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Traffic Injury Prevention

Repositioning forward-leaning passengers by seatbelt pre-pretensioning
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aAutoliv Research, Vårgårda, Sweden; bDepartment of Mechanics and Maritime Sciences, Chalmers University of Technology, Gothenburg, 
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ABSTRACT
Objective: The study determined the seatbelt pre-pretensioner force needed and the time required 
to reposition average male front-seat passengers from forward-leaning to upright using finite 
element simulations of the Active SAFER Human Body Model (Active SHBM).
Methods: The Active SHBM was positioned in an initial forward-leaning position (29° forward from 
upright) on a deformable vehicle seat. A pre-pretensioner was modeled as a pre-loaded spring and 
its ability to reposition the forward-leaning Active SHBM to an upright position was simulated for 
twenty-four different pre-crash conditions. Four parameters were varied: (1) Automated Emergency 
Braking (AEB) active with 11 m/s2 or no AEB, (2) type of seatbelt system: Belt-In-Seat or B-pillar, (3) 
pre-pretensioner activation time (200 ms before, 100 ms before, or at the same time as AEB ramp-up), 
and (4) pre-pretensioner force (200 N, 300 N, 400 N, 600 N). The first thoracic vertebra fore-aft (T1 X) 
trajectories were compared against a reference upright position to determine the force and time 
needed to reposition and the effectiveness of repositioning in the different conditions.
Results: The lowest force enabling repositioning in all simulations was 400 N (no AEB, Belt-In-Seat). 
It took about 350 ms. In the presence of AEB, activating the pre-pretensioner 200 ms before AEB and 
using 600 N pre-pretensioner force was needed for repositioning (taking 200 ms with Belt-In-Seat 
and 260 ms with B-pillar installations). Repositioning was faster and thus more effective with the 
Belt-In-Seat seatbelt in all simulations.
Conclusions:  All four parameters (presence of AEB, type of seatbelt system, pre-pretensioner 
activation time and force) affected the repositioning ability and time required. Far from all 
combinations repositioned a forward-leaning average male occupant model, but those found to be 
effective and fast appear as a feasible option for vehicle safety systems to reposition out-of-position 
occupants during pre-crash events.

Introduction

Vehicle occupants assume various sitting postures while trav-
eling, with front-seat passengers adopting non-upright pos-
tures for most of their daily trips (Zhang et  al. 2004). With 
the increasing popularity of autonomous vehicles, passengers 
will have greater freedom of movement compared to tradi-
tional vehicles, leading to the emergence of new postures. In 
particular, forward-leaning postures are becoming prevalent 
in current car passengers and are expected to become even 
more common as passengers engage in secondary tasks, 
such as using electronic devices while traveling (Koppel 
et  al. 2019; Nie et  al. 2020; Reed et  al. 2020).

However, current safety systems are designed to protect 
occupants in traditional upright seating positions during 
emergency events or crashes. As a result, nontraditional pos-
tures of occupants may increase injury risks during crashes. 
Previous research has shown that leaning forward inboard or 
outboard can increase loadings, e.g., neck forces and 
moments during a crash (Benson et  al. 1996; Reed et  al. 
2020; Viano et  al. 2009). Additionally, forward-leaning 

passengers have exhibited greater excursions during pre-crash 
maneuvers, indicating poor upper body control (Leledakis 
et  al. 2021; Reed et  al. 2021). Therefore, effective counter-
measures for forward-leaning vehicle occupants are needed 
for better protection in the event of a crash.

One such countermeasure is the seatbelt pre-pretensioner 
(PPT) that tenses the seatbelt during pre-crash to reduce 
belt slack during a crash and reduce forward displacements 
(Mages et  al. 2011; Östh et  al. 2015; Mishra et  al. 2022). 
PPT was shown to reduce chest deflections and rib fracture 
risk in frontal crashes (Pipkorn and Wass 2017; Mishra et  al. 
2022). Furthermore, PPTs can effectively reposition 
forward-leaning occupants. For example, Graci et  al. found 
that a shoulder belt load of 300 N reduced out-of-position 
during a low-speed frontal pre-crash, while Schilling et  al. 
showed that a PPT force of 400 N was needed to reposition 
a UN R16 manikin leaning forward by 50 degrees in both 
physical tests and simulations (Schilling et  al. 2021; Graci 
et  al. 2022b). However, the effectiveness of PPTs in reposi-
tioning forward-leaning occupants during normal Automated 
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Emergency Braking (AEB) maneuvers (up to 1 g and until 
1 s) (Lindman et  al. 2010; Brännström et  al. 2014; Spitzhüttl 
and Liers 2019) has not been studied in previous literature.

Furthermore, previous studies have shown that avoidance 
maneuvers such as braking or steering precede half of the 
real-world crashes and influence the occupant posture 
(Ólafsdóttir et  al. 2013; Stockman 2016; Ghaffari et  al. 2018). 
Active Human Body Models (HBMs) can accurately simulate 
pre-crash muscular response and kinematics of vehicle occu-
pants in addition to predicting kinematics and injuries during 
a crash (Meijer et  al. 2013; Östh et  al. 2015; Devane et  al. 
2019). Several active HBMs are available, including the Active 
SAFER HBM (Active SHBM), which has been validated to 
predict occupant kinematics during pre-crash maneuvers with 
and without PPT seatbelts (Ólafsdóttir et  al. 2013; Östh et  al. 
2015; Larsson et  al. 2019; Ólafsdóttir et  al. 2019).

This study aimed to determine the magnitude of PPT force 
and time needed to reposition an average male Active SHBM 
seated on the front seat of a vehicle from a forward-leaning (29° 
forward from upright) to an upright position during pre-crash 
events. This can guide the development and fleet-deployment of 
PPT of the right specifications to ensure repositioning in the 
most common pre-crash events.

Methods

The Active SHBM version 10.0 (Pipkorn et  al. 2023) was 
used to represent a forward-leaning occupant seated in the 
passenger seat of a mid-sized car. The Active SHBM rep-
resents an average male weighing 77 kg with a height of 
175 cm (Robbins 1983). The active muscles are modeled 
with 1D Hill-type elements, and a closed-loop control strat-
egy is followed for the muscle activation of the cervical and 
lumbar regions, and upper arms (Larsson et  al. 2019). In 
this study, active muscles were used only for the neck and 
lumbar regions. The Active SHBM uses an angular position 
feedback control system to predict occupant postural 
responses during pre-crash scenarios.

A pre-simulation of 400 ms was run to position the Active 
SHBM in an upright position on the passenger seat using 
the Marionette method (Poulard et  al. 2015). The Active 
SHBM H-point matched that of a SAE mannikin in the 
same vehicle environment. The angle of the torso, measured 
between a point on the shoulder (lateral acromion) and the 
H-point, was 21° from the vertical. The X-coordinate of the 
first thoracic (T1) vertebra was extracted from this position, 
normalized to 0, and used as the reference upright position 
or the upright threshold. A forward-leaning angle of 29° for-
ward from the upright position (–8° from the vertical) was 
chosen to position the SHBM in a forward-leaning posture 
(Figure 1). The forward-leaning position approximately 
matched with previous volunteer tests which measured an 
angle of 40°, measured between the seatback and the shoul-
der of the SHBM with the vertex on the seat bight (Graci 
et  al. 2022b). A separate pre-simulation of 400 ms was then 
run to position the Active SHBM in the forward-leaning 
position on the passenger seat using the Marionette method 
and markers on the head center of gravity, T1, and arms 
(Poulard et  al. 2015).

The vehicle interior finite element model comprised a 
deformable seat model developed for vehicle crash simulations, 
similar to the one previously used by Östh et  al. (2020). The 
seat model consisted of a steel chassis with springs modeled 
with beams, supporting a low-density foam for the seat bolster. 
A three-point seatbelt model with the D-ring located at the 
B-pillar (BPI) was used. Separate simulations were also carried 
out with a Belt-In-Seat seatbelt (BIS) with the D-ring located 
above the seatback, as shown in Figure 1. The slipring friction 
coefficients at the D-ring and the buckle were 0.2 and 0.13, 
respectively. The seatbelt mesh included a combination of 
1-dimensional (1D) and 2-dimensional (2D) elements. The 1D 
elements were used to connect the seatbelt to the retractor and 
the anchor point while the 2D elements were used for the seat-
belt webbing. The width of the 2D seatbelt was 48 mm with 8 
elements across the width. The material model used was a seat-
belt material model (*MAT_SEATBELT) with a defined 
force-strain relationship giving 7% elongation at approximately 
10 kN tensile force. The seatbelt model was used with a PPT at 
different force levels to reposition the Active SHBM to an 
upright position during braking. The PPT was simplified to a 
pre-loaded spring which gets released at the point of time as 
defined and results in an immediate increase in belt force. The 
in-crash functionalities of the seatbelt such as pyrotechnical 
retractor pretensioning and load limiting were not used as they 
typically would not be active in the low-force events simulated. 
The seatbelt system has been validated in-house (at both system 
and component levels) for pre-crash braking followed by frontal 
crash tests in an initial upright position (Mishra et  al. 2022).

Two pre-crash scenarios were simulated. The first sce-
nario represented an 11 m/s2 AEB, using a generic pulse 
representative of a modern car in which maximum braking 
was achieved after a 200 ms delay followed by a 200 ms 
ramp-up time (as shown in Figure 2) (Östh et  al. 2022). 
The maximum braking level used was higher than reported 
by Graci et  al. (2021) but comparable to the maximum val-
ues reported by Mahdinia et  al. (2022). The total AEB 
duration simulated was 900 ms, realistic based on previously 
published data (Spitzhüttl and Liers 2019). The second sce-
nario was at a constant velocity, without any vehicle 

Figure 1.  The average male Active SHBM seated in a forward-leaning posture, 
29° forward from an upright position (shown in translucent shading) on a 
deformable seat inside the vehicle environment with the two different types of 
seatbelt systems: BPI (green belt textile) and BIS (red belt textile). Shoulder belt 
force can be measured as magnitude in the seatbelt direction or as X-component 
in direction of the global X-coordinate. Note: The BPI and BIS simulations were 
run separately. They are shown in the same figure just for comparison.
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dynamics intervention. The total simulation time for each 
simulation was 1200 ms, which included a 300 ms model 
initialization phase needed for the Active SHBM for initial-
izing the muscle activations. All simulations were carried 
out using LS-DYNA explicit finite element solver, double 
precision version R9.3.1 (LSTC, Livermore, CA, USA).

The simulation matrix comprised 24 simulations as shown 
in the Appendix (Table A1, see supplementary materials), with 
four parameters varied: AEB or No AEB, BPI or BIS system, 
PPT activation time, and PPT force. 16 simulations were run 
for the AEB scenario with either the BPI or BIS system. For 
the AEB and BPI simulations, three variations of the PPT acti-
vation time were simulated: PPT activated with the onset of 
AEB ramp-up, 100 ms before the AEB ramp-up, and 200 ms 
before the AEB ramp-up. For the AEB and BIS simulations, 
the PPT was only activated 200 ms before the AEB ramp-up. 
Four different PPT force levels were simulated based on pre-
vious studies that used PPT for repositioning (Schilling et  al. 
2021; Graci et  al. 2022b) or different purposes (Ólafsdóttir 
et  al. 2013; Weller et  al. 2022): 200 N (similar to the 170 N 
used in (Ólafsdóttir et  al. 2013)), 300 N (Graci et  al. 2022b), 
400 N (Schilling et  al. 2021), and 600 N (Weller et  al. 2022).

For the No AEB scenario, 8 simulations were performed 
with either the BPI or BIS system. PPT was activated at 
300 ms, i.e., at the end of the model initialization phase for 
all simulations. The same four PPT force levels were used as 
for the AEB scenario.

Nodal X-coordinates (X direction is the frontal direction 
as shown in Figure 1) of the T1 vertebra relative to the vehi-
cle motion from the forward-leaning simulations were 
extracted and presented with respect to time. These were 
then compared to the reference position to determine the 
PPT force and time needed to reposition the Active SHBM 
to an upright position.

Time histories of the magnitude of shoulder belt forces, X 
components of shoulder belt forces (measured at a cross-section 
between the D-ring and the shoulder, as shown in Figure 1) and 
muscle activation levels from the cervical region: sternocleido-
mastoid (SCM) and C4-level multifidus (C4M) muscles, and 
lumbar region: rectus abdominis (RA) and lumbar multifidus 
(LMF) muscles were also extracted and compared.

Results

The Active SHBM was considered to be fully repositioned if 
the T1 X-coordinate was no farther than 10 mm (chosen 
arbitrarily) from the upright threshold at zero of the 
X-coordinate at some time during the time series. Smaller 
X-coordinate values indicate more upright postures (negative 
values indicating recline). Figure 3 compares the nodal X 
trajectories of the T1 vertebra (plotted relative to the PPT 
activation time) from the simulations passing the upright 
threshold. From initial forward-leaning (at approximately 
220 mm), we see how the Active SHBM moves backwards to 
more upright postures. The repositioning in the conditions 
NoAEB_BIS_600N and AEB_BIS_200ms_600N (pink and 
red lines) was fastest. The Active SHBM was fully reposi-
tioned within approximately 200 ms in these conditions. 
NoAEB_BIS_400N (pink dashed line) had the lowest force 
and was slowest (approximately 350 ms) until full reposition-
ing. Repositioning was slower with the BPI seatbelt (green 
and black lines) than the BIS seatbelt.

The peak T1 X-coordinates and time of the peak 
X-coordinates (most rearward position) were extracted for 
further analysis (Figure 4) from all simulations (except the 
AEB_BPI_Same_200N and AEB_BPI_Same_300N in which 
the Active SHBM did not move backwards from initial posi-
tion). In the AEB_BPI_Same and AEB_BPI_100ms simula-
tions, the SHBM was not repositioned under any condition. 
The AEB_BPI_200ms and AEB_BIS_200ms simulations were 
similar. The Active SHBM was pulled back faster and farther 
with increased force. The Active SHBM was fully repositioned 
to an upright position approximately 60 ms later in AEB_
BPI_200ms_600N than in AEB_BIS_200ms_600N (Figure 3). 
Additionally, in the AEB_BIS_200ms_400N simulation, the 
SHBM was nearly repositioned to an upright position in 
around 310 ms. In the No AEB scenario, the Active SHBM 
was fully repositioned in the NoAEB_BIS_600N and NoAEB_
BIS_400N simulations, taking about 200 ms with 600 N and 
350 ms with 400 N PPT forces, respectively. Moreover, it was 
also fully repositioned in NoAEB_BPI_600N simulations, tak-
ing about 290 ms.

Figure 5 depicts a comparison of the X components of the 
shoulder belt forces from the simulations passing the upright 

Figure 2.  The constant velocity pulse, i.e., “No AEB” pulse in black and the 
generic AEB pulse in blue. The dashed vertical lines indicate the different PPT 
activation times used.

Figure 3.  The T1 X-coordinates from the simulations passing the upright 
threshold plotted relative to the PPT activation time.
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threshold with regards to repositioning: AEB_BIS_200ms_ 
600N, AEB_BPI_200ms_600N, NoAEB_BPI_600N, NoAEB_
BIS_600N, and NoAEB_BIS_400N. The BIS system resulted in 
higher belt forces than the BPI system, even for the same PPT 
force level, mainly due to the different belt geometry in the BIS 
system as seen in Figure 1. In addition, the belt force signals 
from the BPI simulations were noisy, likely due to the folding 
of the seatbelt near the cross-section where the force was mea-
sured. Figure A1 in the Appendix shows the magnitudes of the 
shoulder belt forces (see supplementary materials).

Muscle activations from the cervical and lumbar muscles 
were also compared in Appendix Figures A2-A5 (see 
supplementary materials). Muscle activation levels were higher 
with the BIS system than the BPI system and increased with the 
increase in PPT force, consistent with the kinematics results. 
Furthermore, there were no substantial differences in muscle 
activation levels between the AEB and No AEB scenarios.

Discussion

This study determined the magnitude of PPT force, and the 
time required to reposition an average male Active SHBM 
from a forward-leaning to an upright position during 
pre-crash events. The lowest force enabling repositioning in 
all simulations was 400 N (no AEB, BIS). It took about 350 ms.

The repositioning was faster and the Active SHBM was 
pulled back farther with the BIS system even for the same PPT 
force and activation time. Thus, repositioning was more effective 
with the BIS system than the BPI system. It was due to the belt 
geometry of the BIS system resulting in a higher X component 
(in the direction of the pulling back) on the shoulder belt force 
even at the same PPT force level as the BPI system. As expected, 
higher forces and earlier activation aided repositioning.

With AEB, activating the PPT 200 ms before AEB ramp-up, 
600 N PPT force was needed for full repositioning, regardless of 
the belt system. However, repositioning was faster with BIS 
(needing 200 ms) than BPI (needing 260 ms). Without AEB, the 
seatbelt PPT was more effective in repositioning, as even 400 N 
was enough to fully reposition with the BIS system in about 
350 ms. However, with the BPI system (which is standard in 
current midsize cars), 400 N was not enough, with full reposi-
tioning being achieved only with 600 N in around 290 ms.

Our findings are similar to a previous study that found 
400 N PPT force was needed to reposition a UN R16 dummy 
without AEB in a BPI system (Schilling et al. 2021). However, 
in our study, 400 N was sufficient to reposition the Active 
SHBM without AEB in a BIS system, not in a BPI system. 
This could be due to a difference in mass distribution and 
lumbar stiffness between the dummy and the HBM models, 
or due to the Active SHBM’s muscle controller functions 
using feedback control to generate a muscle response that 
tries moving the model back to its reference position (the 
initial forward-leaning position in this study). Therefore, the 
Active SHBM is constantly trying to go back to the initial 
forward-leaning position while it is being pulled back by the 
seatbelt PPT. Coming to the results with AEB, it has been 
reported earlier that 300 N PPT force was needed to reposi-
tion volunteers under 0.95 g AEB that lasted for 300 ms 
(Graci et  al. 2022b). In the current study, a 1.1 g AEB lasting 
900 ms was used. Therefore, more force was needed to repo-
sition the Active SHBM in the AEB scenario simulated here.

There were no substantial differences in muscle activation 
levels between the AEB and No AEB conditions; however, 
they were higher with the BIS system. The muscle activa-
tions also increased with the increase in PPT force, contrary 
to the results from a previous volunteer study, which 
reported lower activation with higher PPT force (Graci et  al. 
2022a). This was also due to the Active SHBM trying to 
maintain its initial forward-leaning position and hence a 
larger deviation from the reference (forward-leaning) posi-
tion gave a higher muscle activation. Focusing on the indi-
vidual muscles, the SCM and RA muscles, which are flexors, 
had higher muscle activation levels than the C4M and LMF 
muscles, which are extensors. The cervical and lumbar flex-
ors are used to flex or bend the torso forward, while the 
extensors are used to extend or move back, i.e., maintain an 
upright posture. Hence, it is logical that the flexors have 
more activation than the extensors as the Active SHBM was 
trying to maintain its initial forward-leaning position, resist-
ing the repositioning to an upright position. However, this 
kind of model response may not be physiological as muscle 
activation trends are contrary to those reported in volunteer 
testing (Graci et  al. 2022a). Future updates of the Active 
SHBM’s feedback controller should also consider 

Figure 5.  Time series of the X components of the shoulder belt forces from the simu-
lations passing the upright threshold. Note: Here time is absolute, not relative to the 
PPT activation time. These belt forces are not the magnitude of the seatbelt force along 
the direction of the seatbelt, but the component in global X-coordinate direction.

Figure 4.  T1 X-coordinates plotted relative to the PPT activation time. The dif-
ferent colors represent the different simulation conditions, and the markers 
represent the PPT force levels.
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repositioning load cases for a more physiological response of 
the model.

The findings in our study may have implications for the 
design and development of seatbelt systems, particularly in 
relation to pre-crash events. We identified the PPT activa-
tion time (PPT activated 200 ms before AEB ramp-up starts) 
and the seatbelt type (BIS) to have substantial impacts on 
the repositioning of occupants from forward-leaning to 
upright. Although more work in the form of field data anal-
ysis is needed, the ability to reposition occupants rapidly 
and effectively from a forward-leaning to an upright position 
could reduce the risk of injury during crash events later. The 
use of PPTs could be a feasible option as a powerful PPT (of 
at least 400 N), preferably activated before a crash, is capable 
of repositioning. We see no fundamental obstacles for imple-
mentation; PPT seatbelts have been available in some cars 
for more than two decades now (Schoeneburg and Breitling 
2005), even if they are not standard systems and any reliable 
data about their field acceptance is not available yet. It has 
been demonstrated in testing that activating the PPT before 
an AEB, as opposed to simultaneously, can significantly 
reduce forward displacements (Mages et  al. 2011); such sys-
tems are in development (Straßburger et  al. 2023). The 
SAFE-UP project suggested a PPT with 200 to 1000 N force 
to be common in cars in five to ten years (Östling et  al. 
2022). A prototype PPT with 600 N force has been tested in 
a volunteer study and shown to be safe (Weller et  al. 2022). 
Thus, developing a powerful PPT activated before AEB 
ramp-up appears technically feasible.

Limitations

This is a limited study which represents a limited set of pos-
sible conditions. Only force and time required to reposition 
an average male Active SHBM were studied. It is possible 
that the force required to reposition other occupants, such 
as children, females, 95th percentile, or elderly individuals, 
may differ substantially. In particular, age and body mass 
index can significantly affect the head forward displacements 
in braking (Reed et  al. 2018). Therefore, further research is 
needed to investigate the force required to reposition other 
occupant groups. The force required to reposition is also 
dependent on the target upright threshold. We chose an 
arbitrary target of 10 mm from upright at any point during 
the time series due to the lack of a standardized target. It 
could be possible that leaning forward up to 50 mm from 
upright is acceptable in terms of injury risks in a subsequent 
crash event. Thus, more work is needed to agree on a stan-
dardized upright threshold target. In addition, it is also 
worth noting that our study only focused on AEB or no 
AEB. Other potential pre-crash events, such as steering or 
combined AEB and steering, may require different types of 
occupant repositioning, and further research should investi-
gate the force needed for such maneuvers. Moreover, the 
PPT was modeled using a pre-loaded spring, similar to some 
previous studies, resulting in an immediate force ramp-up 
(Mishra et  al. 2022). In reality, it takes about 100 ms for a 
PPT to reach the desired force level (Schilling et  al. 2021). 
Future work modeling PPTs more accurately is needed, for 

example by using feedback control loop modeling of the 
mechatronic parts of a PPT (Schilling et  al. 2021). Finally, 
the Active SHBM used in the study is not validated for such 
repositioning simulations. It relies on a muscle controller 
system that has been validated for occupant kinematics in 
an upright position during pre-crash maneuvers. Thus, its 
response during repositioning from out-of-position initial 
postures is only an extrapolation. More work, both testing 
and modeling, is needed to better understand the human 
kinematic and muscle responses during repositioning load 
cases and thus validate the Active SHBM for such cases.

Conclusion

Our study provides insights into the PPT force, and the time 
required to reposition an average male Active SHBM from a 
forward-leaning to an upright position during pre-crash 
events. Activating the PPT earlier and with higher forces 
resulted in more effective repositioning. The seatbelt geometry 
also substantially influenced repositioning: repositioning was 
faster and thus more effective with the BIS seatbelt than with 
the BPI seatbelt. Modeling and evaluating PPT as a pre-loaded 
spring with rapid force increase suggests that the use of PPTs, 
with at least 400 N force in the absence of AEB, and 600 N 
force in the presence of AEB, is a feasible option to reposition 
out-of-position occupants. Future research should refine HBM 
and safety system models to strengthen further evaluation 
with varying occupant characteristics (such as height and 
weight) and pre-crash conditions.
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