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ABSTRACT

Active safety systems that start to act moments
before the crash might be capable of anticipating
the occupant’s position, either by correcting it, o
by taking the out-of-position into account. For the
development and evaluation of such active safety
systems, recently a run-time efficient multi-
directional computer human model that can
simulate active as well as passive human behaviour
has been developed. The objective of this study
was to evaluate this so-called active human model
for simulations of braking followed by a frontal
crash.

Simulations of published PMHS blunt frontal
impact tests on the head, thorax, and abdomen
showed that the model is capable of predicting the
PMHS peak responses within 20% deviation from
the PMHS response corridors. Here, the active
behaviour was switched off. Simulations of
published 1 g to 15 g full-body frontal impact test
with belted volunteers showed that the model is
capable of predicting the volunteer peak responses
within 20% deviation from the volunteer response
corridors. Here, values for the unknown parameters
reaction time and level of bracing in the neck (co-
contraction of neck muscles) were assumed.

Also, simulations with the active human model in a
car interior to which high severity impacts were
applied (pulses from Euro NCAP car-barrier frontal
impact tests), with and without preceding braking
as well as with active behaviour switched on and
switched off were performed. The results of these
simulations showed that the model is robust and
sensitive to effects of braking and active behayiou
and the effects of braking on the injury values are
dominant over the effects of the active behaviour
itself. However, the active behaviour is
indispensable for correct simulation of the human
pre-crash kinematics.

From this study it was concluded that the current
active human model is capable of simulating
realistic human full-body kinematics as well as
realistic injury values for the head and the tharax
one single simulation of braking followed by a

frontal crash. As such, the current active human
model can be used for evaluating the effectiveness
of active safety systems in frontal impacts.

INTRODUCTION

If an occupant is out-of-position (due to e.g. anse
of rollover, vehicle dynamics or a secondary human
task) just before a car crash, the outcome of the
injury may be a lot worse than in a normal driving
posture for which the restraint systems were
designed [1]. Active safety systems that startcto a
moments before the crash, might be capable of
anticipating the occupant’s position, either by
correcting it, or by taking the out-of-positionant
account. As examples, a system accelerating the
occupant rearward prior to a frontal collision in
combination with a reversible belt pretensioner
may result in an optimal position of an occupant at
the time the crash occurs [2], and a reactive
reversible belt pre-pretensioner that was designed
to provide benefit in frontal, rearward and lateral
crashes [3].

Thereby, several studies showed that the muscle
activation significantly affects the kinematics in

low severity impacts or pre-crash car movements.
From volunteer sled tests at 2.5 G frontal impact a
47+12% decrease in head forward excursion due to
bracing was observed, while it was 36+12% at 5.0
G [4]. In lap-belt only frontal sled tests up t® G

it was shown that being tensed reduces head and
neck flexion to nearly zero, while flexion of the
lower spine was substantially reduced as well [5].
Based on vehicle driving tests in normal trafftc, i
was observed that head excursion and head flexion
were much smaller when drivers applied the brakes
themselves versus surprise autonomous braking [6].
As such, the various states of awareness and
reactions of drivers and occupants on the
impending crash should be taken into account in
the development of active safety systems.

In order to evaluate the effect of an active safety
system during the crash, it would be most effective
if a human model for pre-crash kinematics could
also predict the kinematics as well as the risk of
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sustaining injuries during the crash. For this aim,
recently, a run-time efficient multi-directional
computer human model that can simulate active as
well as passive human behaviour has been
developed [7]. The objective of this study was to
evaluate this so-called active human model for
simulations of braking followed by a frontal crash.

METHODS
The Active Human M odel

The active human model evaluated in this study is
version 1.1 [8] available in the multi-body and
finite element software package MADYMO
version 7.4.1 [9]. The development of this model,
which is based on earlier developed MADYMO
whole body human models and human segment
models, is described in [7]. A detailed description
of this model can be found in [8]. The active
human model in a frontal crash simulation is shown
in Figurel. Below follows a short description of
this model.

Figurel. MADYMO Active Human Model.

For run-time efficiency and for focussing on
kinematics and global injury criteria only multi-

body techniques are used in this model. The model
consists of 186 bodies (178 rigid bodies and 8
flexible bodies). Inertial properties of the human
body segments are represented fully by the inertial
properties of the rigid and flexible bodies. The

body segments are connected by kinematic joints
representing the articular joints in a human body.
For modelling the interaction with the environment
and for visual representation the outer surface of
the whole human body as well as for many bones is
represented by meshes of shell-type massless
contact elements (further referred to as facets).
These facets are connected to the rigid and/or
flexible bodies. The ribcage and the hand bones are
not represented by facets, and the spinal vertebrae
are represented by ellipsoids. The contact force an
penetration of the model is calculated from stress-

strain functions defined for the facets of the oute
surface as well as for the underlying bones in the
arms, legs and thorax. Since the bones were defined
much stiffer than the outer surface, the penetnatio
is dependent on the location of the contact atthes
body parts. For the rest of the body parts a
combined flesh and bone stress-strain function was
defined. The thorax includes flexible bodies for
modelling the high deflection that can be seen at
the ribcage and abdomen in frontal and side
impacts.

For modelling active behaviour Hill-type muscle
elements [10] are included in the neck, arms and
legs. Because of the complexity of the musculature
of the spine, the active behaviour of the spine is
modelled by actuators on the vertebral joints. The
muscle elements have a realistic curvature that is
maintained during movements. Sensors in the
model measure the position of the head, elbows,
hips and spine. Based on the output of these
sensors, control systems determine the activation
levels for the various active elements in the model
(muscles and actuators) to stabilise to a defined
position. The control systems in the active human
model are all based on the scheme illustrated in
Figure2. Below, this basic control scheme is
explained, followed by the implementation and
some modifications per body part (neck, elbows,
hips, and spine).

Actuator /
Muscles

o

Muscle
recruitment

¥
Addition of
initid >
activation
/ Activation //
level /
output  /

A

Initial
activation
per DOF

/

- Neural delay -»

PID
controller

n

/

Activatiol
switch
per body
part
I
¥
Activaion
switch

.

eaction

/ _

time
[
Reaction
time
delay

Target
signd
per DOF
[
¥
Error

User input
Sensor [
/
sensor  /
output /
L/

Figure2. Basic control scheme of the active
human model.
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For each degree of freedom that is controlled, a
sensor is defined to measure the motion. Also, a
target signal is defined which can be changed (to
simulate e.g. voluntary or reflex movement), but
which by default is 0 in order to stabilise towards
the initial position. The control error is calcuddt

as the difference between the sensor and target
signals.

The next step is the reaction time. Here, the
reaction time represents the time it takes for the
human brain to start responding to any new event.
This includes the time needed for sensing, transfer
of the signal to the brain, and processing in the
brain. The reaction time is implemented such that:
« Control errors related to pure stabilising
behaviour, without any new events, cause a direct
response;

* New events cause a response with a delay of the
reaction time.

New events are automatically detected by the
active human model. A new event is defined as any
external load causing a control error that is large
than the maximum error occurred in the simulation
up to the current time step. If the error remains
below the maximum, the signal is transferred
directly, but if the error is above the maximumisit
limited to the maximum during the reaction time
before it increases further.

For each body part that is controlled the active
behaviour can be switched on or off. This is done
by multiplying the control signal with the

activation parameter, where ‘0’ results in no agtiv
behaviour, and ‘1’ results in active behaviour.
Proportional-integral-derivative (PID) controllers
aim to reduce the error by calculating a correcting
load. The P-action changes the controller action
based on the present error. The I-action makes sure
the controller will reduce the error to zero by
integrating the past errors. To damp out oscilieio
and reduce future errors the D-action makes the
controller action larger, if the error is increagin

and smaller, if the error is decreasing.

After the PID-controller a neural delay is
implemented. The neural delay represents the time
it takes for the signal transfer from the brairthte
muscle and the time it takes for the muscle to
convert the signal into a force. This neural désay
defined as (Equation 1):

d(ouput ) _ (input — output ) (1)
dt

T jeay _time

For the controllers on the neck musdtg@ay time

is set to 40 ms, for the controllers on the actigato

of the spine and on the muscles in the arms to 70
ms, and for the controllers on the muscles in the
legs to 100 ms. The neural delay behaves frequency
dependent, i.e. signals with lower frequencies are

transferred better than signals with higher
frequencies.

For initial equilibrium initialisation of the
controllers is required. In order to achieve this,
initial activation levels need to be defined frame t
output of a settling simulation in which the model
is run with only gravity applied to find an
equilibrium. The initial activation levels are adde
to the controller signals. The last step in theticin
scheme is different per body part, and explained
below.

The neck controller acts in three degrees of
freedom, being the three rotations of the head.
Depending on the user settings, the head rotations
are either calculated relative to the referenceespa
to keep the head upright, or relative to T1, topkee
the neck straight. The muscle recruitment table for
the neck was taken from the model of [11]. For the
neck the recruitment table is balanced, which
means that an error in one degree of freedom
results in a torque in only that degree of freedom.
Besides the control on the three degrees of freedom
of the head, also co-contraction of neck muscles
can be defined. Co-contraction is the simultaneous
tension of all muscles without giving any resultant
torques. Co-contraction will always be present to
some extent, and is possibly higher if a person is
tensed and/or bracing. In the active human model
the co-contraction level can be defined in thdahit
input as a relative value (0-1) of the maximum
possible muscle activation. The co-contraction
level is included in the calculation of the muscle
recruitment, and is balanced for any pitch angle.
For the co-contraction the reaction time and neural
delay can be switched off in the user input in orde
to avoid the co-contraction building up from zero
during the first part of the simulation.

The controllers on the left and right elbow each ac
in only one degree of freedom per side, being the
elbow flexion-extension. The muscle recruitment
for the elbow divides the muscles in a group of
flexors and a group of extensors and activates all
muscles in one group to the same extent.

The controllers on the left and right hip eachiact
three degrees of freedom, being the three rotations
of the hip joint, flexion-extension, medial-lateral
rotation, and abduction-adduction. The muscle
recruitment table for the hip is set up such, foat

a specific degree of freedom the muscles that have
most effect in that degree of freedom are activated
the most.

For the spine no target functions are defined.
Hence, the rotation error for the spine is equal to
the sensor output. The spine controller acts ieethr
degrees of freedom per vertebra for each of the 5
lumbar and 12 thoracic vertebrae, so 17 vertebrae
in total. For each vertebra sensors are defined to
measure the angle of the vertebra relative to the
sacrum (pelvis). The activation signal for each
vertebra is then applied to that vertebra as veell a
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to the vertebrae below, such that the spine is in a
stable position.

Comparison to Human Subjectsin Frontal
Impact Tests

The active human model’s response was tested
using almost all the human subject test data that
was used for the human and segment models the
model is based on, and new tests were added. The
test data comprise of blunt impact tests on various
body parts as well as full-body impact tests.
Frontal, lateral, rear and vertical human subject
loading tests at several loading severities and
conditions are included. The simulation set-ups of
these tests, the human subject responses or
response corridors, and the simulation results were
put together in an internally developed automated
test suite in which the active human model’s
responses are compared to that of the human
subjects. The tests as well as the active human
model’s responses compared to the human subject
responses (or response corridors) are described and
shown in a MADYMO Quality Report [12]. The

test data are from published post mortem human
subject (PMHS) tests as well as from published
volunteer tests. In order to simulate the tests in
most biofidelic way, the post mortem human
subject tests were simulated with the activation of
all controlled body parts switched off (passive
model), and the volunteer tests were simulated with
the activation of all these body parts switched on
(active model). By doing so, the passive behaviour
of the model is tested with the PMHS tests, and the
combined active and passive behaviour with the
volunteer tests.

This study focuses on the evaluation of the active
human model’'s response in braking and frontal
impact. Therefore, a number of impact tests that ar
essential for the evaluation of the response in
braking and frontal impact were selected from the
test suite for this study. The selected tests cm@pr
of PMHS blunt frontal impact tests on the head,
thorax and abdomen at several loading severities
(See Tablel) as well as volunteer full-body frontal
impact tests at several loading severities (See
Table2). The 1 g car braking test (See test no 1 in
Table2) and the 3.8 g frontal impact sled test (See
test no 2 in Table2) are new tests added to the tes
suite of the active human model.

Tablel.
PMHS blunt frontal impact tests
No | Body part | Impactor | Impactor | Impact | Ref.
shape mass | velocity
[kl [m/s]
1 head rigid 23.4 2.0,5.5 [13]
cylinder
2 thorax | rigid disk 23.4 3.4,5.8 [14]
3 thorax | rigid disk 23.4 4.9, 6.9| [15],
9.9 |[16],
[17]
4 thorax | rigid disk 10.4, 22.2 7.0, 9.9| [18],
[19]
5 | abdomen| rigid ba 31.4 6.9 [20]
Table2.
Volunteer full-body frontal impact tests
No | Test set-up Subject Peak Ref.
position | deceleration
[d]
1 car braking | Seating | 1during1.7 s [2]
event occupant
2 | sledrigid seaf seating 3.8 [21],
with 3-p belt | occupant [22]
3 | sledrigid seaff sitting 15 [23],
with 5-p belt | straight-up [24],
(25],
[26]

Evaluation for Various Frontal Crash
Scenarios

In order to evaluate the robustness as well as the
sensitivity of the active human model for pre-crash
braking followed by a crash, several frontal crash
scenarios were simulated. The car interior consists
of a seat with conventional 3-point belt (with
retractor and load limiter) and airbag. The applied
crash pulses were obtained from Euro NCAP 64
km/h 40% offset car-barrier frontal impact tests of
three different car types, i.e. a small car witbrsh
bonnet, a large car with long bonnet, and a SUV.
For confidentiality reasons the car types are not
mentioned, and the crash pulses are not shown
here.

For evaluating the effect of the active behaviaur o
the kinematics and the injury values of the model,
simulations with the active human model with
active behaviour switched on (active model) as
well as switched off (passive model) for all body
parts were performed. For evaluating the effect of
braking on the kinematics and injury values all
three simulations with the active model were
repeated with a braking phase of 8.07ulsring 1 s
preceding the same crash pulse.

A quantitative evaluation of the risk of injurieasv
not made, since the injury limits have not yet been
validated for the active human model. Thereby, the
car interior was not from an existing car, and was
the same for all three pulses. However, the saht an
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belt parameters were in the range of existing car
seats and belts.

RESULTS

Comparison to Human Subjectsin Frontal
Impact Tests

The force-time responses of the head of the passive
model in the blunt frontal head impact tests (See
test no 1 in Tablel) are compared to the PMHS
response corridors iigure3 and Figure4.

Figure3 shows that the peak force as well as the
timing of it in the 2 m/s impact are within the pea
response corridors. Figure4 shows that the peak
force of the head in the 5.5 m/s impact is 4% above
the upper corridor, and the peak timing is within

the peak response corridors. These simulation
results indicate that the passive model's head is
capable of predicting realistic forces-time
responses of the human head in frontal impacts.
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Figure3. PMHS response corridors and active
human model (passive) response in blunt frontal
head impact with 23.4 kg at 2 m/s.
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Figure4. PMHS response corridors and active
human model (passive) response in blunt frontal
head impact with 23.4 kg at 5.5 m/s.

The force-deflection responses of the thorax of the
passive model in the blunt frontal thorax impact
tests (See test no 2, 3 and 4 in Tablel) are

compared to the PMHS response corridors in
Figure5 to Figurell. These figures show that in
five of the seven thorax impact tests the peakeforc
of the passive model is within the response
corridors of the PMHS, and in the two most severe
impacts (23.4 kg and 22.2 kg at 9.9 m/s) the peak
forces are 4% below the peak of the lower corridor.
These figures also show that in three impact tests
the peak deflection is within the response corgdor
of the PMHS, in the three most severe impact tests
(23.4 kg at 6.9 m/s and 9.9 m/s, and 22.2 kg at 9.9
m/s) the peak deflection is at most 20% above the
peak of the upper corridor, and in the impact tests
with the lowest mass (10.4 kg at 7 m/s) the peak
deflection is 8% below the peak of the lower
corridor. The force-deflection responses at the sta
of the impact are within the corridors for all gest
except one (23.4 kg at 5.8 m/s). However, the
corridor of this impact test is very narrow
compared to that of similar impacts (23.4 kg at 4.6
m/s and 6.9 m/s). These simulation results indicate
that the passive model’s thorax is capable of
predicting realistic force-deflection responses of
the human thorax in frontal impacts.
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Figure5. PMHS response corridors and active

human model (passivegsponse in blunt frontal

thorax impact with 23.4 kg at 3.4 m/s.
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Figure6. PMHS response corridors and active

human model (passivegsponse in blunt frontal
thorax impact with 23.4 kg at 5.8 m/s.
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Figure7. PMHS response corridors and active
human model (passivegsponse in blunt frontal

thorax impact with 23.4 kg at 4.9 m/s.

10000
— Model passive
Corridor
8000+
z 6000
Q
2
£ 4000
2000}

% 002 004 006 008 01 012 0.4
Deflection [m]

Figure8. PMHS response corridors and active

human model (passive) response in blunt frontal

thorax impact with 23.4 kg at 6.9 m/s.
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Figured. PMHS response corridors and active
human model (passive) response in blunt frontal

thorax impact with 23.4 kg at 9.9 m/s.
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Figurel0. PMHS response corridors and active
human model (passive) response in blunt frontal

thorax impact with 10.4 kg at 7 m/s.
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Figurell. PMHS response corridors and active

human model (passive) response in blunt frontal

thorax impact with 22.2 kg at 9.9 m/s.

The force-deflection response of the passive model
in the blunt frontal abdomen impact test (See test
no 5 in Tablel) is compared to the PMHS response
corridors in Figurel12. This figure shows that at th
start of the impact the force-deflection respomsse i
on top of the upper corridor of the PMHS
responses. However, the peak force as well as the
peak deflection are within the response corridérs o
the PMHS. This simulation result indicates that the
passive model’'s abdomen is capable of predicting
realistic force-deflection responses of the human
abdomen in frontal impacts, although it is only
evaluated for one impact severity.
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Figurel2. PMHS response corridors and active
human model (passive) response in blunt frontal

abdomen impact 31.4 kg at 6.9 m/s.

The chest and neck horizontal displacements of the
active human model in the 1 g car braking test (See
test no 1 in Table2) are compared to the volunteer
responses in Figurel3 and Figurel4. These figures
were copied from [7] just to show the complete
testing of the active model’s responses in fullyod
frontal impact. The chest displacement was
measured at the belt, and the neck displacement at
collar around the neck. Various reaction times
(RT’s) were simulated here. The co-contraction
(CCR) was set to 0.5, which was an engineering
judgement. However, the co-contraction of the
neck muscles hardly affects the neck displacement
in this simulation, since the displacement of the
spine determines the displacement of the chest and
neck most in this case. Figure13 shows that the
peak chest displacement of the active model is
equal to that of the volunteer with the smallestipe
chest displacement. Figure14 shows that the peak
neck displacement of the active model is
approximately 20% smaller than that of the
volunteer with the smallest peak neck
displacement. The difference in neck displacement
can be explained by the fact that the volunteers
were wearing a thick winter coat which was not
accounted for in the simulation. This caused the
active model to be restrained by the belt a bit
earlier than the volunteers, resulting in a smaller
neck displacement than the volunteers. These
simulation results indicate that the active model i
capable of predicting realistic neck and chest
displacements in car braking events.
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5 o0
1S
Q
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Figurel3. Chest displacement of active human
model at various RT's and CCR=0.5 and of
volunteers in 1 g car braking.
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Figureld. Neck displacement of active human
model at various RT's and CCR=0.5 and of
volunteers in 1 g car braking.

2500

The head, T1 and pelvis horizontal displacements
of the active human model in the 3.8 g frontal
impact tests (See test no 2 in Table2) are compared
to the volunteer response corridors in Figurel5 to
Figurel7. The head horizontal displacement was
measured at the top of the head, that of T1 at a
position close to T1. The iliac crest was used to
measure the horizontal displacement of the pelvis.
Various reaction times (RT’s) were simulated here.
The co-contraction (CCR) was set to 0.5. These
figures show that the active model best predias th
volunteers kinematics at RT=25 ms. At this value
the active model’s head, T1, and pelvis horizontal
displacement are completely within the volunteer
response corridors. Thereby, Figurel5 and
Figurel6 show that the spread of the volunteer head
and T1 horizontal displacements as well as the
timing of the peaks can partly be simulated by
varying the reaction time. Although, Figurel7
shows that the pelvis displacement shows a slightly
different movement than that of the volunteers.
This was caused by the pelvis sliding a few
centimetres over the flesh of the upper legs, which
is not modelled in the active human model. These
simulation results indicate that the active model i
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capable of predicting realistic human full-body
kinematics in 3.8 g full-body frontal impact.
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Figurel5. Head top x-displacement w.r.t. sled of
active human model at various RT’s and CCR=0.5
and volunteer response corridors in 3.8 g frontal
impact.
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Figurel6. T1 x-displacement w.r.t. sled of active
human model at various RT’s and CCR=0.5 and
volunteer response corridors in 3.8 g frontal
impact.
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Figurel?. lliac crest x-displacement w.r.t. sled of
active human model at various RT's and CCR=0.5
and volunteer response corridors in 3.8 g frontal
impact.

The head rotation and head centre of gravity (COG)
horizontal displacement of the active model in the
15 g frontal impact test (See test no 3 in Table2)
are compared to the volunteer response corridors in

Figurel8 and Figurel9. Various reaction times
(RT’s) were simulated here. The co-contraction
(CCR) was set to 0.5. This test was also simulated
in [7] for RT=0, 50 and 100 ms, and various levels
of co-contraction. Figure18 and Figure19 show that
the active model best predicts the volunteers
kinematics at RT=25 ms. These figures show that
at RT=25 ms the peak head rotation of the active
model is approximately equal to the upper corridor,
and the peak head rotation is 5% below the lower
corridor. Both responses are almost within the
volunteer response corridors, only the timing @&f th
peak head rotation is 15 ms earlier than thatef th
volunteers. These simulation results indicate that
the active model’s head-neck complex is capable of
predicting realistic human head-neck kinematics in
15 g full-body frontal impact.
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Figurel8. Head rotation w.r.t. to sled of active
human model at various RT’'s and CCR=0.5 ms and

volunteer response corridors in 15 g frontal impact
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Figurel9. Head COG x-displacement w.r.t. sled of
active human model at various RT's and CCR=0.5
and volunteer response corridors in 15 g frontal
impact.

Evaluation for Various Frontal Crash
Scenarios

The position of the active model (red) and passive
model (green) at onset of the frontal crash
simulation for the small car is shown in Figure20,
and at 60 ms (just before contact with airbag) in
Figure21. The position of the active model at onset
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of the frontal crash simulation for the small car
with preceding braking (red) and without preceding
braking (blue) is shown in Figure22, and at 1000
ms (prior to start of crash pulse) in Figure23, ahd
1060 ms (prior to contact with airbag) in Figure24.
The simulations of the other cars showed similar
differences between the position of the active
model and passive model as well as between with
and without preceding braking.

Figure21 shows that the head of the passive model
just before contact with the airbag is slightly mor
upward rotated than that of the active model.
Figure23 shows that braking causes the active
model to move forward just before the impact.
Also, Figure24 shows that due to braking before
the crash the active model contacts the airbag
earlier than without braking.

Figure20. Position of active (red) and passive
(green) model at onset of the frontal impact
simulations of the small car.

Figure21. Position of active (red) and passive
(green) model at 60 ms of the frontal impact
simulations of the small car.

Figure22. Position of the active model with (blue)
and without (red) preceding braking at onset of the
frontal impact simulations of the small car.

Figure23. Position of the active model with (blue)
and without (red) preceding braking at 1000 ms of
the frontal impact simulations of the small car.

Figure24. Position of the active model with (blue)
and without (red) preceding braking at 1060 ms of
the frontal impact simulations of the small car.
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The resulting HIGsns peak upper chest deflection,
and peak T1 forward displacement from the
simulations of the frontal crash scenarios are show
in Table3.

Table3.
Simulation results of variousfrontal crash
scenarioswith active and passive model

Simulation HICgms | LOwer chest T1x-

[-] deflection |displacement
[m] [m]

Passive modgl 930 0.024 0.361

small car

Active model 883 0.026 0.352

small car

Active model 620 0.057 0.423

small car

with braking

Passive modgl 725 0.023 0.357

large car

Active model 733 0.027 0.349

large car

Active model 552 0.050 0.419

large car

with braking

Passive modgl 525 0.023 0.338

SUV

Active model 477 0.023 0.325

SUV

Active model 328 0.050 0.388

SUV

with braking

Comparing the results of the active model to that o
the passive model this table shows that the active
behaviour decreases the Hifsas well as the peak
T1 forward displacement, and increases the peak
lower chest deflection for all three crash pulses.
This indicates that the active human model robustly
predicts effects of active behaviour in frontalstra
simulations. Comparing the results of the active
model with braking to that without braking this

table shows that braking decreases theskiliCand
increases the peak T1 forward displacement and
peal lower chest deflection for all three crash
pulses. This indicates that the active human model
robustly predicts effects of braking in frontal shha
simulations.

Table3 shows that the active behaviour decreases
the HIGgmsby 9% at most, and the braking
decreases it by 31% at most. The active behaviour
increases the peak lower chest deflection by 14% at
most, and the braking increases it by 121% at most.
Further, the active behaviour decreases the peak T1
forward displacement with 4% at most, and the
braking increases it by 20% at most. So, in these
simulations a different position prior to the crash
due to braking affects the Hig;sas well as the

chest deflection at least three times more than the
active behaviour itself does. Also, the simulation
results show that a more forward position prior to

the crash, due to the braking, results in
approximately twice as high chest deflection.
However, in these simulations a shorter distance to
the airbag prior to the crash results in a smaller
head impact. These results indicate that the active
human model is sensitive to effects of braking and
active behaviour, and the effects of braking on the
injury values are dominant over the effects of
active behaviour.

DISCUSSION

The simulation results of the head, thorax and
abdomen blunt frontal impact tests showed that the
active human model is capable of predicting the
PMHS peak responses within 20% deviation from
the PMHS response corridors. The maximum
deviation from the corridors was found for the peak
thorax deflection in the two most severe thorax
impact tests. However, the impact severity of these
blunt impact tests may be higher than observed in
current automotive crashes, due to advances in
crashworthiness and restraint systems. It must be
noted that the blunt impact test data were all from
PMHS. So, only the model’s passive thorax and
abdomen response could be evaluated.
Nevertheless, for the severity of these blunt imhpac
tests the thorax and abdomen muscle activation is
assumed to have a minor effect on the response.
For this reason, active behaviour of the ribcage an
abdomen are not included in the model. For pre-
crash kinematics the active behaviour of the thorax
is included in the spine.

The simulation results of the volunteer full-body
frontal impact tests showed that the active human
model is capable of predicting the volunteer peak
responses within 20% deviation from the volunteer
response corridors. The maximum deviation from
the corridors was found for the peak neck forward
displacement in the 1 g car braking test. The
simulation results of the two other volunteer full-
body frontal impact tests showed a better fit with
the volunteer response corridors. These two
volunteer tests were performed in a well-defined
lab environment, and therefore could be simulated
more accurately. For the simulation results of¢hes
two tests the best fit with the volunteer response
corridors was obtained with the reaction time set t
25 ms, while the co-contraction level of the neck
muscles was assumed to be 0.5 (50% of the
maximum possible muscle activation).

The simulation results of the various frontal crash
scenarios showed that the active human model is
robust and sensitive to effects of braking andvacti
behaviour. Also, these simulation results showed
that the effects of braking on the injury values ar
dominant over the effects of the active behaviour
itself. However, the active behaviour is
indispensable for correct simulation of the pre-
crash kinematics.
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It must be noted that the active human model has
not yet been validated for injury prediction. So, a
guantitative evaluation of the effect of activeetwf
systems on the risk of injuries is not possible yet
However, the current model is capable of
predicting realistic human head, thorax and
abdomen blunt impact responses at several loading
severities and conditions, as well as realistic &oim
kinematics in 1 g to 15 g full-body impact. As such
the current active human model can be used for
evaluating the effectiveness of active safety
systems in frontal impacts.

CONCLUSION

From this study it was concluded that the current
active human model is capable of simulating
realistic human full-body kinematics as well as
realistic injury values for the head and the thdrax
one single simulation of braking followed by a
frontal crash. As such, this model can be used as a
tool in the development process of an active safety
system for evaluating its effectiveness in frontal
impacts.
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