
adjusted to 24.3°. The volunteers wore a lap belt during the test. k .

An angled plate, resembling a passenger floor pan surface of a Flg 2. The test setup [35]
standard car, was mounted on the target sled (Fig. 2).

Dynamic response corridors were provided for x-accelerations, x-displacements and angular displacements
of the head, T1, as well as head relative to T1 generated from the averages + one standard deviation (SD) [35].

In addition, three tests with a BioRID dummy were performed in the same test setup as the tests with the
female volunteers.

Ill. RESULTS

EvaRID - Selection of size

Records involving females who have sustained whiplash injuries in rear impacts were extracted from the AGU
Zurich database, Switzerland (N=2,146), and from the Folksam database, Sweden (N=1,610). Basic
anthropometric measures were then extracted from these records. The stature and mass distributions of the
injured females are summarised in Fig. 3.

a) b)
Folksam
Q *’ob' Q bb. (5} I s} ‘bﬁ' () bl '53 3 ) /\b‘ ,\Co .“.}b‘ ]
B o @ ax A & ) 2] © ; o
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Stature Distribution [cm] Mass Distribution [kg]

Fig. 3. The stature and mass distributions of whiplash injured female occupants in
a) Sweden (from the Folksam database) and b) Switzerland (from the AGU Zurich database).
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In the AGU Zurich database, the injured females had an average stature/mass of 165.3 cm/65.2 kg, which is
close to the average size of the female population in Switzerland, 164.7 cm/63.4 kg (obtained by written
communication from Swiss Statistical Office). Correspondingly, in the Folksam database the average
stature/mass was 165.3 cm/65.2 kg for the injured females, which correlate well with the average size of the
female population in Sweden, 165.9 cm/65.9 kg [38]. Thus, the 50" percentile female dummy model would
correlate in size to the females that are most frequently injured in rear impacts.

We found the anthropometry study of the WorldSID project [45] to be best available for defining an
anthropometric size that is reasonably representative of the worldwide population at risk. Since it was
concluded that the size of a world-harmonized 50" percentile adult male would correspond well with the size of
the 50™ percentile adult male as defined by the UMTRI project [39]-[41], we found it reasonable to make the
same conclusion regarding the 50" percentile adult female. Thus, it was decided to base the EvaRID V1.0 model
on the anthropometric measures of the 50" percentile female from the UMTRI study (stature 161.8 cm, mass

62.3 kg, TABLE I).

TABLE Il
th .
Anthropometry of the 50" Percentile Female COMPARISON OF ANTHROPOMETRIC DATA

The stature, mass aljld seated height of the EvaRID (CIRCUMFERENCES) OF THE 50™ PERCENTILE FEMALE.
model was thus established and the next step was to BASED ON [44], [46], GEBOD, AND RAMSIS.

specify the body dimensions, mass of different body

) . . Circumference [cm]
segments and the distance between different joints of the

50" percentile female. Since the UMTRI study only Body Part 8 %
defined the stature, mass and seated height of the 50™ v o g @ <§(
percentile female, the data had to be found elsewhere. = = © e

Stature [cm]161.5 161.2 161.8 161.8

The studies [39]-[41] described in detail how the

anthropometry and properties were specified for the 5t Mass [kg] 65.8 63.9 62.3 62.3

A Head  54.9 54.8 - -
B Neck  35.1 329 343 -
C Shoulder 98.0 - - -
D Arm pit 89.2 - - -
E Arm®  29.0Y28.8Y27.1 21.7
F Bust 95.8 95.4 - -
G Chest? 79.0 - - -
H Waist  74.2 - - 746
| Elbow 28.2Y24.4%275 -
J Forearm 26.2Y21.2%24.2 23.7
K Hip 100.8100.1 - -
L Wrist  15.5 15.7 15.2 -
M Thigh  59.2 59.4 58.0 -
N Knee  38.1 37.0 385 -

percentile female as well as the 50" and 95" percentile
male crash test dummies. The same method was used in
this study, when appropriate, in order to establish the
anthropometry of the 50" percentile female.

The circumferences for different parts of the body of
the 50" percentile female were summarised in TABLE Il in
order to compare the data from [44] and [46] with data
from the software programmes RAMSIS and GEBOD. The
table shows that in general there are good correlations
between the different datasets.

In [44], the 50™ percentile female stature was 161.2 cm
and the mass 63.9 kg; i.e. 0.4 percent shorter and 2.6
percent heavier than that of the EvaRID. In [46], the 50"
percentile female stature was 161.5 cm and the mass 65.8 0O Ccalf 358 358 353 338
kg; i.e. 0.2 percent shorter and 5.6 percent heavier than P Ankle 218 214 215 -

that of the EvaRID. No scaling was performed of the 1) Flexed 4) Below Bust
length dimensions [44][46], since the difference in stature 2) Relaxed 5) Upper Thigh
between these two references and the EvaRID model was 31 Upper Am

considered to be minor (0.4 percent and 0.2 percent). However, due to the somewhat greater difference in
mass (2.6 percent and 5.6 percent), the depth and width dimensions and the circumferences [44][46] was scaled
according to:

[44]: (63.9/62.3)* = 1.008 => 1 percent scaling

[46]: (65.8/62.3)"* = 1.018 => 2 percent scaling

The mass of each body segment was estimated based on its volume, assuming constant density of the body.
The resulting masses (absolute and relative compared to overall mass) and the Mass Ratio (MR) (Eq. 1) of body
parts for the EvaRID and BioRID Il dummy models are provided in TABLE IV. Additional data (input to the EvaRID

V1.0 model) can be found in the Appendix, such as distances between joints (Fig. Al); torso details (Fig. A2)
regression equations to compute segment volumes (TABLE Al); and anthropometric variables (TABLE All).
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EvaRID V1.0 — Model development TABLE IV

The Scale Factor Length (SFL) was established for each THE MASS, THE MASS DISTRIBUTION (IN PERCENT OF THE
body segment by taking the EvaRID’s length over the TOTAL MASS), AND THE MASS RATIO (MR)
BioRID's length (Eq. 2). The calculations of the Scale (Megyarin/Mgiorip) OF THE BIORID Il AND THE EVARID.
Factor Breadth (SFB) and Scale Factor Depth (SFD) for EvaRID BioRID Meyarin
each body segment are described in detail below and the Body Part Mass % of | Mass % of Meiorin
results are included in TABLE V. The masses and mass [kg] total | [kg] total
ratios for each body segment are listed in TABLE IV. Head x1| 3.58 57| 454 58| 0.789

The head was scaled to meet three dimensional Upper Torso” x1|19.58 31.4 [26.61 34.0 | 0.736
requirements for the EvaRID: Pelvis? x1(15.84 25.4 (15.80 20.2 | 1.003

- Total length:  20.30cm [46] UpperArm x2| 1.40 2.2 | 2.02 2.6 | 0.691

- Breadth: 14.58 cm [44] Lower Arm® x2| 1.16 1.9 2.23 2.9 0.518

- Depth: 18.69 cm [44] Upper Leg‘” x2| 567 9.1 | 599 7.7 |0.947
where the total length is the vertical distance between _Lower leg” x2| 343 55| 544 7.0|0.631
the top of the head and the chin, the breadth is the TOTAL 62.30 100 |78.24 100 -
maximum horizontal (Iateral) distance above the ears, 1) The uppertorsoconsi-stsc‘)fththorax,the 3) Hand included.

. X X abdomen, and the spine (including the neck). 4) Flap excluded.

and the depth is the maximum distance between the ) fiapsincluded. 5) Foot included.

glabella and the occiput. The corresponding dimensions
of the BioRID’s head were: total length 21.59 cm, breadth CALCULATION OF THE SCALE FACTOR LENGTH (SFL)

15.76 cm and depth 19.99 cm. The same scaling principle (=Levsrin/Leoio) FOR DIFFERENT BODY PARTS. THE CORRE-
was used when calculating SFB and SFD as for SFL (Eq. 2) SPONDING VALUES OF THE SCALE FACTOR BREADTH (SFB)

TABLE IV) was met by adjusting the density of the skull.

TABLEV

Length Scale Factors
The neck height was defined as the mastoid height Body Part Leworis Leion | SFL SFB SFD
less the cervical height. Considering the complexity of the [cm]  [cm]
neck modelling, the SFDn.« was selected to be the " oD 20.309 2159 | 0.940 0.925 0.935
equivalent to the SFLye and the SFBpe was assumed to yock? 10.28% 12.04 | 0.854 0.910 0.854
be equivalent to the SFBypper torso (TABLE 1l). Due to lack of Upper Torso® | 47.94% 5265 | 0.911 0.910 0.888
an accurate landmark of the mastoid and the cervical pglyis 25828 2583 | 1.000 1.000 1.003

spine, the 50" percentile male data [49] was used for the ypper Arm* | 26.408 26.14 | 1.010 0.823 0.823
neck height (12.04 cm). The mass ratio of 0.664 was Lower Arm® |23.40® 24.88 | 0.941 0.765 0.765
derived from (SFL*SFB*SFD),c and was slightly less than Upper Leg® | 38.90® 40.55 | 0.959 1.014 1.014
the mass ratio of the head (0.789) and the upper torso Lower Leg7’ 45.70% 49.55 | 0.922 0.861 0.861

(0.736) (TABLE |V). 1) Top of head to chin. 6) Hip joint to knee joint.
. . 2) CO/C7 joint to C7/T1 joint. 7) Knee joint to bottom of
The upper torso was defined as the torso without the 3) C7/T1 joint to mid-point of hip joints. heel along tibia.
pelvis and ran from the cervical to the iliac crest. During 4) Shoulder joint to elbow joint. 8) [46]

scaling the EvaRID maintained the same spine and back ) Elbow joint to wrist joint.

profile as the BioRID Il as the scaling factors for the SFL and SFD were kept identical. The mass of the upper torso
was derived by subtracting the pelvis mass from the torso mass. The breadth, defined as the distance between
shoulder joints, was 31.50 cm for the EvaRID and 34.60 cm for the BioRID Il. Subsequently the SFD was derived
from MR, SFL, and SFB (TABLE Il). Thereafter, the torso shape was further modified based on data from either
[44] or [46] since [39] only provides stature, mass and the seated height for the 50" percentile female. The
model’s depth at the bust point was measured in two different ways: 231 mm was measured from the bust
point to the exact opposite point at the back of the jacket; 234 mm was measured from the bust point to the
most rearward point on the back of the jacket. Data from [46] showed that the waist breadth was 22.4 cm, quite
different from 31.05 cm [44]. In this model, 31.05 cm [44] was selected as well as the following breadth
dimensions of the torso: bust 288 mm,; 10" rib 257 mm; buttock 373 mm; and bust point distance 180 mm.

The seated height was defined as the standing height less 774 mm [46]. The height of the cervical, bust point,
tenth rib, iliac crest and omphalion (waist) was based on [44].

The limb scaling was following basic scaling methodology. Firstly, the mass ratio of EvaRID over BioRID Il was
calculated (Eq. 1) (TABLE 1V). Then the SFL of EvaRID over BioRID Il was determined based on 50" percentile
female data [46] and dimensions taken from the BioRID Il model (Eq. 2) (TABLE V). The length of the upper arm
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was measured from shoulder joint to elbow joint; the lower arm from the elbow joint to the wrist joint; the
upper leg from the hip joint to the knee joint; and the lower leg from the knee joint to the bottom of the heel
(TABLE IV). The SFB and SFD were then derived by taking the square root of mass ratio over SFL (TABLE II).

No major difference was found between the dimensions of 50" percentile female and 50™ percentile male
pelvis [44][49]. The buttock depth was 241.2 mm/240.8 mm; the bitrochanteric breadth 31.63 cm/31.76 cm;
and the pelvic length 258.20 mm/258.32 mm for the female and male, respectively. Furthermore, the distance
between the hip joints was similar for the 50™ percentile female and the BioRID II, 18.0 cm [46] and 17.96 cm,
respectively. Accordingly, the pelvis mass (TABLE IV) was similar for the 50" percentile male (15.80 kg) and the
50" percentile female (15.84 kg). Thus, only minor changes were made to the pelvis, for instance the shape was
adjusted to match the breadth dimensions [44]. The EvaRID V1.0 dummy model maintains the same pelvis angle
of 26.5 degrees as the BioRID II.

A comparison between the EvaRID V1.0 and the BioRID Il models is shown in Fig. A3 in Appendix.

Model Evaluation

A pre-simulation was performed to establish the initial position of the
sled simulation of the dummy model by dropping the EvaRID into the
seat and allowing the gravity to find its balanced position. After the
balanced position was achieved the head panel was adjusted, in this
case closer to the head, to match the measured initial head-to-head
restraint distance, as estimated from film analysis. An angled plate
resembling the floor pan surface was introduced and a seatbelt was
fastened before applying the measured acceleration pulse (Fig. 4).

Simulated results were compared with the dynamic response
corridors obtained from the volunteer tests [35] (Fig. 5). In general, the
simulated results correlated well for about ~250 ms with responses
being inside or close to the corridors. However, the T1 rearward angular
displacement was substantially less with values lower than 25 percent of the requirement set by the corridor.
This may indicate that the thoracic spine is too stiff in extension. An extensive parameter study was conducted
to explore these and other causes, however, these adjustments resulted only in a minor increase of the T1
rearward angular displacement.

Fig. 4. Test simulation ith the
EvaRID V1.0 model.

-50

Head x-acceleration [mis?)
T1 x-acceleration [m's?)

Head rel T1 x-acceleration [mis<]
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Head angular displ. [*]
Head rel T1 angular displ. [*]
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T1 x-displ. [mm]
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Head rel T1 x-displ. [mm]
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450 Time [ms] 450 Time [ms] 450 Time [ms]

Fig. 5. X-accelerations of (a) the head, (b) the T1 and (c) the head relative to T1; angular displacements of
(d) the head, (e) the T1 and (f) the head relative to T1; x-displacements relative to the sled of (g) the head,
(h) the T1 and (i) the head relative to T1 for the 50" percentile female volunteers (grey corridor) and the EvaRID V1.0
(solid black line). The response corridors were calculated +1SD from the average response.
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To investigate the model response in more detail, simulations using the original BioRID Il dummy model were
made under volunteer loading conditions. Experimental data, dynamic response corridors and simulated results
are depicted in Fig. 6. It can be observed that the BioRID Il model’s responses are equivalent to the responses by
EvaRID for these loading conditions, including the notably lesser T1 rotation.

75 75 75

b)

50 50

T1 x-acceleration [r/s"]

Head x-acceleration [m/s?]
Head rel T1 x-acceleration [m/s9

:r
50 Time [mz]

a
2
-
o
=
E
2 10
o
£
T
=
o
o
I

10 Time [ms]

50 Time [ms]

f)

e
Vi .

T1 angular displ. [1]

o 5

0 o0 200 gm0

Head angular displ. [']

Head x-displ, [rmm]
T1 x-displ. [rm]

Head rel T1 x-displ. [mm]

200 - Time [ms] 200 - Time [ms] 200 - Time [ms]

Fig. 6. X-accelerations of (a) the head, (b) the T1 and (c) the head relative to T1; angular displacements of (d)
the head, (e) the T1 and (f) the head relative to T1; x-displacements relative to the sled of (g) the head, (h) the
T1 and (i) the head relative to T1 for the BioRID dummy (grey corridor) and the BioRID Il model (solid black
line). The response corridors were calculated £1SD from the average response.

IV. DISCUSSION

It is well established that females have a higher whiplash injury risk in rear impacts compared to males [9]-
[10], [14]-[16], [18]-[19]. There are, for example, differences in the neck anatomy and physiology in males and
females [50]-[56], which may contribute to the greater whiplash injury risk in females. Furthermore, males and
females have different anthropometry and mass distribution which may influence the interaction of the upper
body with the seatback and head restraint, and thus the injury risk. Females tend to have greater head x-
acceleration, greater (or similar) T1 x-acceleration, lesser (or similar) NIC value and more pronounced rebound
compared to males in rear impact volunteer tests [24]—[35].

It has been reported that tall females have the highest whiplash injury risk in standard vehicle seats (i.e. no
advanced whiplash protection systems fitted) in rear impacts [16], [58]—-[59]. However, this study found that the
females associated with the highest whiplash injury frequency in rear impacts are of average size (Fig. 3). Similar
results have previously been reported [9]. Yet, only the extremes of the female population are accounted for by
the existing dummies that may be used for rear impact crash testing; the 50" percentile male rear impact
dummy, or possibly, the 5" percentile female frontal impact dummy. This may explain why existing whiplash
protection concepts are approximately 30 percent more effective for males than females regarding permanent
medical impairment [37] (Fig. 1). The assessment and development of whiplash prevention systems may thus
benefit from an additional rear impact dummy — the 50" percentile female — since it would correlate in size to
the females that are most frequently injured.

The anthropometry and mass data of the 50" percentile female was predominantly obtained from the
UMTRI study [39] and two anthropometric studies [44][46]. The UMTRI study was based on anthropometric
data collected in the early 1970’s in the USA. Due to the secular trend (i.e. the variation in body size over time)
the average statures and body masses have increased since then. However, the selected size for the EvaRID
(stature 161.8 cm, mass 62.3 kg) correlates to the 50" percentile female in relation to the existing adult
dummies. In addition, the selected size was less than 1 percent shorter than the average female (163.2 cm)
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according to the WorldSID study [45], who based their data on anthropometric studies across eight regions
comprising OECD countries (weighted by road fatality rates).

A computational rear impact dummy model, EvaRID V1.0, representing the 50" percentile female was
developed (Figs. A2, A3). The model was obtained by scaling anthropometric, geometric and mass properties of
an existing BioRID Il dummy model (DYNAmore GmbH). The relative mass distribution of the EvaRID was
somewhat different from the BioRID — the EvaRID had a slightly lighter torso, a heavier pelvis and slightly
heavier thighs. Based on reported differences between females and males in neck muscle strength [50] the
stiffness and damping properties of the neck and spine were scaled to 70 percent of the original values in the
BioRID Il model. Apart from the muscle strength, further factors may affect the stiffness of the spine, such as
muscle reflexes [50][60], ligament properties [57][61], support area between vertebrae [57] and ageing [62]-
[65]. These variables were not considered in the EvaRID V1.0 model.

The EvaRID model was validated with regard to rear impact tests comprising female volunteers. The
volunteers were rather young at an average age of 23 years. However, several studies have shown that the
whiplash injury risk is highest at younger (or middle) ages and tends to decrease at older ages [16][59][66]. The
volunteers were thus fairly representative of the age group most at risk of sustaining a whiplash injury.

The simulated dynamic response correlated well until ~250 ms with responses being within or close to the
corridors; however, the T1 rearward angular displacement was less than 25 percent of the requirement set by
the corridor (Fig. 5). In spite of an extensive parametric study of the T1 angular displacement, the general
response did not improve significantly. In addition to the initial reduction in stiffness and damping
characteristics, values were reduced further down to 50 percent of the original values in the BioRID Il model,
stiffness of the spring coils in the lower seat segments was increased, and elements representing the breasts
were removed. Although each of these adjustments resulted in some increase of the T1 angular displacement,
the general response did not show any significant improvement, even in different combinations.

As a further check it was decided to run the BioRID Il model in the same test setup as in the volunteer tests.
Experimental test data and dynamic response corridors were obtained from tests with the BioRID dummy. The
BioRID Il and the EvaRID V1.0 models displayed identical trends, including the notably lesser T1 rearward
angular displacement (Fig. 6). The results suggest that the biofidelity of the EvaRID V1.0 model and the BioRID Il
models have limitations at low velocity changes (7 km/h) which may be explained by the fact that the BioRID Il
model was validated against dummy test results in the range of consumer test load conditions (EuroNCAP).

Based on these observations it is advisable to further evaluate and improve the BioRID Il and EvaRID models
at low velocity changes. In addition, further studies of the performance of the BioRID Il model at higher velocity
changes are recommended. In defining the test set-up it is noted that the head restraint was relatively close to
the head in the volunteer tests [35], which indicates that the head response is largely governed by the head
restraint properties and not entirely by the neck properties. Thus, these volunteer tests are less suitable for fine
tuning the neck parameters, stressing the importance of using greater head restraint gap in future volunteer
tests. Once improved correlation is obtained for T1 rotational response, further fine tuning of the stiffness and
damping characteristics could be considered next. It is also advisable to establish the curvature of the spine and
its relation to the HR distance for seated 50™ percentile female occupants. These results need to be
implemented to further improve the EvaRID model.

V. CONCLUSIONS

The EvaRID V1.0 model showed good correlations until ~250 ms for most parameters except for the T1
rearward angular displacement. When running the BioRID Il model and comparing it with dummy data under
the same loading conditions, identical results were found for that model. This may indicate that both models
have limitations at lower velocity changes (7 km/h). Further work on the stiffness properties is needed for the
model to achieve a response fully within the corridors in the volunteer tests. This may include a profound survey
of the elemental design of the BioRID Il and EvaRID models. Furthermore, additional volunteer data with a
greater initial distance between the head and the head restraint would be valuable to further improve the
dynamic response of the dummy model. Such studies are included in the ADSEAT project. Once fully validated,
the dummy model will be utilised in the design and evaluation of adaptive seat system concepts in order to
provide enhanced neck injury protection for female occupants.
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VIIl. APPENDIX

TABLE Al
REGRESSION EQUATIONS FOR ESTIMATIONS OF THE VOLUME OF DIFFERENT BODY PARTS OF FEMALES [44].
THE CALCULATED VOLUME AND MASS OF DIFFERENT BODY PARTS OF THE 50™ PERCENTILE FEMALE.

Volume [cm?] Mass [kg]
Body Part Volume Regression Equation From Scaled Based on Based on
[44]  variables [44] Sc.aled

variables

Head V=132.85C}caq+163.75H},0,4—13.735-3,722.51 3,894 3,886 3.51 3.58
Neck V=9.445+23.57Cpeck+14.26L,00—1,658.86 737 735 0.66 0.68
Thorax V=33.08M+285.77Cpus+422.96Li0ra—29,046.39 18,175 17,782 16.38  16.36
Abdomen V=572.45Lp40ment184.72Centh riv—323.75Brenth riv—5,727.80 2,817 2,760 2.54 2.54
Pelvis V=107.20M—-84.30S+528.80Fsprailiac+7,637.48 10,128 9,685 9.13 8.91
Upper R V=7.33M+67.89Ceibowt19.49Lacrom rac—1,714.08 1,557 1,513 1.40 1.39
Arm L V=3.64M+65.37Chiceps f1_left+47-57 Lacrom_rad—2,241.29 1,556 1,524 1.40 1.40
Lower R V=61.12Cpow+53.42Crist+18.99L 12 styiion—1,835.29 935 912 0.84 0.84
Arm L V=30.56Ceibow*36.41L1ad stylion+49.49Crmid forearm—1,713.20 923 932 0.83 0.86
Hand R V=25.14Cist+36.37Bnandt16.83Lmeta 11i_dac—484.95 344 337 0.31 0.31
L V=50.64B,,q+12.84C,ris+12.67Lnana—476,78 334 328 0.30 0.30

Flap R V=90.90C pper thigh+177.39Ltnigh fiap+18.775—7,823.86 3,792 3,748 3.42 3.45
L V=98.20C pper thigh+153.06L¢nigh fiap+23.375-8,522.40 3,832 3,786 3.45 3.48

Upper Leg R V=173.68Cnid thigh+57.905+29.81Chytrock—15,058.42 6,278 6,191 5.66 5.70
(flap excl) L V=253.27Cyiq thigh*+80.635—141.89Bpisrocn—15,450.17 6,211 6,126 5.60 5.64
Lower Leg R V=137.20Cc,if right+47.91Cnee*+33.92L,1—4,740,57 3,111 3,045 2.80 2.80
L V=128.09C leftt64.32Cxneet+37.69Lc,~5,166.17 3,151 3,081 2.84 2.83

Foot R V=38,27Ltoot+121.67Hsphyrion+22.70C,n1e—1,475.74 673 668 0.61 0.61
L V=32.65Chai of foot+93.42Hepnyrion+32.44L100r—1,409.56 682 675 0.61 0.62

TOTAL: 69,130 67,714 62.3 62.3

Background Mesh Size 10x10 mm

Fig. Al. Distances (in cm) between Fig. A2. Torso details — heights of major landmarks.
joints of EvaRID based on [46].
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TABLE All
ANTHROPOMETRIC DATA USED FOR CALCULATIONS OF THE VOLUME FOR DIFFERENT BODY PARTS (TABLE IV). BASED ON [44].
Measure Unit Body Part Variable”  Value” Scale Scaleg
Factor Value

Stature [cm] Body S 161.2 - 161.8
Mass [punds] Body M 140.9 - 137.3
Head Chead 54.78 1 54.78

Neck Check 32.86 0.99 32.53

Bust Chust 95.41 0.99 94.46

Tenth rib Ctenth rib 75.94 0.99 75.18

Buttock Chuttock 100.08 0.99 99.08

Upper thigh Cupper thigh 59.44 0.99 58.85

Mid thigh Cnid thigh 51.92 0.99 51.40

Circumnference [em] Knee . Cinee 36.97 0.99 36.60
Calf (right) Cealf right 35.43 0.99 35.08

Calf (left) Coalf et 35.79 0.99 35.43

Ankle Cankle 21.45 0.99 21.24

Biceps flexed (left) Chiceps_fl_left 28.60 0.99 28.31

Elbow Celbow 24.42 0.99 24.18

Mid forearm Cinid forearm 21.22 0.99 21.01

Wrist Curist 15.72 0.99 15.56

Ball of foot Cball of foot 22.8 0.99 22.57

. Head Hhead 15.59 1 15.59
Height [em] Sphyrion Haphyrion 6.26 1 6.26
Neck Lheck 6.98 1 6.98

Thorax Lthorax 36.16 1 36.16

Abdomen Labdomen 494 1 494

Thigh flap Linigh flap 17.96 1 17.96

Length [cm] Calf Leaie 35.95 1 35.95
Foot Loot 23.51 1 23.51

Acromion-radiale Lacrom_rad 29.74 1 29.74

Radiale-stylion Lrad_stylion 23.07 1 23.07

Metacarpale Il - Dactylion Limeta Il_dact 8.99 1 8.99

Hand Lhang 17.08 1 17.08

Tenth rib Btenth rib 25.67 0.99 25.41

Breadth [em] Bitrochanteric Byitroch 31.63 1 31.63
Hand Bhand 7.76 0.99 7.68

Skinfold [mm] Suprailiac Fsuprailiac 1.85 0.99 1.83

1) Variables in the regression equations (Table A1).
2) Average values from Young et al. (1983).
3) Input to the calculations of volume/mass of the EvaRID model (Table A1)

Fig. A3. Comparison of the EvaRID and the BioRID Il models.
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