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ABSTRACT

In this paper four pedestrian models will be
presented: three 2-dimensional models with
2, 5 and 7V-segments respectively and one
3-dimensional model with 15 segments. All
these models were formulated with the gene-
ral Crash Victim Simulation package MADYMO.
Model results will be compared with the ex-
perimental results of a Part 572 dummy im-
pacted lateral at two wvelocities (30 and 40
km/h). The reliability of the models with
respect to their complexity will be dis-
cussed. Special attention will be given to
the mathematical representation of the con-
tact between the pedestrian and sharp
vehicle edges and the wvisualization of the
complex 3J-dimensional pedestrian motions
with a recently developed 3D-Graphics Pack-
age.

PEDESTRIANS ARE AMONG the most vulner-
able traffic participants. A pedestrian runs
more than twice as high a risk of being fa-
tally injured in a road accident as a car
occupant. In recent years traffic safety re-
search has concentrated more and more on
this problem of pedestrian accidents. One of
the methods to analyse the impact between a
pedestrian and a vehicle is mathematical mo-
deling. Advantages of mathematical models
are the exact reproducibility of a simula-
tion, the absence of measuring problems and
the possibility to conduct sensitivity-ana-
lyses in a simple, rapid and inexpensiwve
way.

This study was conducted with the MADYMO
program package, developed at the BResearch
Institute for Road Vehicles TNO. A descrip-

tion of this package, along with several

examples of applications can be found in

(1)¥. The main features of this package can

be summarized as follows:

Paper presented on 1983 SAE Symposium

- a compact FORTRAN source which can be
implemented on small computer systems;

- a 2D and a 3D option;

= a variable number of linkage systems;

5 a set of standard force interaction
routines;

= easy incorporation of user defined
subroutines for specific force inter-
actions and user defined output.

Based on a literature review of existing
pedestrian models presented at the 9th ESV
Conference (2) and results of several re-
cent accident analyses, a number of re-
quirements were formulated for mathematical
simulations of pedestrian-vehicle impacts.
The models described in literature wvaried
strongly in complexity: 2-dimensional mo-
dels with the npumber of segments for the
pedestrian varying between 1 amd 11 as well
as 3-dimensional models having up to 15
segments were reported. This literature
study did not show a clear relationship be-
tween the complexity of the different mo-
dels (i.e. number of elements, 20 versus
3D) at the one side and their reliability
at the other side. One of the aims of our
study therefore was to get a better insight
in this problem. Several models with vary-
ing complexity were developed. Three of the
models were 2-dimensional and presented in
(2). In this paper results of a 3-dimen-
sional model will be shown in addition to

* Numbers in parentheses designate referen-
ces at end of paper.
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2-dimensional simulations. The predictions
of these models are for a Part 572 dummy im-
pacted by an Audi 100 at two wvelocities,
namely 30 and 40 km/h.

The literature review showed that contact
models are very important for a reliable de-
scription of the pedestrian-vehicle impact.
The contact model must be able to cope with
the problem of edge contacts. In this paper
a new contact model will be described that
successfully was applied in the presented
simulations.

MODELING COF EDGE CONTACTS

One of the most important aspects con-
cerning the simulation of pedestrian acci-
dents is the representation of the contact
between wvehicle and pedestrian. For 2D-simu-
lations a special contact model has been
developed in which the external geometries
of pedestrian and wvehicle are simulated by
hyperellipses, i.e.:

G R (1
where a and b are the semi-axes of the hy-
perellipse and n the degree (see Fig. 1). If
n = 2, this equation describes a standard
ellipse; if n increases the hyperellipse
approximates more and more a rectangle as is
illustrated in Fig. 1 for n = 8.
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Fig. 1 Hyperellipses with identical semi-

axes, n = 2 and n = 8.

Fig. 2 shows two penetrating hyperellipses
he; and he;. Let 1; be an arbitrary tangent
line to hyperellipse hey;. A tangent line to
the hyperellipse hes; and parallel to 1; is
denoted by 1l,. The distance between 1, and
lz is denoted by A. The penetration between
the both hyperellipses is defined by the
minimum wvalue of A. In other words, the
penetration is calculated by rotating the
tangent lines until the distance between
them reaches a minimal walue. The starting

position of the tangent lines in this calcu-

lation is perpendicular to the line connect-
ing the centers of both hyperellipses. In
this contact model amn elastic contact force
can be defined which is a function of the
penetration. In addition hysteresis, fric-
tion and damping can be defined. The direc-
tion of the elastic and damping forces is
taken perpendicular to the tangent lines

while the point of applicaticon of these
forces is selected in the intersection of
the tangent line to the hyperellipse with
the highest stiffness.

Fig. 2 Penetration of two hyperellipses.
In case of 3-dimensional simulations a si-
milar approach is chosen. Here the external
geometry of the pedestrian elements is re-
presented by ellipsoids of the form.

1o ek g (2)

where a, b and ¢ are the semi-axes of the
ellipsoid. The car structure (i.e. the bum-
per and the hood) is approximated by hyper-
ellipsoids with one of the semi-axes having
an infinite length:

G w s Ealyttoy (3)

where a + =

Fig. 3 Hyperellipsoids with a degree of 2
and 4 respectively and identical

SEML-aXes.



In other words this hyperellipsoid repre-
sents a cylindrical body with a hyperellip-
tical cross-section in the yz plane.

A first step for generalisation of this
contact model to hyperellipsoid interac-
tions was made. In some cases, however,
numerical problems could be observed which
are not yet completely solved.

An illustratien of two hyperellipseoids with
identical semi-axes and degrees of respec-
tively 2 and & is shown in Fig. 3.

DESCRIPTION OF THE PEDESTRIAN MODELS

The simulations are limited to the pri-
mary impact (pedestrian-car contact) and are
concerned with lateral impacts, since this
is the type of dimpact most frequently
observed in pedestrian accidents (3). Three
2-dimensional models with 2, 5 and 7 seg-
ments respectively have been formulated as
is shown in Fig. 4.

k) a® joint

T zim)
| 2 -zagmgnt S=segment T-segment 15 segment
| o . o P
| | ] frl i } | )
T P P 4
| ¢ ) | i Y
| 1 | | \
| | ) [ | ) ol
19 _;ﬁ’\ e o
\_C'\_- d '-..53}_.-' |
i [ l 1 {14
| 1T (W
a5 1 :: '.' ‘ | e 1‘ :l.
| | B | L] b
! | | I | | | | |
o ! | TR VS TIRY) _F|||| Ly .
a0 1] 10 15 0 25 kD]

Fig. 4 Geometry and contact ellipses of
respectively 2-, 5- and 7-segment
2D-model and the 15-segment 3D-mo-
del.

The same contact ellipses are attached to
the 2 and 5 segment models. In the models
the arms are not incorporated as separate
segments: a part of the mass of the arms is
added to the mass of the thorax segments.
In additiomn a 15 segment model was defined
with the 3-dimensional option of MADYMO.
This model has 15 segments representing the
head, the neck, the upper torso, the spine,
the lower torso, the shoulders, the upper
and lower legs (Fig. 4). A recently dewel-
oped 3-dimensional MADYMO Graphics Package
was used to present the initial position of
the pedestrians (Fig. 5) which was estimat-
ed from high speed films.

Features of this graphics package include;
hidden lines elimination, plotting of in-
tersection lines between ellipsoids,
arbitrary viewpoint selection and a wvari-
able number of surface visualization lines,
The input data set describing the pedes-
trian (e.g. the geometry, mass distribution
and joint characteristics) is derived from
a standard data set of a Part 372 50th per-

centile male dummy.

The four models were applied to simulate a
Part 572 dummy impacted by a wehicle of the
type Audi 100. Vehicle dimensions were de-
termined from scale drawings and measure-
ments. Fig. 6 illustrates the representa-
tion of the vehicle in the models.

Fig. 5 Initial position of the pedes-
trian in the 3D simulations.
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Fig. 6 Representation of Audi 100 in the
models.

Dynamic force-deflection characteristics of
the bumper, hood and hood-edge of the Audi
100 wvehicle were determined experimentally
by the BASt (Bundesanstalt fiir Strassen-
wesen). Pendulum tests were used for the
bumper and the hood-edge. The rigid wooden
pendulum was equipped with an accelerometer,
while the wvehicle deflection was measured
with a lineair transducer, mounted in the
car. The pendulum mass was 10 kg for the
bumper impact and 15 kg for the hood-edge
while the impact wvelocity was 25 km/h in
these tests. For the hood a drop-test was
used. The impacting body was a rigid wooden
sphere with a mass of 5.25 kg and an impact
velocity of 30 km/h. Based on these mea-
surements and additiomal information on the
stiffness of wvarious dummy body parts the
force-deflection characteristics of the
pedestrian-vehicle contact interactions were
estimated. Identical data were used in all
four models. The mathematical models are
compared with a number of dummy tests, which
were conducted by the BASt. The dummy in
these tests, a Part 572 50th percentile
male, was equipped with triaxial accelero-
meters in the head, chest and pelvis and
uniaxial accelerometers in the knees and
feet. Test velocities were taken 30 and 40
km/h and the car deceleration 6 m/s2. Three
tests were conducted at each impact wveloc-
ity.

The dummy position before impact is shown in
Fig. 7. This position was selected after



several pretests. In these pretests it could
be cobserved that in case of a pure lateral
impact no direct head-hood contact occurs
due to the stiff neck and shoulder assembly
of the Part 572 dummy. Since head-impact was
desired in these tests, the dummy torso was
slightly rotated (25%) causing the dummy to
rotate around its wvertical axis during im-
pact and resulting in a direct head impact.
Experimental results of these tests will be
presented in the next section together with
mathematical model results.

Fig. 7 Dummy position at impact.

RESULTS

Fig. 8 shows model predictions for the
kinematics in a 40 km/h impact resulting
from the 2D 7-segment model and Fig. 9 the
kinematics from the 15-segment 3D-model. A
comparison of predicted trajectories of the

head, chest, pelvis and foot relative to
the .wvehicle and resulting from the 2D-
models is presented in Fig. 10. Fig. 11

compares the trajectories from the 7-zeg-
ment 2D-model and the 15-segment 3D-model.
These figures show that the trajectories of
the Z2-segment and S5-segment model are al-
most identical. Representation of the legs
by separate elements which was done in the
T-segment model results in an increase of
the distance between head impact point and
hood-edge.

From the 15-segment model a similar increa-
se in the distance between head impact
point and hood-edge can be observed. Table
1 summarizes the location of the head im-
pact point on the hood resulting from the
model calculations for the 30 km/h as well
as the 40 km/h impact together with experi-
mental results.

All model predictions are within or close
to the experimental range. Table 1 alsc in-
cludes calculated and measured head impact
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Fig. 9

velocities on the hood. Both the 5 and 7
segment 2-dimensional model appear to pre-
dict too high walues for this guantity in
comparison to the experimental observa-
tions. The head impact welocity resulting
from the 3-dimensional model however is
much smaller and below the experimental
range.

The 3-dimensional model predicts a large
rotation around the vertical body axis. A
similar rotation was observed in the expe-
riments.

Figure 12 presents model results together
with experimental data for the knee, pel-
chest and head accelerations in a 40

vis,
km/h impact. For the pelvis, chest and
head, resultant linear accelerations are

presented and for the knee joint the linear
acceleration in lateral direction. The
simple 2-segment model gives gquite reason-
able results for the acceleration-time his-
tories (i.e. these accelerations appear to
be in or close to the experimental corri-
dors). Application of the 5-segment model
does not result in better predictons for the
knee and pelvis acceleration. A small im-

Kinematics of 15-segment 3D-model, v = 40 km/h.

provement of the head and chest accelera-
tion-time histories, however, can be ob-
served particularly for t < 20 ms, where
head and chest acceleration become smaller
and more corresponding to the experimental
observations. The peak head acceleration,
however, is too high in this simulation.
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Fig. 10 Comparison of the trajectories of
the 2, 5 and 7-segment 2D-model,
v = 40 km/h.



Table 1  HEAD IMPACT VELOCITY AND HEAD IMPACT POINT FOR FOUR MODELS, ALONG WITH EXPERIMENTAL
RESULTS.
2D-model Experimental
2-segment S5-segment 7-segment 3D-model test-range
v = 30 km/h
resultant head-impact 9.1 12.3 11.4 6.1 6.7 - 9.2
velocity (m/s)
distance head-impact ’
point/hood-edge (m) 0.91 0.90 1.02 0.96 0.82 - 1.00
v = 40 km/h
resultant head-impact 127 16.6 15.6 9.9 11.2 - 12.5
velocity (m/s)
distance head-impact
point/hood-edge (m) 0.96 0.95 1.08 1.03 1.00 - 1.07
20 A limited sensitivity study was conducted
| ztm ——~ T-seqment to analyse the response of the 2, 5 and 7-
{ T = 15-segment segment models to variations in some of the
154 Ay o model input parameters. Results of the some
: :ﬁ{fﬁér—hhﬂ ﬁ“\\ of these wariations were presented in (2).
| i (e hhm. 4% From wariations conducted with the 3D-model
10 4 f: L }_:gb‘r it could be observed that the model results
; i 54%;;;,F-——’ g are quite sensitive to the initial position
: i ] of the arm at the impact side. Some of the
05 '~.j_:,_ h__f:;_____——ﬁ" arm positions were found to result in
] K\\|.I numerical instabilities in the model (high
] o frequent oscillations of outputparameters).
0 as By AP 2 e The reason for these instabilities is not
— yim) yet completely clear and is objective of
future research.
Fig. 11 Trajectories of the 7-segment
2D-model compared with the 15 E

segment 3D-model.

Extension of the 5-segment model with 2
segments in order to represent the left and
right leg separately, results in a slight
improvement with respect to the knee accele-
rations. Also, the alignment between model
and experimental head and chest accelera-
tions appears to become more realistically
now.

A further improvement of the model predic-
tions can be observed if the 3-D model is
used, particularly with respect to the pel-
vis acceleration time histories and the peak
head acceleration. Model resuolts for the
left and right foot acceleration and the
right knee acceleration are shown in Fig. 13
together with experimental corridors (not
available for the left foot. Alsoc these
model results appear to be in or close to
the experimental corridors.

Accelerations predicted by the models in a
30 km/h impact showed in general the same
characteristics as in the 40 km/h impact.
The agreement between model and experiment
in this impact was found to be less, how-
ever, than in the more severe 40 km/h im-
pact.
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Accelerations of knee, pelvis, chest and head for a) 2-segment,
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DISCUSSTON AND CONCLUSIONS

Mathematical simulation of the highly
complicated gross motion of the human body
impacted by a wvehicle has gained increasing
importance in the past years. In this paper
a series of three 2-dimensional pedestrian
models with 2, 5 and 7 segments and one 3-
dimensional model with 15 segments are pre-
sented. These models are formulated with
the General Crash Victim simulation program
package MADYMO.

A literature study presented in an
earlier paper (2) showed that adequate de-
scription of the contact between pedestrian
and wvehicle is of crucial importance for a
successful simulation. Particularly the con-
tact with sharp vehicle edges like bumper
and hood appeared to cause sometimes pro-
blems in the existing type of contact mo-
dels. Therefore a more advanced contact mo-
del was developed in which the wvehicle in
case of 2-dimensional simulations is repre-
sented by a number of so-called hyper-
ellipses. In case of 3-dimensional simula-
tions the wehicle contour is represented by
a npumber of hyperelliptical cylinders. These
new MADYMO contact models were found to per-
form very well for this type of applica-
tions.

For the 3-dimensional simulatiomns the
new MADYMO 3D Graphics Package was used to
visualize the complex occupant kinematics.
This post-processing computer program ap-
peared to be of invaluable importance for
the interpretation of the model results.

experimental corrider) in a 40 km/h impact.

The four models presented here were
used to simulate a Part 572 dummy impacted
at two different impact velocities (30 and
40 km/h) by an Audi 100 wehicle. All models
including the simple 2-segment model were
found to predict the head impact location on
the hood within or close to the experimental
range of results. Predictions for the head
impact wvelocity on the hood were too high
(+ 35%) in the 5 as well as the 7-segment
model. The 3-dimensicnal model however pre-
dicted much lower and more realistic values
for this quantity. The most important reason
for this might be that in the experiment
considerable rotations around the vertical
body axis could be observed. These rotations
are guite well predicted by the 3-dimen-
sional model. In other words a part of the
impact energy is transformed into rotations
of the pedestrian resulting in a decrease of
the lineair head welocity. In addition the
arm-hood impact might contribute to the
lesser head impact wvelocity in the 3-dimen-
sional model compared to the armless Z-di-
mensional models.

In general all models appeared to pro-
vide .values for the body segment accelera-
tions within or close to the experimental
range of results. A slight improvement of
the model results can be observed in the
more complex models. For instance due to the
lower head impact wvelocity in the 3-dimen-
sional model a lower and much more realistic
peak head acceleration during the hood im-
pact can be observed.



The observed differences between the
most realistic model, i.e. the 15-segment 3D
model, and the experiments mainly may be due
to the following reasons:

- High speed films were used to determine
the head wvelocity before impact with
the hood. Due to 3-dimensional head mo-
tions and absences of adequate calibra-
tion procedures, this measurement might
be rather inaccurate.

= Dynamic force-deflection characteris-
tics were determined for the bumper,
hood and hood edge. However, due to
possible differences in impact wvelac-
ities, shape of comtact bodies, and lo-
cation of the impact, the force de-
flection characteristics in the actual
dummy-vehicle impact may wvary. Devel-
opment of a contact model that accounts
for geometric and wvelocity effects
could contribute considerably to the
improvement of the models reliability.

The influence of the complexity of the

models can be summarized as follows:

- the reliability of the model for lat-
eral dummy impacts slightly improves if
a greater number of segments is defined
and if the 3-dimensional wversion is
used

= absence of an initial peak in head (and
chest) accelerations if the number of
segments for the upper part of the body
increases

= more realistic lower leg accelerations
{and consequently bumper loads) if the
legs are separately represented in the
models

= more realistic head impact welocities
{and peak head accelerations) if the
3-dimensional model is used.

Disadvantages of the application of the
15-segment 3D-model are:
- increase of computer time (3x compared
to the 7-segment 2D-model)
= increase of input parameters
= a relative large sensitivity of the
initial arm position at the impact side
= a larger possibility of model insta-
bilities.
Based on this in many cases use of the 7-
segment 2-dimensional model (or an extended
model with arms) is advisable.
The model results presented here, are
only valid for lateral (or oblique) Part 572
dummy impacts. A disadvantage of the Part
572 dummy in this respect is the stiff theo-
rax and shoulder structure. Another re-
striction is that these results are based on
only one single car type. Future studies
will include different car types, child
dummy impacts and the simulation of cadaver
experiments. If the mathematical models then
show reliable results for such different
conditions, successful model application
for the ewvaluatien and improvement of

pedestrian protection provided by different
car contours might be expected.
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