
I. INTRODUCTION

Deaths caused by road traffic crashes worldwide increased from 1.15 to 1.35 million from 2000 to 2016 [1]. 
Passenger car occupants account for the majority of these deaths [2]. In frontal impacts, the thorax is the most 
frequently injured body region for occupants sitting in the front [3], and the majority of these injuries are rib and 
sternum fractures [4].  

Field data show that thoracic injury risk, as with other injury risks, increases with delta-V and occupant age [4–
5]. Furthermore, thoracic injury risk has been shown to increase significantly for females and for those with a high 
Body Mass Index (BMI), while the effects of occupant height and vehicle model were not significant [5].  

Automated Emergency Braking (AEB) helps to avoid collisions or to mitigate their consequences by lowering 
the impact speed, which leads to a lower thoracic injury risk [6-7]. However, few studies have addressed the 
effects of AEB on injury risk at identical impact speeds. Car occupants move forward during braking, due to inertia, 
and therefore have a forward displaced position at the beginning of the crash phase compared to a situation 
without braking [7]. Analysis of the Institute for Traffic Accident Research and Data Analysis (ITARDA) field data 
has shown that pre-crash braking increases thoracic injury risk at equal impact speeds as cited in [8].  The effect 
of AEB on injury risk at identical impact speeds merits further investigation to identify the injury mechanisms and 
prevent the injuries with the development of appropriate technology.  

Previous finite element (FE) simulation studies with human body models (HBMs) addressing this question 
obtained contradictory results. Studies using the Total HUman Model for Safety (THUMS), PIPER paediatric HBMs 
and the Hybrid III dummy have reported lower thoracic injury risk with AEB than without, at identical impact 
speeds [7][9–10]. This was mainly due to an increase in the ride-down effect as a result of earlier coupling 
between the airbag and the occupant [7]. 

However, a study using the Japan Automobile Manufacturers Association (JAMA) human FE model found that 
with AEB the injury risk was higher because of the changes in occupant posture, which led to greater rotation of 
the torso [8]. The earlier interaction of the airbag with the upper body was also reported to contribute to the 
higher injury risk because of a so-called membrane loading phenomenon, i.e., the wrapping of the airbag around 
the upper thorax and neck of the occupant produces a strong force over a large area, when the occupant is out-
of-position and too close to the airbag [8]. 

This study aimed to assess the effects of pre-crash braking on thoracic injuries, particularly rib fractures, 
sustained by occupants in frontal car crashes by means of both FE simulation with HBMs and field data analysis. 

II. METHODS

This study includes field data analysis, which was performed in R [11] and FE simulations, which were 
performed using LS-DYNA explicit FE solver, double precision version R9.2.0 (LSTC, Livermore, CA, USA). 

Field Data 
Data from the 2020-07 release of the German In-Depth Accident Study (GIDAS) were analysed. First, crashes 
involving passenger cars (M1) with registration year 2000 and later involved in frontal crashes (defined as the 
principal direction of force between 11 and 1 o’clock) were extracted. Rollover or underride crashes, crashes with 
unknown pre-crash braking status, crashes involving vulnerable road users and occupants under 18 years of age 
or of unknown age, height or weight were excluded. The final dataset contained 3,352 occupants, of whom 342 
sustained an AIS2+ injury (of any type). Of these, 128 sustained AIS2+ rib and sternum fractures. The remaining 
3,224 occupants had no AIS2+ rib or sternum fractures (see Fig. A1 in the Appendix). The data were weighted to 
match German national data for injury severity in crashes involving M1 vehicles, following the procedure 
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described in [12]. The normalized weighting factors were 1.12 for slight injury, 0.61 for serious injury, and 0.47 
for fatal injury. This led to a weighted sample of 85 occupants with AIS2+ rib and sternum fractures, and 3,267 
occupants without. 
 
Statistical Modelling 
AIS2+ rib and sternum fracture injury risk (1/0) was the dependent variable. Delta-V, registration year of the 
vehicle, and occupant age, height, gender and BMI were considered as the independent variables, consistent with 
[5]. In addition, pre-crash braking was added as our variable of interest. Injury risk curves with 95% confidence 
intervals were obtained by normalized weighted logistic regression in R. Considering the estimates of parameters 
shown in Table B in the Appendix, logistic regression is defined by equation (1), where α is the intercept, b1 to b7 
are the regression coefficients, and X1 to X7 are the independent variables. Statistical significance of independent 
variables was decided at 0.05 significance level. The variable data types are shown in Table A in the Appendix. We 
divided the data into two datasets: training (85%) and testing (15%), which were evenly distributed. Training data 
were used to estimate the regression coefficients. Test data were used to calculate the area under the curve 
(AUC), i.e. the area under the receiver operating characteristic (ROC) curve, to evaluate how well the injury risk 
curve predicts actual injury outcomes. 

                                                                                     𝑃𝑃 = 𝑒𝑒(𝛼𝛼+𝑏𝑏1𝑋𝑋1+𝑏𝑏2𝑋𝑋2+⋯+𝑏𝑏7𝑋𝑋7)

1+𝑒𝑒(𝛼𝛼+𝑏𝑏1𝑋𝑋1+𝑏𝑏2𝑋𝑋2+⋯+𝑏𝑏7𝑋𝑋7)                                                     (1) 

Simulation: FE Models 
The SAFER Active HBM (A-HBM) v9.0.1 was used to model an occupant sitting in the passenger compartment of 
a midsize European vehicle (Fig. 1(a)). The SAFER A-HBM is a 50th percentile male HBM updated and validated 
from the base THUMS v3 by partners of the SAFER Vehicle and Traffic Safety Centre in Gothenburg [13-16]. This 
model has actively controlled upper extremity, lumbar and cervical muscles to replicate the reflexive responses 
of the occupant [16-17]. The model has been validated for emergency braking using volunteer tests [16-18]. 
 

 

 

(a) (b) 
Fig. 1(a) SAFER A-HBM and vehicle interior model and (b) comparison of stabilisation, pre-crash and crash phases without 

AEB (red) and with AEB (blue)  
 
 The vehicle interior model consists of a deformable seat along with a passenger airbag and three-point seatbelt, 
equipped with a shoulder-belt load-limiter of 3.1 kN, a retractor pretensioner and a lap belt pretensioner. The 
airbag was activated 14 ms after crash initiation, while the retractor and lap-belt pretensioners were activated 5 
ms and 15 ms after crash initiation, respectively.  

Simulation Setup 
Two simulation conditions, with and without AEB, were investigated for frontal impact at the same speed. For 
the case without AEB, a 56 km/h US NCAP frontal impact pulse with a peak of about 35 g was used, as shown in 
Fig. 1(b). For the case with AEB, a 1 g braking pulse of 0.5 s (including 400 ms ramp-up) duration was applied. In 
this case, the pre-crash and crash phases were simulated using the SAFER A-HBM in the same run, without 
restarting the simulation. The total simulation time of 1 s was divided into a 300 ms model stabilisation phase, a 
500 ms braking phase and a 200 ms crash phase. The total simulation time without AEB was only 500 ms.  

 The effect of AEB on the thoracic injury risk was studied by comparing the risk of two or more fractured ribs 
(NFR2+) for a 65-year-old male occupant in both cases. The rib fracture risks were calculated based on the 
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maximal principal strain in the cortical bone for each rib [13][15][19]. The chest displacements (T8) relative to the 
vehicle sled displacements were also compared. 

III. INITIAL FINDINGS 

Statistical modelling 
Results of the logistic regression are shown in Table I and further detailed in Table B in the Appendix. The risk of 
AIS2+ rib and sternum fractures increased with pre-crash braking and the effect is equivalent to an 8 km/h 
increase in delta-V. Higher delta-V, older age, and female gender significantly increased rib and sternum fracture 
risk. The AUC was 0.92, indicating that the injury risk curve predicts the injury outcome well. 

TABLE I 
ODDS RATIO OF PREDICTORS OF AIS2+ RIB AND STERNUM FRACTURE INJURIES 

Predictors p-value Odds ratio 95% Confidence interval 
Delta-V <0.001 1.086 1.070-1.103 
Age <0.001 1.066 1.049-1.084 
Pre-crash braking 0.031 1.899 1.077-3.493 
Gender 0.006 0.368 0.178-0.753 
Registration year 0.212 1.036 0.980-1.093 
Height 0.170 1.027 0.988-1.067 
BMI 0.833 0.994 0.933-1.053 

Simulation 
Fig. 2(a–c) compares the position of the occupant for the two cases at three different stages: the initial position; 
the beginning of the crash phase; and the most forward position during the crash. With AEB, the occupant was at 
a forward displaced position at the beginning of the crash phase. However, the maximum forward displacement 
of the chest during the crash phase was almost identical for both: 423 mm without AEB and 418 mm with AEB.  

More importantly, the NFR2+ risk for a 65-year-old male was 22.2% without AEB and 3.9% with AEB. Hence, 
for the same crash speed, pre-crash braking appears to substantially reduce the rib fracture risk.  

Rib strains are shown in Fig. A2 in the Appendix: the reduction in rib strain, largest at the 8th rib on the left 
side, corresponds to the observed reduction in injury risk with AEB. The head displacements and positions were 
also plotted and compared, as shown in Fig. A3 in the Appendix. With AEB, the head of the occupant was forward 
displaced by about 158 mm at the start of the crash phase compared to the initial position. However, the 
maximum head displacement with AEB was slightly reduced. The risk of concussion was low for both cases. 

 

   

   
Fig. 2(a). Initial posture of SAFER A-
HBM without AEB (red) and with AEB 
(blue). 

Fig. 2(b). SAFER A-HBM at the beginning 
of the crash phase without AEB (red) 
and with AEB (blue). 

Fig. 2(c). SAFER A-HBM at the most 
forward position without AEB (red) and 
with AEB (blue). 
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IV. DISCUSSION  

This study aimed to evaluate the effect of pre-impact braking on thoracic injuries sustained in frontal car 
crashes at identical impact speeds. Rib and sternum fractures were frequent in frontal car crashes, as reported 
previously [4][20]. The logistic regression analysis showed that the risk of these injuries increases with pre-crash 
braking, as well as with occupant age and delta-V.  

However, FE simulations with the SAFER A-HBM showed that the NFR2+ risk decreases with pre-crash braking. 
The occupant is in a more forward position at the beginning of the crash phase due to the AEB, thus there is an 
earlier coupling of the occupant with the airbag, which in turn has a greater restraining effect and compensates 
for the shorter travel distance. This observation is consistent with other studies which also reported that the ride-
down effect increases due to the earlier coupling with the airbag, reducing the injury risk [7][9]. However, it 
contradicts the findings of another study which reported slightly higher injury risk with AEB (maximum chest 
deformation of 44 mm without AEB and 51 mm with AEB) [8]. The authors reasoned that the forward displaced 
posture of the occupant leads to a higher shoulder-belt force and thus the torso rotates more before contact with 
the airbag. This rotation leads to increased pressure on the thorax, resulting in greater chest deformation 
(compared to crash without AEB) [8]. However, we believe the peak shoulder-belt force is determined by the load 
limiting function and not influenced by AEB, as seen in our study. Other differences in modelling assumptions 
could also explain the higher injury risk reported. For example, the JAMA FE model does not have active muscles 
[8]. Additionally, the later trigger time of the airbag in [8] might explain some parts of the higher injury risks.  

The maximum forward chest displacements in our study were the same with and without AEB, as the impact 
speeds were the same. This finding indicates that the restraint systems are capable of protecting the occupants, 
even when they start in a forward displaced position. 

There are limitations in this study. In the FE analysis, airbag slap was observed in the simulation with AEB, which 
one may want to avoid. However, as the head injury risk (e.g. concussion) was low and the focus of this study was 
on thoracic injuries, the slap was not studied further. In the future, it would be interesting to see if using a 
reversible pretensioner eliminates the airbag slap. Additionally, the effect of bracing using the leg muscles was 
not considered in this study. In the field data analysis, pre-crash braking status is based on the reconstruction 
data, scene evidence and witness statements — not on the event data recorders (EDR). The accuracy of the data 
requires further investigation. It could  be possible that the occupants in real life do not sit in the correct position 
(like we have in our model) and hence are more out of position at the time of crash, which explains the higher 
injury risk found in field data. Additionally, the real-life occupants may be unaware of the AEB activation and 
hence move farther forward than an occupant in volunteer studies used to validate the AHBM who can anticipate 
the AEB activation after initial trials.  

We conclude that the results from FE and field data analysis are contradictory. We have conflicting evidence 
about the effect of AEB (or any other type of pre-crash braking) on thoracic injuries at identical impact speeds in 
frontal car crashes. More research is needed to improve our understanding of the effect of pre-crash braking on 
thoracic injury risk.  
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VI. APPENDIX  
 

Fig. A1. Detailed inclusion criteria for field data analysis. 
 
 

TABLE A 
DATA TYPE OF INDEPENDENT VARIABLES CONSIDERED IN LOGISTIC REGRESSION 

Variables Data type 
Delta-V Numeric 
Age Numeric 
Pre-crash braking Binary (Yes:1/No:0) 
Gender Binary (Male:1/Female:0) 
Registration year Numeric 
Height Numeric 
BMI Numeric 
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TABLE B 
LOGISTIC REGRESSION MODEL ESTIMATES 

Predictors Estimate Std. Error z-value p-value
Intercept -83.75 56.12 -1.492 0.1356 
Delta-V 0.082 0.007 10.585 <0.001 
Age 0.063 0.008 7.807 <0.001 
Pre-crash braking 0.641 0.298 2.146 0.031 
Gender -0.999 0.367 -2.723 0.006 
Registration year 0.034 0.027 1.247 0.212 
Height 0.026 0.019 1.372 0.170 
BMI -0.006 0.030 -0.210 0.833 

(a) (b) 
Fig. A2. Peak maximal principal strains on (a) right ribs and (b) left ribs. 

(a) (b) 
Fig. A3. (a) Head displacements without/with AEB and (b) head position at maximum forward displacement 
without AEB (red) and with AEB (blue). 
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