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Abstract

Crash dummies are the tools used to represent human beings in the
assessment of vehicle safety performance. Current crash dummies are
produced using US anthropometric data and children of various ages
are not represented. This paper presents the application of morphing
technique in generating crash dummy models to a given
anthropometric data. The method was described using Hybrid III 3YO
dummy model as an example. Morphing operation was applied to scale
down the anthropometric dimensions of six year old Hybrid III (6YO
HIIT) dummy finite element (FE) model to that of three year old Hybrid
III (3YO HIII). The morphed model was validated by comparing its
biomechanical response data against experimental and simulation
results from literature in a sled test based on the specification of
Federal Motor Vehicle Safety Standard (FMVSS 213). The simulation
results were found to be in good correlation with experimental and
simulation results of sled test carried out using 3YO HIIl dummy both
qualitatively and quantitatively in x-head acceleration, x-chest
acceleration and resultant upper neck moment and force. The curves of
all the quantities show similarities in trends and the peak values were
reasonably comparable to those in the literature results. The technique
described in this study is therefore useful in developing child dummy
for various age groups, percentiles as well as subject specific from
existing FE model with short design time and reduced cost. The new
dummy model developed could be used to evaluate three year old child
injuries in motor vehicle crash simulations.

This is an open access article under the CC BY-NC-SA 4.0 license.
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1. Introduction

Child vehicle safety is been given much concern by vehicle developers, researchers and society. Despite occupant
safety systems available, child protection in vehicle crashes is still not optimum. It was recently shown that
children 14 and younger account for 3% of total traffic fatalities in the United States [1]. Finite element modeling
remains a useful tool in studying occupant injury risk and vehicle safety systems evaluation. Current crash
dummies FE models represent only physical crash dummies available which are mainly limited to 50t percentiles
of some specific age groups.

Mesh morphing provides easier way of reshaping shell and solid finite element model without going back to
computer aided design (CAD) model for modification and re-meshing the model which is costly as it takes time.
Idea of morphing and scaling of FE human models involves having a standard dummy as a base line from which
other models are created. There is recently effort by Bio Mechanics Group from the Research and Development
Department of a North America based Automotive OEM for applying morphing and scaling approach for
generating standard and non-standard percentile human Body FE models. It was described as quick and
systematic process of generating standard and non-standard FE dummies [2].

Research on crash dummy development is recently focused on vulnerable population such as children
especially obese, pregnant women and elderly [3]- [5]. Computational modelling made it easier to create human
models of specific anatomy. Due to unavailability of non-standard dummies e.g. 5% and 95t percentiles, it is
important to drive other models using existing FE models such as Hybrid Il dummy. Finite element model
morphing and scaling is the best way of doing that. Morphing has been applied to develop age and sex specific
thorax [6] and pedestrian models [7]. Kim et al [8] applied morphing method to scale human body model to an
Obese Female. Hyncik et al [9] developed an algorithm to morph human body model. It was applied to morph
adult model to a 13 year old child and the model was validated against experimental data. Scaling has been applied
to children modelling from adult geometry for Multi body model for pedestrian safety [10], and scaling from adult
human body models to three year old child [11], [12] and adult hybrid III dummy [13][13][14]. There is no study
applied morphing on child ATD finite element models. Recent studies described developing new tools for scaling
between different anthropometries as an active research area [7].

This study establishes the possibility of developing child ATD FE dummy models of various sizes using existing
child dummy models. This will enable dummies representing children of various populations and age groups to
be developed for the purpose of designing effective safety systems for them. It also provides simple way of
developing dummies without making reference to existing physical crash dummies. Finite element model made it
possible to amend material properties and parts geometry at lower cost compared to physical crash dummy
modifications.

2. Methodology

2.1 Hybrid II1 6YO and 3YO Models

Hybrid III 6 year old Finite Element Model Version: LST0.104.BETA shown in Fig. 1 is currently the latest child
model in Livermore Software Technology Corporation (LSTC). The model has been validated against frontal crash
tests with various restraint configurations [15]. It is used as the baseline model in this study. It was developed by
LSTC in conjunction with National Crash Analysis Centre (NCAC). Its validation was based on the certification tests
described in the Code of Federal Regulations, Title 49, Part 572, Sub-part N. It contains 199,102 nodes, 127,154
solid elements, 45,032 shell elements and 142 beam elements [18]. History beam elements and nodes are
positioned in some specific locations of the body in order to provide the response data for the evaluation of
occupant injury.

Fig. 1 Hybrid 1l 6YO child dummy FE model [16]
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The 3YO Hybrid III dummy, which is the target model in this study was developed by humanetics in 1990s
now Livermore Software Technology Corporation (LSTC) in corporation with National Highway Transport Safety
Administration (NHTSA) and Society of Automotive Engineers (SAE) Biomechanics Committees. Hybrid III 3YO
dummy was based on US child anthropometry collected back in eighties. It has a total number of 84,966 elements
and was provided with accelerometers and load cells to measure injuries at various body locations [17].

2.2 Morphing Theory

Morphing involves scaling the nodes of body segment and repositioned it to reconnect back to the position it was
before scaling. For the current case, the body external shape of both baseline and destination models (6YO HIII
and 3YO HIII) was assumed to be the same, as such; a simple scaling morphing was applied. Guiding vectors are
automatically selected in three dimensional morphing because morphed objects are more complex than in the two
dimensional situation. Mesh scaling algorithm is embedded in FE software LS-PREPOST. Let’s define vector:

x=[pqr] (1)

Where p, q and r are coordinates in three dimensional coordinate system of each node. Scaling the vector can be
described using the transformation matrix, knowing the scaling factors:

R=[2,00021,00024,] (2)

Where Ay, 4,, and A, are scaling factors in x, y, and z direction defined as the ration of base line length to the
destination length. Now:

Xscaled = Rxoriginal (3)

Coordinate of each body segment was rotated to global coordinate system before morphing and then rotated
back to their initial local coordinate system after operation. A translational adjustment is also done to reconnect
back the morphed parts to their initial positions in order to maintain the original node joint distances.

Morphing is done in LS Prepost by constraining the parts to be morphed (Morph nodes) within a solid hex
mesh (Constraining Element.). After Constrain has been activated, the hex mesh was transformed in any way, and
the Morph nodes follow. The nodal coordinates are transformed based on their relative position within their
containing solid element.

2.3 Dummy Scaling Procedure

Different scaling factors are assigned to different body segments in %, y and z-direction. Baseline model geometry
(6YO HIII) was adapted freely to the target anthropometry (3YO HIII). Each dummy segment was constrained in
morphing box. Scaling factors were calculated by dividing target anthropometry values L;; by corresponding
reference anthropometryL,.;;

L, =— i=x9z (4)

x, was chosen to refer to the depth of body segment (e.g. head depth and chest depth for head and chest body
segments respectively), y its lateral width (e.g. chest breadth for torso) and z its height (for example knee to sole
length for lower leg).The dummy model body segments were constrained in morphing box as shown in Fig. 2.
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Scaling factors applied to various body segments are as listed in Table 1.

21

Fig. 2 Dummy body segments in constraining element (morphing box)

Table 1 Size scale factors for 3-YO HIIl dummy

Body segments

3 YO HIII dummy

A 2, 1,
Head-neck (A) 0.95 0.95 0.95
Torso (B) 0.93 0.93 0.75
Upper arm (C) 0.98 0.98 0.98
Lower arm(D) 0.89 0.89 0.89
Upper leg (E) 0.82 0.82 0.93
Lower leg (F) 0.83 0.83 0.83

The aim is to get a small or no difference for each anthropometric parameter. If the difference between the
scaled model and target anthropometric dimension is large a correction scaling is carried out again. For easy
measurement of body dimensions, nodes were selected as reference points to which all measurement before and
after morphing were carried out. Table 2 shows anthropometric dimensions of 6YO HIII, 3YO HIII and Scaled 3YO

HIIL

Table 2 External anthropometric measurement used for morphing (all dimensions are in cm)

Anthropometry 6YO Hybrid III 3YO Hybrid  Scaled 3YO % difference
(baseline 111 Hybrid III between
model) (3YO HIIN) FEmodel  Dyyand 3Y0
[12] (Target) (Dum) HIII
Head breadth 14.4 13.6 13.5 -0.7
Head depth 17.6 17.5 17.8 1.7
Head circumference - 50.8 - -
Chest breadth 19.7 - 15.6 -
Chest depth 15.7 14.6 14.9 2
Chest circumference - 54.0 - -
Shoulder height seated 41.9 31.5 33.5 -4.7
Shoulder breadth - 24.4 23.9 -2
Shoulder to elbow 19.7 19.3 17.8 -7.7
Back of elbow to 28.7 25.5 23.8 -6.7
fingertip
Waist circumference - 54.0 - -
Rump to knee length 38.5 29.2 29.3 0.34
Knee to sole length 32.6 27.2 28.0 3
Foot length - 14.3 14.2 -0.7
Foot breadth - 5.9 5.3 -10
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Fig. 3 shows the 6YO HIIl dummy FE model and the resulting three year old child dummy model obtained after
scaling.

(@) (b)
Fig. 3 6YO Hybrid I1l dummy (Base line model) (a) resulting 3YO Hybrid IIl dummy (Scaled model) (b)

Mass and centre of gravity position of the target model was obtained by adjusting the mass density to meet
with that of 3YO HIIl dummy model. The dimensions and weight of the resulting target model were measured and
compared to target anthropometry. The target mass of each body segment was achieved by scaling the density of
each part contained in it using the same scaling factor. This is necessary in order to keep the centre of gravity CG
in its initial position after mass reduction. The joint ranges of motion were assumed to be equal to those of the 6
year olds (6YO HIII). The weight of dummy body segments are presented in Table 3.

Table 3 Body mass distribution of 3YO HIII and scaled 3YO HIII

Body segment 3YO HIII (kg) Scaled 3YO
HIII (Dum) (kg)

Head 2.72 2.61
Neck 0.79 0.31
Torso 7.00 7.47
Upper arm 0.44 0.45
Lower arm 0.46 0.38
Upper leg 1.01 0.89
Lower leg 0.61 0.55
Foot 0.31 0.21
Total 16.17 15.44

Morphing operation can affect the mesh quality of a morphed model because the displacements of the vertices
were not taking care of during their movements. It can therefore cause some distortions of elements which affects
their performance in finite element method analysis. The change in element quality due to morphing is not very
significant as shown in Table 4. The morphed model met the mesh quality described in baseline model (6YO HIII).
There was even a slight reduction in the percentage of element violating the criteria for skew and Jacobean
conditions.

Table 4 Element quality assessment of morphed model

Condition Criteria Baseline model Scaled model
Element violating Element violating
criteria (%) criteria (%)
Warpage angle <10 deg 2.66 2.67
Aspect ratio <10 0.44 0.44
skew <45 deg 1.38 1.37
Jacobian <0.6 5.57 5.28
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2.4 Morphing Verification

The standard three year old child restraint seat (CRS) was modelled to accommodate the child dummy model in
the sled test simulation. It is modelled as a rigid material with polypropylene material properties and a shell
element of belytschko-Tsay type. The seat and belt CAD model were first drawn and meshed using Ls Prepost. It
contains 3552 nodes, 3436 quadrilateral and 32 triangular elements. The mesh quality was tested and the aspect
ratio and warpage angle was 4.92 and 8.749 respectively. Fabric material (MAT_FABRIC_34) with isotropic
properties with belytschko-Tsay shell element was applied to five point harness belt. Both the seat and belt was
modelled using 2 mm thickness membrane elements. The material parameters are presented in Table 5.

Table 5 Material properties of child seat and belt [18]

Parameter Child seat Five point harness
K

Density (_93) 900 911.8
m

Elastic modulus (GPa) 1.2 6.27

Poisons ratio 0.3 0.3

Dummy was positioned into the CRS as shown in Fig. 4. Last raw of the five ends of the seat belt was
constrained to rigid seat using constrained extra nodes sets so that it follows the acceleration prescribed in the
negative x-direction.

Child dummy

CRS

Five point harness belt

Fig. 4 Child dummy model in CRS

To ensure that the model represents the 3YO child, its response was compared with Hybrid III 3YO child
dummy crash test results. In this case, the biomechanical response of the morphed model was compared with
literature values. An acceleration pulse was applied to the rigid seat in the negative x-direction, while constrained
in y and z direction for translation and rotation. The crash test was performed in LS DYNA software with an
acceleration pulse shown in Fig. 5 at impact velocity of 13.34m/s, in accordance with FMVSS 213. The head and
chest accelerations, resultant upper neck moments and forces were then measured and compared with
experimental and simulation results from literature.
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Fig. 5 FMVSS 213 prescribed acceleration for sled test

The dummy was positioned in the child seat and the constant downward gravity was applied in z-direction.
Simulations were conducted in LS DYNA Solver and analysis was done for time duration of 150ms which is enough
to observe the dummy response and interaction with child seat. AUTOMATIC_SURFACE_TO_SURFACE definition
with static and dynamic friction coefficient of 0.3 and segment based soft contact option with a scale factor of 0.1
was defined between the dummy and both child seat and seat belt. The pre- and post-processing analysis was
conducted with LS-Prepost (v4.2, LSTC, Livermore, CA, USA).

3. Scaled Dummy Model Validation

Due to difficulty in conducting crash tests using child PMHS or volunteer, child dummy response should at a
minimum meet the requirements of HIII 3YO child dummy. In this study experimental and simulation results
carried out using physical 3YO HIII dummy and HIII 3YO child dummy FE model from Turchi et al, 2004 [19], was
used to validate the response of the morphed 3YO model (DHI") . Fig. 6 compares the kinematic response of
Dy and physical dummy in a sled test conducted according to FMVSS 213. The figures depict an acceptable
correlation between the simulation and experimental tests.

44 ms
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88 ms

116 ms 116 ms
Fig. 6 Qualitative comparison of scaled model (DHI") and HIII 3Y0 crash dummy from Turchi et al, 2004 [19]

The numerical dummy seat was tilted to an angle of 20° in order to capture the physical dummy posture in
sled test and this can be seen at time t= 0 ms as seen in Fig. 6. When the acceleration was applied to the child seat,
upper and lower limbs of both dummies begin to extend forward, and neck flex as noticed at instant t=44m:s.
However, at t=88 ms, the physical dummy neck flex more than the numerical model does. This can be attributed
to the rigid CRS model used and a five point harness belt with limited extension characteristics. Greatest lower
limb extensions could be observed at t=116 ms for both numerical and physical dummies, with a little difference
in the upper limbs and head position.

In general, the numerical model mimics the response of the physical dummy qualitatively. The differences in
the response can be attributed to the approximations made in numerical modeling like the rigid seat, position of
application of sled acceleration and joint stiffness that is assumed to be equals to that of 6YO HIII and the fact that
the neck material properties were not adjusted.

3.1 Head X-Acceleration

The acceleration measured by accelerometer located at the head CoG in the impact direction is an important
parameter in evaluating child injuries in a crash. Head x-acceleration-time history curve of Dy ;; was compared
with experimental and numerical test results which took place under the same conditions by Turchi et al. (2004)
[19] as shown in Fig. 7. A channel frequency class (CFC) filter 1000 was applied to remove noise from the
simulation results as was done in the physical test and in accordance with specifications [20]. There is good
correlation in terms of the curve profile and peak timing between the experimental and simulation results while
the peak value exhibit an acceptable difference of 26% as shown in Table 6. Dy;;; shows excellent correlation
with simulation results of Turchi et al, 2004 in terms of peak value with a difference of 2.9%. The minimum head
x-acceleration of Dy and 3YO HIII simulation results was -33g and -34g respectively. The Dy and 3YO HIII
simulation model show similar characteristics in the fact that each has two major peaks: small peak around 30ms
and the main peak about 60ms. This is attributable to the similarities in the finite element characteristics.
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Fig. 7 Comparison of head x-acceleration of Dy, with experimental and simulation results of 3YO HIII from Turchi
etal 2004 [19]

In crash analysis and dummy modeling, the assessment is generally based on relative error of peak values of
the injury parameters. Comparison of peak values has been applied in verification and validation of numerical
models with experimental results by [21]- [25].

To date no criteria providing the percentage difference range for crash simulations and experimental results
comparison. Judgment is often done subjectively. Some studies by [26]- [29] considered about 20% as really
good, 20%-30% as fair and above 30% as poor. Recently, Wu et al. (2016) [30] considered a difference of 12.59%
between peak value of numerical and experimental results as great agreement. Therefore, the present work
considered 0%-20% as good and 20%-30% as acceptable or fair correlation in assessing the percentage difference
between 3YO dummy simulation results and experimental and simulation results from literature.

3.2 Chest X-Acceleration

The x-component of chest acceleration is measured by accelerometer located on the spine of the dummy and the
result was filtered using 180 CFC. Fig. 8 compares the Dy;;; with experimental and simulation results from
literature. All curves show similar profiles in the acceleration time history of chest in x-direction with fair
correlation in peak acceleration timing which took place around 25 ms for the three tests. The minimum chest
acceleration for Dy;j; correlates well with experimental and simulation test of 3YO HIIl dummy. The difference
was 11.6% and 7.1% for experimental and simulation results as shown in Table 6.
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° \ H T 4 VPV i e 1o dummy model (DHIII)
N v
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g !
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Fig. 8 Comparison of chest x-acceleration of Dy with experimental and simulation results of 3YO HIII from Turchi
etal (2004) [19]

3.3 Upper Neck Moment

The load cell located at the upper part of the dummy neck in the form of a beam element measures the neck
bending moment. Resultant moment about y-axis is plotted against time as shown in Fig. 9.The data was filtered
using 600 CFC as indicated in the 3YO HIII simulation test from Altenhof and Turchi (2004) [31]. The Dyyy;
experienced relatively high peak moment resultant of 43 Nm than the 3YO HIII dummy model with 36 Nm, but
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both models show two notable peaks which notify similarities in the curve trends. An acceptable correlation in
peak value was obtained from the two results with a difference of 19.4% as shown in Table 6. The higher peaks in

the Dy may probably be due to possible differences in the simulation setups.
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Fig. 9 Comparison of resultant upper neck moment of Dy, simulation results of 3YO HIII from Altenhof and
Turchi (2004) [31]

3.4 Upper Neck Force

The resultant neck force-time history measured by the upper neck load cell and filtered using 1000 CFC is shown
in Fig. 10. Both models exhibited excellent correlation because the peaks for the 3YO HIIl model and Dy, are

1200 N and 1172 N respectively with a difference of 2.3% as shown in Table 6. Even though Dy ; peak appeared
earlier, the two curves showed similar profile.
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Fig. 10 Comparison of resultant upper neck force of Dyy;; with simulation results from from Altenhof and Turchi
(2004) [31]

The results of the Dy;;; show good agreement with both experimental and simulation results using 3YO HIII
dummy. This indicates the capability of the new dummy model (Dy,;;) to measure injury parameters during crash
as 3YO HIII can do. Considering all the simplifications of the model, the Dy;;; can represent both physical and FE
3YO HIII model. It is very hardly to match the results of FE model with physical test in a simulation that was carried

out using different parts like CRS, harness belt and other connections. In fact, matching results of two different FE
models of the same dummy is highly difficult.
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Table 6 Comparison of D y;;; biomechanical response with experimental and simulation results of 3YO HIII

Head acceleration Chest acceleration Upper neck moment Upper neck force
9) 9) (Nm) (N)

Exper. Simul % Exper. Simul % Simul. Simul. % Simul.  Simul %

3YO HIII . diff.  3yo0 . diff. 3Y0 Dy diff. 3Y0 . diff.
Dy HIII Dy HIII HIII Dy

26 33 26 62 54.8 11.6 36 43 19.4 1200 1172 2.3

Simul. 3YO  Simul Simul.  Simul

HIII . 3Y0
DHIII HIH DHIII

34 33 2.9 59 54.8 7.1

4. Conclusions

This study described the technique of scaling child dummy FE models to other anthropometries using morphing
operation. Scaling 6YO HIII to 3YO HIII anthropometry was used as an example to demonstrate the technique. The
morphed model developed by scaling 6YO HIII dummy model to 3YO HIII child dummy dimensions has been
validated by the simulation and experimental results of 3YO HIII in a sled test. The dummy response matches
relatively well for all the parameters compared. Overall results indicates that the proposed technique was valid
and could therefore be applied to modeling dummies of various anthropometries without making reference to
physical ones. This enables the vulnerable children like obsess and children of non-standard sizes to be modeled
for the assessment of child restraint system and vehicle structures safety performance. Nigerian children that are
not represented by current crash dummies could be modeled using morphing technique.
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