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ABSTRACT 

 Far side occupants involved in a rollover or in a side impact experience extensive lateral upper 
body excursion combined with an increased risk for injuries due to contact with the near side 
occupant, vehicle structure, partial ejection or webbing. The aim of the research is to show up existing 
potentials of standard restraint systems to reduce the upper body excursion and related injury risk. 
Current anthropometric test devices lack biofidelity in case of extensive upper body displacement. The 
authors use virtual test methods, more precisely the Madymo Human Occupant model. The model was 
improved to better simulate the behaviour of occupants in lateral low speed tests. 
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Previous research work (Parenteau, 2001; Digges, 2005) assumed that non-roll side occupants take 
benefit from safety improvements aiming to reduce the injury risk for non-struck side occupants. This 
assumption was based on observations of the upper body kinematics. (Remark: A “Non-Struck Side 
Occupant” is involved in a side impact and is seated on the far side. A “Non-Roll Side Occupant” is 
involved in a Rollover and is seated opposite the rolling direction.) 
Recent research (Feist, 2005) has shown that injury causation for non-roll and non-struck side 
occupants is different. While head injuries of the non-struck side occupant are predominantly caused 
by contact with the struck-side door, the non-roll side occupant’s head is injured due to contact with 
the roof and external objects (partial ejection in later stage of rollover).  
However, the priorities for developments in safety systems are very similar (e.g. Load the upper body 
more favourable to reduce thorax and abdominal injuries): In both accidents the head and upper body 
excursion should be reduced to avoid structure contacts. 
The aim of this research is to show up existing potentials of standard restraint systems (belt and seat) 
to reduce the upper body excursion when exposed to lateral accelerations. Accelerations from 
reconstructed real world rollover accidents and impact characteristics from barrier side impact tests are 
used to prescribe the motion of a vehicle interior model. The study of different parameters (seat 
geometries, tensioning of the belt, belt anchor points) by numerical simulation methods point out main 
influences on the occupant motion under the mentioned loads.  
 
METHODS 

The authors used the human occupant model in MADYMO code. This model is extended by semi 
activity allowing the model to counteract external forces. Emphasis is taken to the modelling of the 
seat cushion characteristics and the seat back deformation due to forces imposed by the laterally 
accelerated occupant. 
 

SEMI ACTIVE HUMAN BODY MODEL: To reproduce the human body kinematics when 
loaded laterally by low accelerations the standard Madymo facet human body model (50th perc., male) 
is slightly modified to meet following criteria:  

(1) Achieve a vertical head stabilisation for the pre-roll phase and first phase of rollover 
(2) Avoid collapsing of the human model  
(3) Give a natural reaction and activity to the upper torso and extremities 
(4) Re-erection of the upper body after excursion 

The methods to meet these demands are described in the following sub-chapters: 
Vertical Head Stabilisation: Tests performed within the EC-project Rollover (Adamec, 2004; 

Corckery, 2004) show that human beings have a tendency to keep the head in a vertical position 
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relative to the horizon. For this stabilisation of the head a force acting in the centre of gravity and in 
the opposite direction of the gravity is introduced. The amount of this force is set equal to the head 
mass of the human body model (4.8 kg). This leads to an upright position of the head during the pre-
roll and first phase of rollover.  
Humans do not align their heads vertically when roll angles are too high (70-90 degrees). Therefore 
the head force compensation is deactivated at the end of the pre-roll phase for the occupants. In case of 
simulations with non-struck side occupants, the head mass compensation is never deactivated. 
 Anti-collapsing of human body model: For long time analysis of rollover (several seconds) a 
collapsing of the human body model due to rather small accelerations is undesired. The approach for 
getting an anti-collapsing model is to introduce internal forces stabilizing the torso. This internal force 
is created by restraining the 4th thoracic vertebra relative to its initial position in relation to the hip. 
All relative movements generate internal stabilisation forces. 
 
 CAR INTERIOR MODEL: The simulation set-up for analyses and demonstrations consists beside 
facet seat and facet belt of the following elements: 
 Quasi-deformable seat back: In the course of the simulations a so-called “shoulder wing” is 
investigated. Forces and torques applied by the shoulder wing will deform the seat frame. The 
Madymo model however is made of rigid bodies. To simulate elastic-plastic behaviour of the seat 
frame, a spherical joint is introduced to support the rigid seat back recliner (characteristics derived 
from FE pre-simulations of seat structure). 
 Shoulder Wing and Hip Support: Volunteer studies and cause of injuries analysis in rollover and 
side impact accidents show that the seat geometry offer potential to mitigate injuries (Adamec, 2005; 
Payne, 2005). Changes to the seat geometries are introduced by shoulder or side wings. In order to 
investigate the influence of differently sized hip supports, the facet seat was modified and the hip 
supports enlarged by 50 mm. 
 Retractor (mechanical / electrical): The e-spooler (electrical retractor) is a so-called pre-safe 
device which is activated by systems like the ESP. The pre-safe device tensions the belt in dangerous 
situations and will fit the belt tightly in situations potentially leading to an accident. To investigate the 
benefits of these systems a standard mechanical and an electrical retractor system are implemented. 
The active electrical system delivers higher forces compared to the mechanical spring system (up to 
250N). 
 
 VALIDATION OF SEMI-ACTIVITY: For the validation of the semi-active human body model 
volunteer tests with lateral accelerations are used. These pulses are applied to the car interior model. 
Two different setups (20 m/s², 30 m/s² lateral acceleration – see Fig.3) are studied based on video and 
simulation output analysis. Fig. 4 shows the human model returning to its initial position. The standard 
human occupant model remains in the “collapsed” posture and is not re-erecting. 
 
 

 
Fig. 3 – Validation of active human model with 20 m/s² and 30 m/s² pulse at 400 ms 

 

 
Fig. 4 –Semi-active versus standard model at 1000 ms (resting position) 
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ACCELERATIONS IMPOSED ON MODEL 
 Side impact: Accelerations of three side impact crash tests with a deformable barrier are used. All 
tests had a barrier impact speed of 13.9-14.0 m/s (AE-MDB barrier V3.9 versus passenger car). The 
authors use the lateral accelerations recorded at the lower non-struck side B-Pillar to prescribe the 
motion of the interior model (max. lat. accelerations up to 20g). Trigger times are derived from real 
performance of the sensing system in the test. 
 Rollover: For the virtual demonstration of rollover performance seven real world accidents are 
used. Based on accident reconstructions with PC Crash (Rollover, 2002-2005) the kinematical data are 
prescribed (max. lat. accelerations up to 3g). The rollover motion is mirrored to see the effects of a 
near and far roll side passenger. Trigger times are derived by Delphi’s generic simulation tool 
(Darvish, 2005) for rollover sensing systems. 
 
RESULTS 

For the analysis of the simulations a visual observation of dummy excursion and following criteria 
are used: (1) Neck injury criteria, (2) Head centre of gravity trajectory in y-z-plane, (3) Head 
acceleration (HIC36, cumulated 3ms acceleration) and (4) Thoracic and pelvic criterion (deflection 
and acceleration) 
 

SIDE IMPACT: First the simulations are run with a standard restraint system. We obtain maximal 
horizontal head excursions between 0.57 and 0.64m (Assuming that there is no contact occurring with 
the adjacent seat back recliner). The vertical excursions reach 0.27m. Subsequently advanced restraint 
systems were investigated. Table 2 summarizes the influence of changes to the restraint systems on the 
injury criteria and the head excursion. An arrow pointing upwards means that the respective 
measurement is increasing when introducing a certain restraint. 
The shoulder wing is the only device tested, able to reduce the upper body excursion and keeping the 
observed injury levels virtually unchanged. Even though the enlarged belt triangle (which is a result of 
moving the buckle rearwards) shows the best potential to reduce the head excursion, it is not 
recommendable, since leading to excessive thorax deflection (5 to 10 times higher compared to 
shoulder wing). Beside, the enlarged belt triangle may be critical and counter effective in other 
scenarios e.g. frontal impact. 
The shoulder wing is primarily loading the clavicle. The compression forces are, however, reaching 
critical values (approx. 1.5 kN; critical value: 1.89 kN (Messerer, 1880)). Since the shape and the 
characteristics of the shoulder wing are not optimised in this study, we may assume that the 
performance may be increased (smaller loading of the clavicle)  
 

Table 2. Influence of changed/adopted restraints on measurements 

 
 
 ROLLOVER: The visual analysis of the cases focuses on the upper body excursion and the 
deployment zone for a curtain bag. The excursion of the head for non-roll side passenger can be up to 
0.5 m in lateral direction and 0.1 in the vertical upward direction. The lateral movement can be limited 
with the side supports of the seat to <0.2 m and the vertical upward movement nearly to zero with 
appropriate combination of restraints (depending on scenario). For the roll-side passenger the 
excursion of the head towards the side structure and side window is critical in most cases. The head is 
in the area of the deployment of a curtain airbag before such a system will be triggered. With the side 
support also for the roll-side passenger the head excursion can be limited or delayed to appear in the 
airbag deployment zone. In the vertical direction the pretensioner, an integrated belt and an electrical 
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retractor reduce the excursion towards the roof for roll-side and non-roll side passengers. The 
combination of all systems limits extensive upper body excursion best and allows a save triggering of 
the curtain airbag. 
 
CONCLUSIONS 

The available dummies are not designed for lateral low-g accelerations and lack human muscle 
activity. Moreover the spines have deficiencies in simulating the lumbar spine shear, the spine 
elongation and lumbar spine bend which is necessary to simulate large upper body excursions. Virtual 
methods seem to be a suitable way demonstrating advances in rollover and far-side impact safety.  
The most effective instrument reducing the upper body excursion is an improved seat design. Side and 
shoulder wings (passive or active) support the torso and keep the upper body from slipping out of the 
shoulder belt. 
The occurrence of upper body excursion and safe curtain triggering is partly contradicting in rollover 
cases: The non-roll side occupant slips out of the belt and moves to the inside of the vehicle allowing a 
safe curtain firing. The roll-side occupant’s head, however, may excurse in the deployment zone of the 
bag. For cases with changed seat design (side support) the occupant is restrained more efficiently and 
a safe curtain bag deployment possible. 
For the limitation of the vertical head movement during a rollover a pretensioned and a well shoulder 
complying belt are effective. This will avoid structural contacts of the occupant during intrusions and 
limit the risk for severe neck and head injuries. Not preventing the non-roll side occupant to slip out of 
the shoulder belt in the early phase of rollover limits the effectiveness of the belt restraining the 
occupant vertically (at later stage of rollover). 
For the non-struck side occupant, the authors find a shoulder wing fixed to the seat to be effective in 
restraining the occupant laterally. This will mitigate or avoid head injuries due to the contact with the 
intruding struck side. From a technical point of view the forces induced on the seat frame by the 
shoulder wing are unproblematic (Δv=32kph). 
Accident data for side impacts shows that there is usually a forward component. In further research the 
authors will also address side-impact accidents with longitudinal acceleration components 
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