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ABSTRACT
The objective of this study was to explore the relevance between Autonomous Emergency Braking
(AEB) control strategy and occupant pre-impact kinematics among a typical real-world cut-in impact
scenario. First, the accident scenario was built with PreScan software after accident analysis. Second, a
MADYMO simulation model with Active Human Model (AHM) was built and validated with the volun-
teer test carried out by our team. Finally, the AEB module and related control strategies were intro-
duced into the main vehicle, and the effects of different strategies on the occupant kinematic were
evaluated. The simulation results indicated that it was efficient to evaluate the occupant kinematics
during pre-impact phase through vehicle and occupant integrated simulation method. The main
vehicle’s velocity could be reduced between 5 km/h and 14 km/h respectively after introducing differ-
ent AEB control strategies, which was less than the one manoeuvred by driver (22 km/h). Earlier activa-
tion of the AEB and heavier braking could result in larger up-body displacement, but less final impact
velocity, and the maximum head displacement reached 172.56mm due to the AEB control. Comparing
partial braking with detection angle 9� case with 100% braking with detection angle 18� case, the
head, thorax and shoulder displacements were increased by 94.8%, 104.1%, and 48.7%. This research
is beneficial for the subsequent integrated safety analysis.
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1. Introduction

Road traffic injuries are currently the leading cause of death
for children and young adults aged 5–29 years, and the
number of deaths on the world’s roads remains unaccept-
ably high, with an estimated 1.35 million people dying each
year [1]. Continuous efforts have been made to improve
vehicle safety and mitigate the road traffic injuries [2–6].
With the advent of vehicle active safety technologies,
researchers and engineers have become increasingly inter-
ested in preventing accidents by Advance Driver Assistance
Systems (ADAS) [7, 8]. The ADAS can brake automatically
and influence the vehicle’s kinematics before impact and so
they can avoid or mitigate accidents [9]. Based on surveys
analysing the cause of traffic accidents, ADAS features have
the potential to reduce vehicle traffic accidents by up to
40% [10].

Among ADAS, the Autonomous Emergency Braking
(AEB) seems to be a future key to improve vehicle passen-
ger safety, which can reduce collision speeds, and therefore
severity levels significantly [11,12]. Recently, more vehicle
models are equipped with the AEB system. The effectiveness
of AEB in collision damage mitigation is usually assessed in
a proving ground following a prescribed test protocol.

While in the reality, there may be various situations in
which AEB can be activated, and the occupant posture can
be changed by braking manoeuvres as well [13]. Bastien et
al. [14] proposed a new set of generic biomechanical kine-
matic responses based on sled test data, and provided new
kinematics corridors for head and torso angular change in a
typical ‘1 g’ frontal scenario. Riske Meijer et al. [15] indi-
cated that the active human model responses differed sig-
nificantly with that of a dummy model in a far-side impact.
van Rooij et al. [16] performed a study with a professional
driver under braced as well as unbraced conditions, attentive
braking by the driver led to forward displacements between
37 and 128mm, whereas automatic braking at distracted
conditions led to an average forward displacement of
123mm. Such changes of driver’s posture and velocity dur-
ing emergency manoeuvres exert influence on the injury
risks in frontal impact collisions [17].

The objective of this study was to evaluate occupant pos-
ture changes during pre-impact braking and explain effects
of AEB control strategy on occupant kinematics. In order to
build the pre-crash circumstance, a typical cut-in scenario
was reconstructed with the PreScan software according to a
real-world accident. The MADYMO simulation model
including the Active Human Model (AHM) was built and
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correlated with the volunteer test results. Then the AEB
module was introduced into the accident scenario and dif-
ferent control strategies’ effects on both vehicle longitudinal
velocities and occupant longitudinal displacements
were evaluated.

2 Method

2.1. Accident analysis and scenario reconstruction

The vehicle cut-in scenario for this study is based on a real
traffic accident case. According to the road camera, the
frontal target vehicle (TV) changed the lane suddenly
towards the gas station, while the rear main vehicle (SV)
was driving in the right lane with a higher speed at initial
moment (Figure 1a). The driver’s vision of SV was blocked
by the bus, and he took braking manoeuvre immediately
after detecting the TV’s cut-in manoeuvre. The impact
occurred due to the high relative speed (Figure 1b).

The frame rate for this road camera was 15 fps, which
indicated the time interval of each frame was 0.067 s. The
main features of vehicles including wheel-base were visible
in the video, and the vehicle motion could be tracked frame
by frame. The vehicle velocity in this case was calculated by
the moving ruler time interpolation method [18], as shown
in Equation 1.

V ¼ Lf
nþ Dt1

(1)

Where L is wheel-base, n is frame number, f is frame
rate, Dt1 is interpolation time.

After analysing the vehicle motion through video analysis
and calculating the Dt1 of the video, the velocity of each
vehicle could be obtained (Figure 2). The initial velocity of
SV was about 90 km/h (25.0m/s), and the velocity change of
SV due to driver manoeuvre was around 22 km/h (6.1m/s).

The PreScan software was used to reconstruct the acci-
dent scene, including a five-lane road with a length of 100
metres, two vehicles and a bus (limited by the PreScan data-
base, replaced by a similar truck). The vehicle path, as well
as the vehicle motion was set according to the accident
video, as shown in Figure 3 below.

In order to reconstruct the accident scene more realistic-
ally in the PreScan, the path follower module was applied
for the vehicle motion reconstruction. To validate its accur-
acy, the PreScan simulation results at 0 s, 0.6 s, 1.2 s and
1.9 s were captured and compared with the corresponding
frames of the accident video. The simulated animation cor-
related well with accident scene (Figure 4). Figure 5 illus-
trates the comparisons of velocities from the video analysis
and the PreScan simulation, which indicated that the
PreScan accident scene was reliable and could be used for
subsequent research.

2.2. Volunteer test and occupant model validation

To analyse the out-of-position displacements of passengers
under the emergency braking condition, a volunteer test
based on a vehicle from local manufacture was carried out
by our team [19]. The acceleration sensor was placed
under the B-pillar to measure the deceleration of the
vehicle, and the force sensors (f305-z4944) were placed at

Figure 1. Cut-in accident scenario.

Figure 2. Vehicle velocities among the cut-in accident.
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both shoulder belt and lap belt to record the seat belt
forces. Besides, a displacement sensor was placed under
the seat headrest to measure the out-of-position

displacement of the occupant’s thorax (T1, Figure 6a). The
test data was stored in the on-board data acquisition
device (Figure 6b).

Figure 3. Accident scenario reconstruction in PreScan.

Figure 4. Correlation of vehicle motion.
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The occupant kinematics simulation model (Figure 7) was
built by using MADYMO software, which could be used to
analyse the relevance between braking parameters and occu-
pant responses. In addition to the restraint system modules,
an Active Human Model (AHM) from MADYMO database
was introduced for better biofidelic response, since AHM has
controllers for major joints of the neck, arm, spine regions
[20]. Besides, the AHM was used instead of Hybrid-III
dummy because the kinematic of the Hybrid-III dummy in
such scenarios turned out to be unrealistic in previous study
[21]. For this reason, more and more researchers were using
active human model or human FE model to study occupant
kinematics and injury mechanism [22,23].

The AHM muscle model is based on the classic Hill
muscle model, which simulates the human muscle move-
ment through the contraction unit (ce) and the parallel elas-
tic unit (pe) [24]. Two endpoints of a muscle model can be
linked to bodies or any two points in the reference space.
Among the muscle model, the muscle force is expressed as
a function of the distance between two points (l), the elong-
ation speed (v) and the degree of activation (A). The equa-
tions of muscle forces are as follows:

F ¼ Fce þ Fpe (2)

Fce ¼ A tð ÞFmaxFH vð ÞFL lð Þ (3)

Fpe ¼ FmaxFp lð Þ (4)

Where, Fce is the contraction unit force, Fpe is the paral-
lel elastic unit force, A tð Þ is the muscle activation level over
time, Fmax is the maximum isometric contraction force,
FH vð Þ is the normalised active force over velocity for the
contractive unit, FL lð Þ is the normalised active force over
length for the contractive unit and Fp lð Þ is the normalised
passive force over length for the parallel elastic unit.

For this study, the parameters of Fmax, FHðvÞ, FLðlÞ and
FpðlÞ were set according to relevant literature [25,26]. The
model validation work was mainly focussing on AHM posi-
tioning and the definition of activation level. The muscle
activation level A tð Þ is between 0 and 1, which can be set
over time. 0 represents no active behaviour, 1 represents the
maximum tension degree [27]. For this model validation,
the activation level is time dependent, as shown in Figure 8.

As shown in Figure 9, both the shoulder belt force and
T1 displacement from the simulation were correlated with
those from the test. The T1 displacement curve of the AHM
simulation was coincident with that of the volunteer test,
which indicated that AHM and the volunteer were highly
consistent among the process of braking. The validated
simulation model would be used for the following study.

Figure 5. Validation of vehicle velocities.

Figure 6. Volunteer test set-up.
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2.3. AEB control strategy set-up

In this study, the motion of the main vehicle among the
pre-impact phase could be affected by the AEB control
strategy of the vehicle after introducing the AEB module.
When the target vehicle could be detected, the AEB would
assess their relative position and trigger corresponding brak-
ing manoeuvre in certain emergency cases. In this case, the
main vehicle adopted Long Range Radar (LRR) and Short
Range Radar (SRR) to monitor its relative speed and

distance with the frontal target vehicle in the PreScan simu-
lation, and the detection angle of the LRR was set to 9� ori-
ginally. The AEB system adopted the commonly used Time
to Collision (TTC) algorithm to evaluate the front collision
risk, as in the research of Ref. [28]. TTC algorithm focuses
on the relative distance and the relative speed of two
vehicles (Equation 5).

TTC ¼ Dr

Vr
(5)

Where Dr is relative distance, Vr is relative speed.
According to the typical cut-in scenario in this paper,

four kinds of control strategies were proposed for the fol-
lowing study: (a) two-stage partial braking strategy (LRR
angel at 9�), (b) one-stage 100% braking strategy (LRR angel
at 9�), (c) two-stage partial braking strategy (LRR angel at
18�) and (d) one-stage 100% braking strategy (LRR angel at
18�). These control strategies were set according to the pre-
vious research [29], and their effects on final impact veloc-
ities and occupant kinematics would be analysed in this
study, respectively. Besides, the influence of different detec-
tion angles on the AEB intervention time and braking accel-
eration would be analysed as well.

The vehicle dynamic module in PreScan is simple and
has no hydraulic control module. For this reason, a dynamic
module was introduced to simulate the change of throttle
opening and braking pressure more accurately in the pro-
cess of vehicle simulation. A transfer function (Equation 6)
is used to make the output of braking pressure more realis-
tic [30].

H sð Þ ¼ 1
asþ 1

(6)

Where a is the coefficient of time that delays the braking
(in this case, a ¼ 0.1), s is the input braking pressure.

The control strategy in the MATLAB/Simulink environ-
ment is shown in Figure 10.

3. Results

The SV’s acceleration and final impact velocity under each
control strategy during the pre-impact phase are shown in
Figure 11. From the braking acceleration curves in Figure
11a, it could be seen that the activation time of AEB was

Figure 7. Occupant simulation model with AHM.

Figure 8. Activation level of AHM main regions for this case.

Figure 9. Belt force and T1 displacement correlation.
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almost the same for those with the same detection angle.
The AEB activation timing under the detection angle of 9�

and 18� was 1.61 s and 1.45 s, respectively. The slope of
two-stage partial braking was less than that of one-stage
100% braking. In this case, the initial speed of SV was
90 km/h, and the final impact velocity was 85 km/h, 83 km/
h, 80 km/h and 76 km/h, respectively under four different
control strategies, as shown in Figure 11b.

The acceleration curves of pre-impact phase under four
different control strategies were imported into the validated
MADYMO simulation model for occupant kinematics ana-
lysis. The X-direction displacements for both occupant’s
head and T1 were output to evaluate the occupant’s kine-
matics among the pre-impact phase. As shown in Figure 12,
the displacements of the head and T1 were increased grad-
ually under the four control strategies. The maximum head
and T1 displacements occurred when using the one-stage
100% braking with sensor detection angle of 18�, while the
minimum displacements occurred when using the two-stage
partial braking with sensor detection angle of 9�. Thus, the
braking pressure and sensor detection angle have certain
effect on the occupant kinematics during pre-impact phase.

During the pre-impact simulation, the occupant’s X-dir-
ection displacements were much larger than Z-direction dis-
placements, thus only X-direction displacements were
evaluated in this case. Table 1 shows the maximum displace-
ment of each region under four control strategies. It can be
concluded that earlier activation of the AEB resulted in
larger up-body displacements in this case, and one-stage
100% braking strategy lead to larger up-body displacements
than two-stage partial braking strategy. Comparing partial
braking with RTA 9� case with 100% braking with RTA 18�

case, the head, T1 and shoulder displacements were
increased by 94.8%, 104.1% and 48.7%.

Figure 10. The AEB control strategy in Simulink.

Figure 11. Vehicle accelerations and impact velocities under different AEB con-
trol strategies.
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For further detailed analysis of the occupant’s maximum dis-
placements for major regions under four different AEB control
strategies, the coordinate point map was drawn by extracting the
coordinates from the AHM simulation results, as shown in
Figure 13. It can be seen that pre-impact braking affects up-body
displacements more obviously than the lower-body displace-
ments. The displacements for pelvis and lower extremity regions
were small among the pre-impact braking scenario.

4. Conclusions and discussion

This study evaluates the occupant’s out-of-position displace-
ments during a typical cut-in scenario and analyzes the

effects of AEB control strategy on occupant kinematics.
Both the PreScan model for pre-impact vehicle simulation
and MADYMO model for occupant kinematics simulation
were built. The following conclusions can be drawn:

1. It is efficient to evaluated the occupant kinematics dur-
ing pre-impact phase through the vehicle and occupant
integrated simulation method. For such typical cut-in
scenario, the braking manoeuvre by driver (impact
speed at 68 km/h) could be more effective than the one
controlled by AEB system (the minimum impact speed
at 76 km/h).

2. The displacements of active human model and the vol-
unteer are highly consistent among the longitudinal
braking, after introducing time dependent muscle acti-
vation parameters for occupant simulation model.

3. The pre-impact acceleration affects the occupant’s up-
body displacements more obvious than pelvis and knee
regions in such cut-in scenario. Earlier activation of the
AEB results in larger up-body displacements, but less
impact velocity for such cut-in scenario. Besides, heav-
ier braking leads to larger up-body displacements.

4. The braking control and sensor detection angle have
certain effect on the occupant kinematics during the
pre-impact phase. Comparing partial braking with RTA
9� case with 100% braking with RTA 18� case, the
head, T1 and shoulder displacements were increased by
94.8%, 104.1% and 48.7%. The maximum head displace-
ment could reach 172.56mm.

In this case, the main vehicle’s velocity was reduced by
5 km/h, 7 km/h, 10 km/h and 14 km/h, respectively when
using different AEB control strategies. These control strat-
egies’ effectiveness on other driving scenarios need further
analysis. Besides, this study only focuses on the occupant
longitudinal displacements during the pre-impact phase, the
occupant kinematics and injury indexes among the in-crash
phase of such typical cut-in scenario requires subse-
quent study.

Figure 12. Occupant head and T1 displacements.

Table 1. The maximum displacement of each region under four con-
trol strategies.

Case Head X(mm) T1 X(mm) Shoulder-right X(mm)

Partial braking with RTA 9� 88.57 37.84 29.9
100% braking with RTA 9� 126.42 56.23 33.8
Partial braking with RTA 18� 140.61 57.94 41.6
100% braking with RTA 18� 172.56 77.22 44.45
Average 132.04 57.31 37.42

Figure 13. Coordinate point map for certain regions under different AEB con-
trol strategies.
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