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Welcome
Welcome to the 1st GHBMC Users' Workshop! On behalf of Elemance and the Global
Human Body Models Consortium (GHBMC), we sincerely hope you enjoy today’s
technical program. We also thank our generous sponsors, General Motors and Marutee
Engineering Services, for supporting this event. The workshop contains 17 talks from 12
research groups in 6 sessions. Topics will cover studies on regional injury (e.g. neck
and thorax), morphing, model performance in vehicle environments and vs. ATDs, lateral
impact and pedestrian and lower extremity injury.

Elemance, LLC
Elemance’s vision is to protect and improve human life by providing virtual human body
model based tools and expertise to enable truly human centered design. Elemance is
the sole distributor of the GHBMC family of models. We license a number of human
body models, both male and female. They are designed to be representations of seated
and standing human beings, in both detailed and simplified versions. Elemance provides
maintenance, enhancement and support of licensed models, and consulting services
related to biomechanics, injury biomechanics, and other human modeling applications.
For more information, please visit www.elemance.com.

Global Human Body Models Consortium - GHBMC
The Global Human Body Models Consortium (www.ghbmc.com) is a consortium of
seven automakers and one supplier who aim to consolidate individual research and
development activities in human body modeling into a single global effort to advance
crash safety technology. The Consortium includes additional participants within the
automotive, supplier and government sectors. The GHBMC, along with its academic
and industry partners, have developed a family of human body models for dynamic
modeling and simulation activities. There are currently 13 models under development
within the GHBMC program ranging in model complexity, gender, posture and age.

The Virtual Human Body Models
The GHBMC virtual human body models are designed to replicate the biomechanics and
kinematics of the human body in a variety of scenarios. Virtual human models are a
cost-effective platform for state of the art development of injury metrics or risk functions
for human the human body, analysis of potential safety countermeasures, and
application of modeling studies in emerging topics within sports, military, and automotive
applications.

Agenda: Monday, April 11, 2016 Morning Sessions
• 8:00-8:45 am: Breakfast & Registration – Nazareth Lounge
• 8:45-9:00 am: Welcome and Opening Remarks – Galillee Ballroom
Scott Gayzik & Jenne-Tai Wang
• 9:00-10:00 am: Session I -Neck Injury Response and Validation
Chairs: Jay Zhao & Liying Zhang
Neck Response during a Simulated Rotary-Wing Aircraft Impact
Nicholas A. White, Exponent Inc.
-Assessment of 50-percentile male Hybrid III crash dummy neck injury prediction
using the GHBMC Human Body neck model
Neeharika Anantharaju, FCA
-M50 and F05 Neck Model Scaling Investigation at the Tissue, Segment and Whole
Neck Levels
Dilaver Singh, University of Waterloo

• 10:00-10:20 am: Break (20min)
• 10:20-11:20 am: Session II -Thoracic Injury Response and Validation
Chairs: Yibing Shi & Costin Untariou
–Effect of deterministic fracture simulation on thoracic responses in frontal
collisions
Jason Forman, University of Virginia
–Implementing heterogeneity of aorta in the GHBMC FBM
Golriz Kermani, Temple University
–Evaluation of the GHBMC 5th Female Thorax and Upper Extremities
David Poulard, University of Virginia

• 11:20-11:35 am: Break (15 min)
• 11:35-12:15 pm Session III – Morphing Studies
Chairs: Saeed Barbat & Mike Arun
−Vehicle Crash Simulations with Morphed GHBMC Human Models of Different
Stature, BMI, and Age
Abeselom Fanta, UMTRI
−An Evaluation of Mass-Normalization Using 50th and 95th Percentile Human Body
Finite Element Models in Frontal Crash
Nicholas Vavalle, JHU APL

• 12:15-1:25 pm: Lunch (Provided in the lower level Atrium)

Agenda: Monday, April 11, 2016 Afternoon Sessions
• 1:25-2:25 pm: Session IV –Human Models vs ATDs and in Vehicle Environments
Chairs: John Combest & Matt Panzer
–Occupant Responses in Small Overlap and Oblique Impact Crashes
Chin-Hsu Lin, General Motors
–Responses of GHBMC 50th percentile Male Occupant Simplified Model in THOR Dummy
Certification Tests
Jay Zhao, Takata
–The Effect of Precrash Velocity Reduction on Occupant Response Using a Human Body
Finite Element Model
Berkan Guleyupoglu, Wake Forest University

• 2:25-2:40 pm: Break (15 min, snacks in Nazareth Lounge)
• 2:40-3:40 pm: Session V – Pedestrian & Lower Extremity
Chairs: Mark Neal & Duane Cronin
–Evaluation of the GHBMC 5th Female Pelvis and Lower Extremity
Jean Sebastian Giudice, University of Virginia
–Development and Validation of GHBMC Pedestrian Models
Costin Untaroiu, Virginia Tech
–Mesh morphing for the mid-size male GHBMC pedestrian model to represent obese
subjects
Jisi Tang, UMTRI

• 3:40-3:55 pm: Break (15 min)
• 3:55-4:55 pm: Session VI – Lateral Impact Studies
Chairs: Nicholas Vavalle & Zine Ben Aoun
–Kinematics and Injuries to Restrained Occupants in Far-Side Crashes using GHBMC
Model
Mike Arun, Medical College of Wisconsin
–The effect of pre-existing rib fractures on the thorax response of the GHBMC full-body
model in moderate- and high-speed lateral impact
Lauren Wood Zaseck, UMTRI
–Application of the GHBMC M50 model in a parametric study of pre-crash position
effects for vehicle side impact
Donata Gierczycka, University of Waterloo

• 4:55-5:00 pm: Closing Remarks - Scott Gayzik
• 5:00-6:30 pm: Please join us for a Cocktail Reception in the Nazareth Lounge

Session I – Neck Injury Response and Validation
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Neck Response during a Simulated Rotary-Wing Aircraft Impact
Nicholas A. White1, Joel Stitzel2
1. Exponent, Inc., Atlanta, GA
2. Wake Forest University, Winston-Salem, NC
Introduction: A finite element simulation environment has been developed to investigate aviator neck response
during a simulated rotary-wing aircraft impact using the Global Human Body Models Consortium (GHBMC) 50th
percentile male model. The effects of C5-6 cervical arthroplasty on cross-sectional neck loading and cervical
spine kinematics were evaluated during this dynamic event. In order to evaluate multi-level neck response, a
methodology ideal for comparing neck forces and moments to existing injury threshold values, calculating injury
criteria, and for better understanding the biomechanical mechanisms of neck injury and load-sharing during subinjurious and injurious loading, was developed.
Materials and Methods: Cross sections, representing virtual load cells, were defined at each cervical level of the
neck. A local coordinate system (LCS) was then defined according to SAEJ211 sign convention for each cervical
level, with the origin located at the CG of the corresponding vertebra. These cross sections allow axial force,
shear forces, and moments to be captured for each cervical level, in their respective LCS. The C5-6 level of the
GHBMC cervical spine of was modified to accept either a Prestige ST or a ProDisc-C cervical total disc
replacement (CTDR). A 7.62 m/s delta-V, 30° pitch-down, helicopter ground impact was then simulated using the
GHBMC model with and without the CTDRs.
Results and Discussion: The global neck response was not appreciably altered with the introduction of a CTDR
at the C5-6 level during a simulated rotary-wing aircraft impact. The incremental, midsagittal cervical spine
kinematics for the implant simulations were almost identical to the unmodified simulation up to the time of
maximum head flexion, and the C5-6 adjacent-level cross-sectional loading was maintained. With the absence of
the C5-6 intervertebral disc in the CTDR simulations, tension at this level was supported by the surrounding
ligamentous structures, including the cervical facets. The increased facet loads in the CTDR simulations did not
appear to reach injurious levels.
Conclusions: The GHBMC model was used to evaluate the effects of cervical arthroplasty on the dynamic neck
response during simulated rotary-wing aircraft impacts. Adjacent-level loading was maintained with the CTDRs.
Since CTDRs do not support tension, there is potential for interbody separation during a tensile loading mode
which can alter interbody and facet loading during dynamic impacts. Overall, cervical arthroplasty at the C5-6
level did not appear to have a deleterious effect on the dynamic neck response.
References:
 White NA, Moreno, DP, Gayzik FS, Stitzel JD. Cross-sectional neck response of a total human body FE
model during simulated frontal and side automobile impacts. Computer Methods in Biomechanics and
Biomedical Engineering. Epub Aug 9, 2013.
 White NA. Simulated automobile and rotary-wing aircraft impacts: Dynamic neck response after surgical
treatment for cervical spondylosis. Ph.D. Dissertation, Virginia Tech, Blacksburg, VA, 2013.
 White NA, Danelson KA, Gayzik FS, Stitzel JD. Head and neck response of a finite element
anthropomorphic test device and human body model during a simulated rotary-wing aircraft impact.
Journal of Biomechanical Engineering 2014 Nov; 136(11).
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Assessment of 50-percentile male Hybrid III crash dummy neck injury prediction
using the GHBMC Human Body neck model
Neeharika Anantharaju1, Yibing Shi1, and Guy Nusholtz1
1. FCA US LLC
Introduction: The Neck Injury Criterion (Nij) and its associated risk curve, determined from mechanical
responses of crash test dummies are an important component in the current frontal NCAP tests. Test data have
shown that the Nij overweighed other injury assessments in the NCAP tests, which is not consistent with field
accident data [1]. The objective of this study is to assess the Nij-based neck injury prediction of the 50 percentile
male Hybrid III crash dummy using the neck-head portion of the GHBMC 50th Male Model.
Materials and Methods: Testing: Upper neck load cell force and moment time histories of the Hybrid-III 50th
Male dummy neck pendulum certification test data were obtained. Finite Element Analysis: The kinematic
boundary condition at the base of the neck in the certification tests were imposed to the corresponding location of
the neck-head portion of the GHBMC mid-size male finite element model in LS-DYNA. The resultant force and
moment at the occipital condyle were obtained and compared with the Hybrid-III test results. Furthermore, a
comparison was also made between the injury risk prediction by the dummy per the NCAP and ligament
distraction-based injury severity prediction from the human model [2]. In this study, for comparison purpose,
corresponding simulations of the test conditions were also performed on a finite element model of the head-neck
assembly of the dummy.
Results and Discussion: The neck force and moment responses from the human body model are similar to the
test responses (which are well-predicted by the finite element model of the dummy). The Nij-based injury risk
predicted a 5-8% probability of AIS 3+ injury. In contrast, the human body model predicted anterior longitudinal
ligaments (ALL) and spinous ligament (SL) failure between C7 and T1 during extension and flexion, respectively,
suggesting only AIS ≤1 injury.
Conclusions: The dummy over-predicted the injury from the human body model. The GHBMC model was
observed to be a good tool for better understanding human body injury assessment in crash conditions, due to its
inclusion of detailed tissue-level information. The process in this study may be used to assess crash dummy
response-based injury prediction using detailed human body models.
References:
1. Wu, J., Shi, Y., Beaudet, B., and Nusholtz, G., "Hybrid III Head/Neck Analysis Highlighting Nij in
NCAP," SAE Int. J. Passenger Cars - Mech. Syst. 5(1):120-135, 2012, DOI: 10.4271/2012-01-0102.
2. Mattucci, M., “Strain Rate Dependent Properties of Younger Human Cervical Spine Ligaments”, MS
Thesis, University of Waterloo, 2011.
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50th Male and 5th Female Neck Model Scaling Investigation at the Tissue, Segment,
and Whole Neck Levels
Dilaver Singh1, Jeff Barker1, Donata Gierczycka1, Duane Cronin1
1. University of Waterloo
Introduction: The development of different stature Human Body Models (HBM) necessitates scaling
experimental data and model responses for comparison and validation purposes. The aim of this study was to
investigate scaling approaches at the tissue, vertebral segment, and whole neck levels to identify the effectiveness
of various methods (Figure 1).

Figure 1. Schematic of model scaling approaches

Materials and Methods: Scaling methods included geometric factors based on body mass ratios [1] (global
scaling), neck geometry [2] (body region scaling) and individual tissues (local scaling). Application of the scaling
factors was evaluated at three levels: tissue, segment and the full neck. An underlying assumption was that the
material properties were the same for male and female subjects, supported by previous findings regarding
ligament mechanical properties [3]. The models were scaled by modifying the nodal coordinates (volumetric
scaling) and manually scaling axial element curves and shell thickness. The models were analyzed under
representative modes of loading and impact conditions producing kinematic and kinetic outputs. These outputs
were scaled to a common size using the three methods (global, body region and local), known as data scaling.
Results and Discussion: It was shown that scaling at the tissue level was necessary for element types where the
stress-strain properties are not defined through their constitutive model. At the vertebral segment level, both local
and regional scale factors result in effective scaling, whereas global body mass factors perform poorer. At the full
neck level, volumetric scaling between M50 and F05 statures result in modest changes in the peak values of the
head kinematics.
References:
[1] Shams T, Huang TJ, Rangarajan N, Haffner M, 2003. “Design requirements for a fifth percentile female
version of the THOR ATD”. 18th ESV conference, paper number 421.
[2] Mertz HJ, Irwin AL, Melvin JW, Stanaker RL, Beebe MS, 1989. “Size, weight, and biomechanical impact
response requirements for adult size small female and large male dummies”. SAE Technical Paper #890756.
[3] Mattucci S, 2011. Strain rate dependent properties of younger human cervical spine ligaments,

University of Waterloo Master’s Thesis.
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Effect of deterministic fracture simulation on thoracic responses in frontal collisions
Jason Forman1, David Poulard1, Sen Xiao1,2, Matthew B. Panzer1
1. University of Virginia Center for Applied Biomechanics
2. Hunan University
Introduction: With whole-body finite element models, rib fractures can either be predicted deterministically (e.g.,
through element elimination), or probabilistically (e.g., with a strain-based injury risk function). Deterministic methods
can replicate the change in load sharing and structural stability in the ribcage that occurs when a rib is fractured. They are
limited, however, to predicting injury occurrence based on a single predefined fracture threshold. In contrast, probabilistic
methods incorporate information on tolerance variation in the population, and can be adjusted for effects of age and other
factors. Because there is not set definition for fracture tolerance, probabilistic methods typically do not attempt to simulate
the occurrence of fracture distinctly. This study seeks to investigate the magnitude to which distinct fracture simulation
may effect differences in rib cage deformation, structural stability, and injury prediction using deterministic vs.
probabilistic rib fracture prediction methods.
Materials and Methods: A sensitivity analysis was performed simulating frontal-impact sled tests with a non-forcelimited 3-point belt with the Global Human Body Model Consortium (GHBMC) 50th percentile male occupant model
(version 4.3). Simulations were performed either with or without element elimination enabled for the ribs (with a strain
threshold of 2%). Simulations were performed at multiple impact severities (20, 30, 40, 50, and 60 km/h) to study the
effect of various magnitudes of injury. For the non-element-elimination simulations, rib fracture risk was predicted using
the probabilistic strain-based method of Forman et al. (2012), assuming an occupant age of 45 years. Chest deflections,
predicted rib fractures, and belt forces were compared between the element-elimination and non-element-elimination
simulations.
Results and Discussion: The injury severities predicted by the probabilistic method were generally consistent with those
predicted in the element-elimination simulations. For example, the element elimination method predicted 0, 2, and 4
fractures for the 20, 30 and 40 km/h collisions, respectively (consistent with the probabilistic method). Shoulder belt force
time histories were nearly identical between the two modeling methods. Maximum chest deflections tended to be
consistent between the models, with notable differences only occurring in non-peak locations close to the site of fracture.
These findings are generally consistent with observations made in similar sensitivity analyses performed in side impact
(Motozawa et al., 2015). The higher severity simulations (50 km/h and 60 km/h) tended to terminate early due to
instability when element elimination was used. These models remained stable when element elimination was not
employed and fracture risk was analyzed using the probabilistic method.
Conclusions: When choosing a method for fracture prediction the user should consider the goals of the simulation and the
potential injury severity that will result. If the goal is to predict a risk-based probability of chest injury of a certain
severity, then a probabilistic method is likely warranted. If, instead, the goal is to predict the magnitude and pattern of
chest deformation (e.g., for model validation against cadaver tests), then these results suggest that a deterministic,
element-elimination approach may be necessary to capture local chest deflections accurately. The improved stability of
the non-element-elimination, probabilistic method may also make it the preferred choice for cases where severe chest
loading is expected to occur.
References: Forman, J.L., Kent, R.W., Mroz, K., Pipkorn, B., Bostrom, O., Segui-Gomez, M. (2012) Predicting rib
fracture risk with whole-body finite element models: development and preliminary evaluation of a probabilistic analytical
framework. Annals of Advances in Automotive Medicine 56:109-124.
Motozawa, Y., Okamoto, M., Mori, F. (2015) Comparison of whole body kinematics between fracture and non-fracture
finite element human body models during side-impact. Proc. Int’l Research Council on the Biomechanics of Impact.
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Implementing Heterogeneity of Aorta in the GHBMC FBM
Golriz Kermani1, Kurosh Darvish1
1. Biomechanics Laboratory, Department of Mechanical Engineering, Temple University, Philadelphia, PA,
19122
Introduction: Traumatic Aortic Rupture (TAR) is the 2nd leading cause of death in motor vehicle crashes [1] with
most incidences occurring at the isthmus. Consequently, prediction of TAR in finite element (FE) models is
considerably important. Our studies, as well results from other groups, show that aorta has heterogeneous material
behavior, nonetheless current FE models, including the GHBM, ignore this inhomogeneity of the aorta. The goal
of this study was to test the hypothesis that the inhomogeneity of thoracic aorta (TA) has a significant effect in the
assessment of injury. For this purpose, inhomogeneous TA was implemented in the GHBM, and its effects on
stress and strain distributions due to a frontal chest impact were evaluated.
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Materials and Methods: Based on the existing material properties, TA was divided into 5 sections to make an
inhomogeneous model (IHM): ascending thoracic aorta (ATA), aortic arch, upper-descending thoracic aorta
(DTA), mid-DTA, and lower-DTA (Fig. 1), and the elastic material model (MAT_001) was assigned to each
section (Table 1). Frontal Kroell-type chest impact tests were simulated at 4.3 m/s [2] and the time histories of
effective stress and strain were plotted and compared with the original homogenous model (HM) with E = 8.87
MPa.
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Figure 2. Effective stress and strain response of
isthmus due to a frontal chest impact

Results and Discussion: The distribution of effective stress in IHM was more uniform while the peak stress in
both cases remained at about 500 kPa. The peak stress in the isthmus region was increased by 47% in IHM. In
the case of effective strain, the distribution became more uniform as well but the peaks were generally increased.
In the isthmus region, the peak effective strain was increased by 152%.
Conclusions: Our data showed that it is important to consider the inhomogeneous behavior of aorta in order to
develop more reliable FE models of TAR. The risk of injury in the isthmus region was significantly increased in
the inhomogeneous model.
References:
[1] Richens, D., Eur. J. Cardio-Thoracic Surg., 23(2):143–148, 2003.
[2] Kroell, C.K., Stapp Car Crash Conference Proceedings, 1974.
[3] Choudhury, N., Cardiovascular Pathology, 18: 83-91, 2009.
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Evaluation of the GHBMC 5th Female Thorax and Upper Extremities
David Poulard1, Taotao Wu1, Jean Sebastian Giudice1, Bingbing Nie1, Matthew B. Panzer1
1. University of Virginia Center for Applied Biomechanics

The Global Human Body Model Consortium is currently developing a detailed occupant model of a 5thpercentile female (F05) to assess biomechanics and injury risk to one of the most vulnerable occupants
in motor vehicle crash. The University of Virginia is the Center of Expertise for the thorax and upper
extremity (TX) body region, and is currently in the process of evaluating and refining the F05 TX
response and numerical stability in impact simulation. The evaluation process for the TX consists of 11
loading cases that assess the biofidelity and injury prediction of the model’s torso, ribcage, shoulder, and
elbow. Scaling has also been implemented to adjust the experimental data and severity of the loading
conditions to the small female anthropometry. Several modifications have been made to the model to
improve its biomechanical response. These include improving the biomechanics of the costovertebral
and spine joints, improved shoulder joint modeling, and mapping cortical bone thickness in the ribs.
Overall, the F05 TX biomechanics have demonstrated good agreement with the experimental data,
sensitivity analysis will be presented for cases where the model does not agree with the experiments.

Session III – Morphing Studies
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Vehicle Crash Simulations with Morphed GHBMC Human Models of Different Stature, BMI, and Age
Abeselom Fanta 1, Mark O. Neal 2, Jenne-Tai Wang 2, Jingwen Hu 1
1. University of Michigan Transportation Research Institute
2. General Motors Holdings, LLC
Introduction: In motor vehicle crashes, occupants who are elderly and obese are at increased risk of death and serious injury
compared with young, non-obese adults. However, current procedures for evaluating vehicle safety designs are mainly
conducted with crash test dummies and computational dummy/human models representing only a few sizes of young and nonobese occupants, namely large male, mid-size male, and small-female. In this paper we presented a preliminary modeling study
to show the potential effects of aging and obesity on injury risk trends.
Materials and Methods: We first developed a set of 12 male human body models (HBMs) of different stature (1750 mm and
1880 mm), body mass index (BMI) (25, 30 and 35) and age (30 and 70 YO), by morphing the Global Human Body Models
Consortium (GHBMC) mid-size male model into target geometries defined by the statistical skeleton (Shi et al., 2014, Klein
2015) and external body surface models (Reed et al., 2008) developed previously. Next, these 12 morphed HBMs were
integrated into a vehicle NCAP crash (35mph frontal) sled model through a series of steps for HBM posture adjustment and
seatbelt fitting based on a driving posture model developed previously (Reed et al., 2002). The injury risks of the head, neck,
chest, and lower extremities were calculated for each simulation.
Results and Discussion: Exemplar results of the simulated occupant kinematics during the crash simulations are shown in
Figure 1. The taller occupants sustained higher risks of head and neck injuries, because their heads tended to move further
forward and hit the instrument panel. The higher-BMI occupants sustained increased femur injury risk due to the higher knee
excursions caused by increased weight. Interestingly, the chest compression at the center of the sternum was reduced with
increasing BMI and age. However, such reduction may be due to the difference in belt routing, which caused the shoulder belt
to distort load-bearing ribs instead of displacing the sternum in obese and older occupants. Nevertheless, the older occupants
sustained higher chest and femur injury risks due to their lower injury tolerance. These findings are all consistent to those
reported by the field data analyses.
Time

30 YO
BMI25-Stature1750mm BMI35-Stature1880mm

70 YO
BMI25-Stature1750mm BMI35-Stature1880mm
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Figure 1. Examples of kinematics from occupants with different characteristics

Conclusions: In this study, a set of 12 morphed HBMs with different characteristics were developed and integrated into a
vehicle NCAP frontal crash sled model. From the simulation results, we identified injury risk trends due to different body sizes
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and age: 1) taller occupants tended to have a higher risk of head and neck injuries; 2) higher-BMI occupants tended to have
higher lower extremity injury risk; 3) older occupants tended to have higher chest and lower extremity injury risks. Although
the simulations in the current study were based on only one generic vehicle and the results may not be generalized for the whole
fleet, this study demonstrated that occupant characteristics had profound impact in injury risks in frontal crashes. A more
detailed description of this study can be found in (Hu et al., 2016).
References:
Hu, J., Fanta, A., Neal, M.O., Reed, M.P., Wang, J.T., 2016. Vehicle Crash Simulations with Morphed GHBMC Human Models
of Different Stature, BMI, and Age. To appear in Proceedings of 4th International Digital Human Modeling Symposium.
Klein, K.F., 2015. Use of Parametric Finite Element Models to Investigate Effects of Occupant Characteristics on LowerExtremity Injuries in Frontal Crashes. PhD Dissertation, University of Michigan.
Reed, M.P., Manary, M.A., Flannagan, C.A. and Schneider, L.W., 2002. A statistical method for predicting automobile driving
posture. Hum Factors 44, 557-568.
Reed, M.P. and Parkinson, M.B., 2008. Modeling Variability in Torso Shape for Chair and Seat Design. In: Proceedings of the
ASME Design Engineering Technical Conferences, pp 1-9.
Shi, X., Cao, L., Reed, M.P., Rupp, J.D., Hoff, C.N. and Hu, J., 2014a. A statistical human rib cage geometry model accounting
for variations by age, sex, stature and body mass index. J Biomech 47, 2277-2285.
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An Evaluation of Mass-Normalization Using 50th and 95th Percentile Human Body
Finite Element Models in Frontal Crash
Nicholas A. Vavalle1, Matthew L. Davis2, F. Scott Gayzik2
1. The Johns Hopkins University – Applied Physics Lab
2. Virginia Tech – Wake Forest University Center for Injury Biomechanics
Introduction: Human body finite element models (FEMs) are ideal tools to explore the effects of body habitus on
the biomechanical response of a given subject in a vehicle crash. This study aims to explore the effects of a massnormalization method on the comparison between a large male (M95) FEM and an average male (M50) FEM.
Materials and Methods: The GHBMC M50 [1] and M95 [2] LS-Dyna models were used in this study since the
models are identical aside from their respective morphologies. A generic frontal crash driver-side buck was used
with each model and an acceleration pulse from a late model NCAP crash was applied. Equal stress, equal
velocity scaling [3] was used to scale M95 outputs to the M50 mass. The ISO/TS 18571 protocol was used,
without corridor ratings, to compare native M95 signals and mass-scaled M95 signals to the M50 signals. The
mass-normalization is expected to increase the scores from the native to scaled M95.
Results and Discussion: On average the phase scores improved by 0.13, slope scores improved by 0.08 and
magnitude scores remained the same. These models lend themselves to investigating mass scaling effects since
two assumptions of Eppinger’s method are perfectly held: that the reference and target subjects have the same
modulus and density. Regarding the third assumption, the geometric similitude of the models is thought to be
equivalent to PMHS subjects, rendering this a test of the assumption given that the other two assumptions hold
true.
Table 1. ISO/TS 18571 comparison between the models. For the purposes of this comparison, all M95 data labeled as
scaled were done so using the Eppinger method, where λ=0.74 (M50 = 76.8 kg / M95 = 103.3 kg)
Phase Score
Magnitude Score
Slope Score
Signal
Unscaled M95 Scaled M95 Unscaled M95 Scaled M95 Unscaled M95 Scaled M95
Head Accel. X
0.64
0.90
0.89
0.93
0.28
0.41
Head Accel. Y
0.92
0.80
0.62
0.56
0.22
0.26
Head Accel. Z
0.66
0.88
0.68
0.70
0.32
0.30
Neck Force Axial
0.60
1.00
0.93
0.80
0.61
0.64
Neck Flex./Ext. Moment
0.80
0.98
0.78
0.68
0.55
0.64
Chest Deflection
0.94
0.73
0.57
0.63
0.75
0.77
Hip X Displacement
0.82
0.93
0.61
0.82
0.77
0.79
Hip Z Displacement
0.78
0.90
0.00
0.00
0.75
0.76
Left Femur Force
0.83
0.97
0.77
0.82
0.01
0.21
Right Femur Force
0.81
1.00
0.79
0.68
0.14
0.39

Conclusions: This study provides insight into the effects of mass-normalization and the assumption of geometric
similitude between the specimen and the target mass. Mass scaling was found to have the greatest effect on phase
and slope, but had little effect on magnitude.
References: [1] N. A. Vavalle, et. al., “Lateral impact validation of a geometrically accurate full body finite element model
for blunt injury prediction,” Ann Biomed Eng, vol. 41, no. 3, pp. 497–512, 2013. [2] N. A. Vavalle, et. al., “Application of
Radial Basis Function Methods in the Development of a 95th Percentile Male Seated FEA Model,” Stapp Car Crash J, vol.
58, pp. 361–384, 2014. [3] R. Eppinger, et. al., “Development of improved injury criteria for the assessment of advanced
automotive restraint systems–II,” Natl. Highw. Traffic Saf. Adm., pp. 1–70, 1999.
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Occupant Responses in Small Overlap and Oblique Impact Crashes
Chin-Hsu Lin1, Ashish Nayak1, Jenne-Tai Wang1, and Majeed Bhatti1
1. General Motors
Introduction: The NHTSA Oblique RMDB (Research Moving Deformable Barrier) test is one of new test
protocols being proposed to simulate small overlap and oblique impact crashes in the field. The occupants
involved in such type of crashes may experience different kind of injury risks due to the larger lateral motion than
in a full frontal impact. An advanced crash test dummy, THOR, is proposed by this test’s protocol for injury risk
assessment, instead of the standard frontal impact dummy Hybrid III (H-III).
Materials and Methods: In this study, we evaluated the occupant response in the Oblique RMDB Test using
GHBMC models to quantify and qualify the potential injury pattern and risk of this type of crashes. An integrated
vehicle model of a mid-size car with detailed front-end structures and vehicle interior was developed. The
integrated vehicle model was validated with both full frontal 35mph rigid barrier test and oblique RMDB test with
the H-III 50th %ile male dummies. The Global Human Body Models Consortium mid-size occupant model
(GHBMC M50-O) was then used to replace the Hybrid III dummies in the integrated vehicle model to simulate
the Oblique RMDB Test.

Figure 1. Brain pressure in oblique moving deformable barrier impact.

Results and Discussion: The differences in the measured responses of H-III and THOR from tests, and the
simulated responses of GHBMC Model, were compared. The additional tissue-level injuries predicted by the
GMBMC model, which are beyond the capability of H-III and THOR dummies, showed the potential injury
pattern and risk of occupants involved in a NHTSA Oblique RMDB Test-like crash.
Conclusions: The human body model is used to simulate the oblique RMDB impact test and the tissue level
injuries of the human body model are reported in this study.
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Responses of GHBMC 50th percentile Male Occupant Simplified Model in THOR
Dummy Certification Tests
Jay Zhao1, Santhosh Kumar Kalikota1, Maika Katagiri1
1. TK Holdings Inc., USA
Introduction:
As the GHBMC 50th percentile male occupant simplified model (GHBMC M50-OS) used in lab regulatory
crash tests evaluation, we need to know what are the human model’s performances compared to the THOR
dummy. The objectives of this study are to investigate responses of GHBMC M50-OS v1.8.4 model in the
NHTSA updated THOR bio-certification tests conditions [1], and quantify differences of the responses
between the human model and the THOR dummy.
Materials and Methods:
Firstly, the M50-OS v1.8.4 human model was further validated with the PMHS tests referenced for
developing the THOR bio-certification tests, including Nyquist’s head impact [2], Melvin’s face rigid bar and
rigid disk impacts [3], the PMHS tests data used by GHBMC Neck COE for the neck validations (frontal 8 &
15 G, rear 4 & 7G, and lateral 7G tests) [4], Kroell’s thorax hub impact [5] and Yoganandan’s lower ribcage
oblique impact [6], Nusholtz’s upper abdomen rigid steering wheel impact [7] and Cavanaugh’s lower
abdomen bar impact [8], and Horsch’s knee impact test [9]. All these PMHS tests were simulated and the
responses of the human model were compared with the PMHS test data. For those body regions of the human
model with poor correlation to the tests, modifications were made to improve the responses.
Secondly, the impact tests defined for THOR dummy biofidelity certification [1, 10] were simulated with the
updated M50-OS human model. The responses of the human model were compared to the certification tests
corridors and available THOR dummy physical test data, as well as, whole-body kinematics supplemented by
the numerical simulations with THOR Mod Kit model v2.0-AARP [11]. Differences of the outputs of the
accelerations of head, chest and pelvis CGs, the thoracic and abdominal deflections and the knee forces
between the human model and the THOR were investigated.
Results and Discussion:
The original GHBMC M50-OS v1.8.4 model had good or fair correlations with the PMHS tests for the body
regions of neck, thorax, and knee. However, it showed stiffer responses to the face and abdomen impacts.
Modifications for the face and abdomen of the model were made. With the update human model, improved
responses of the whole body to all the PMHS tests were observed.
From the dummy bio-certification tests simulations, the human model generally showed softer responses to
most of the impacts than the THOR dummy. The scaling factors for the outputs of human model to match
corresponding THOR dummy’s injury measures were discussed.
Conclusion:
Improvement for the GHBMC 50th percentile male occupant simplified model (M50-OS v1.8.4) was made
for the face and abdomen body regions. The updated human model showed improved whole-body responses
to all the studied impacts.
Similarities and differences of the kinematics and responses between the human model and the THOR dummy
in each of the THOR dummy bio-certification tests were identified. The scaling factors for the outputs of
human model to match corresponding THOR dummy’s injury measures were found.
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The Effect of Precrash Velocity Reduction on Occupant Response Using a Human
Body Finite Element Model
Berkan Guleyupoglu1,2, Jeremy Schap1,2, Kristofer D. Kusano2,3, F. Scott Gayzik1,2
1. Wake Forest University School of Medicine
2. Virginia Polytechnic Institute and State University
3. Virginia Tech – Wake Forest University Center for Injury Biomechanics
Introduction: Vehicles with active safety features, including pre-collision braking, are becoming more prevalent
in the vehicle fleet. While decreasing collision speed reduces the energy in the system, the complete effects of
pre-braking on the occupant kinematics and loads have not been studied. The objective of this study is to use a
validated finite element model of the human body [1] and a dummy model to evaluate the effect of simulated precrash braking on driver kinematics, restraint loads, body loads and computed injury criteria in four commonlyinjured body regions as well as local rib fractures in the human body model.
Materials and Methods: The Global Human Body Models Consortium (GHBMC)
50th percentile male occupant (M50-O) and the Humanetics Hybrid-III 50th percentile
models were gravity settled in the driver position of a generic interior equipped with
an advanced three point belt and driver airbag (Figure 1). Fifteen simulations per
model were conducted, including four scenarios at three severity levels: median,
severe, and US-NCAP and three extra per model with very high intensity braking.
The four scenarios were: No pre-collision system (No PCS), forward collision
warning (FCW), FCW with pre-braking assist (FCW+PBA), and FCW and PBA with
autonomous precrash braking (FCW+PBA+PB). The baseline ΔV was 17 kph, 34 kph
and 56.4 kph for median, severe and US-NCAP scenarios, respectively, based on
crash reconstructions from NASS/CDS. Pulses were then developed based on the
assumed precrash systems equipped. Restraint properties and generic pulse used in
pulse design were based on literature [2,3].

Figure 1 Seated positions of
M50-O (top) and Hybrid II
(bottom)

Results and Discussion: Sternal deflection also decreased with the highest reduction
occurring in the median set at a 66.5% reduction (No PCS: 21.0 mm to
FCW+PBA+PB: 7.0 mm) and with severe and NCAP at 50% (34.7 mm to 17.4) and 16.5% (41.0 mm to 34.2
mm). HIC values demonstrated decreases across all precrash braking scenarios with No PCS being the highest.
The H-III dummy trended similarly with the M50-O model in all cases. These trends were echoed in the
intensified braking cases except in chest deflection and HIC-15. HIC values increased in these cases with the
lowest at 1.0 g (61.6 HIC-15) and highest at 1.4 g (236.6 HIC-15). Chest deflection increased in the 1.4 g case to
28.0 mm from 17.7 mm. BrIC also increased from 0.62 to 0.83. Divergence between the models in forward
excursion was responsible for the difference. Forward head CG excursion at time of airbag deployment increased
from 93 mm for No PCS to 190 mm for FCW+PBA+PB and went as far as 426 mm for the 1.4 g case.
Conclusions: Reduction in delta-V caused reductions in some injury criteria, while others (chest deflection and
HIC) increased due to precrash braking that modified the occupant's position. These results show the need for
integrated safety systems that have restraints, e.g., reversible pretensioners, which optimize the occupant's
position during braking and prior to impact.

References: [1] Vavalle, NA et al., Ann Biomed Eng, 41:497-512, 2013 ; [2] Forman, JL et al., Stapp Car Crash
J, 53:49-74, 2009.; [3] Barbat, SD et al., SAE Int J Trans Safety, 1:328-333, 2013.
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Evaluation of the GHBMC 5th Female Pelvis and Lower Extremity
Jean Sebastian Giudice1, Bingbing Nie1, Taotao Wu1, David Poulard1, Matthew B. Panzer1
1. University of Virginia Center for Applied Biomechanics

Introduction:
The Global Human Body Model Consortium is currently developing a detailed occupant model of a 5th-percentile
female (F05) to assess biomechanics and injury risk to one of the most vulnerable occupants in motor vehicle
crash. The University of Virginia is the Center of Expertise for the pelvis and lower extremity (PLEX) body
region, and is currently in the process of evaluating and refining the F05 PLEX response and numerical stability
in impact simulation. The evaluation process for the PLEX consists of 15 loading cases that assess the biofidelity
and injury prediction of the model’s pelvis, thigh, leg, foot, and ankle. Scaling has also been implemented to
adjust the experimental data and severity of the loading conditions to the small female anthropometry. Several
modifications have been made to the model to improve its biomechanical response. These include optimizing the
material model for the pubic symphysis, mapping cortical bone thickness to shell elements, modifications to
cortical bone material properties, and refining the modeling approach for ligaments. Overall, the F05 PLEX
biomechanics have demonstrated good agreement with the experimental data, and will be a valuable tool for
assesses injury risk.
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Development and Validation of GHBMC Pedestrian Models
Costin D. Untaroiu11, Yunzhu Meng1, Wansoo Pak1, Scott Gayzik2
1. VT-WFU Center for Injury Biomechanics, Virginia Tech University
2. VT-WFU Center for Injury Biomechanics, Wake Forest University
Introduction: Pedestrians represent one of the most vulnerable road users and comprise nearly 22 percent of the
road crash related fatalities in the world. Given an impact event, the probability for a pedestrian to be injured in a
traffic crash is much higher than that for an occupant. Approximately, 88% of pedestrian-vehicle impacts result in
injuries whereas this ratio for occupants involved in vehicle-to-vehicle crashes is only 32%. Therefore, protection
of pedestrians in the car-to-pedestrian collisions (CPC) has recently generated increased attention with regulations
which involve three subsystem tests for adult pedestrian protection (leg, thigh and head impact tests). The
development of FE pedestrian models could be a better alternative that characterizes the whole-body response of
vehicle–pedestrian interactions and assesses the pedestrian injuries. The main goal of this study was to develop
and to validate finite element (FE) models corresponding to a 5th female, 50th male, 95th male and 6year old
pedestrians in standing postures.
Materials and Methods:
The 50th male pedestrian FE model (M50-PS) mesh is based on the GHBMC 50th percentile male occupant model
(M50-O). Other pedestrian models were developed through morphing the M50-PS to target surface scans from
subjects. Initially, material properties of all pedestrian models were defined as those used in M50-O model. To
validate the FE models at a component level, impact simulations were performed on knee joint, lower extremity
and upper body based on literature data. Simulation setups for each impact test were modelled and implemented
in the FE software (LS-Dyna, LSTC, Livermore, CA). Then, the whole body FE models were verified in CPC
simulations.
Results and Discussion:
Overall, the models showed promising results and a good capability to predict the injury risk of pedestrians during
lateral car impact. In terms of injury predictions, the models predicted initial MCL/ACL ruptures in the right
knee (the first one impacted by the car) followed by LCL/ACL ruptures in the left knee. These types of injuries
were observed in the PMHS impacted in CPC tests. Future work will be focused on improving the models’
responses and on adding more details to the current models.
Conclusions:
Pedestrian finite element models were developed and preliminarily validated in this study. The adult models
showed relatively accurate results against PMHS test data recorded in components and CPC tests. Generally, the
validated pedestrian models will be used by safety researchers in the design of front ends of new vehicles in order
to increase pedestrian protection.
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Mesh morphing for the mid-size male GHBMC pedestrian model to represent obese
subjects
Jisi Tang1,2, Qing Zhou1, Katelyn F. Klein2, Byoung-Keon Park2, Jingwen Hu2
1. Department of Automotive Engineering, Tsinghua University
2. University of Michigan Transportation Research Institute
Introduction: Based on the field data analyses, lower extremities are the most frequently injured body region in
vehicle-to-pedestrian crashes, and their injury risk is highly related to human characteristics, such as stature, BMI
and age. However, the current pedestrian models only focused on the mid-size male subjects. Therefore, the
objective of this work is to develop a method to morph the mid-size male GHBMC pedestrian model into
pedestrians with a wide range of human attributes.
Materials and Methods: The target geometry of pedestrians with varied characteristics included the external
body shape and lower extremity bone geometry. The Statistical Body Shape Model (SBSM) was based on wholebody laser scans from ~200 subjects, while the pelvis, femur, and tibia geometry models were based on CT scans
from ~300 subjects. Both the SBSM and bone geometry models were developed previously through a series of
data analyses, including geometry extraction, data cleaning, template mesh mapping, principal component
analysis and regression analysis. As a result, with a given set of age, sex, stature, and body mass index (BMI), the
external body shape as well as the pelvis, femur, and tibia geometries can be predicted. To integrate the geometry
models together, the bone geometries were first positioned according to the joint locations predicted by the
SBSM, and were further adjusted based on contact surfaces in the hip and knee joints.
To morph the mid-size male GHBMC pedestrian model into any predicted geometry target, several steps were
involved. First, the posture of the original GHBMC pedestrian model (walking posture) was adjusted to the
SBSM-predicted standing posture by a pre-simulation. Second, the external surface mesh of the GHBMC was
morphed into the geometry targets based on 45 landmarks defined in the SBSM by a radial basis function using
thin-plate spline (RBF-TPS). The morphed mesh was then further projected onto the geometry surface predicted
by the SBSM. Third, the pelvis, femur, and tibia surface meshes from the GHBMC were morphed/projected onto
the geometry targets using the same method in the second step. Lastly, all the nodes in the GHBMC pedestrian
model were morphed based on the external surface mesh and lower extremity bone meshes in the previous two
steps. To conduct the mesh morphing more efficiently, the GHBMC model was divided into five body regions,
including the head and torso, two upper extremities and two lower extremities.
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Figure 1. Schematic of morphing process

Results and Discussion: As an example, a pedestrian model with stature=1750mm and BMI=35 was generated.
The mesh quality of the morphed model was similar to the original GHBMC pedestrian model. The original and
morphed GHBMC models were further simulated in a generic pedestrian crash condition. By comparing the
results between these two models, we found that the risks of femur fracture and knee ligament rupture were much
higher for the higher BMI pedestrian.
Conclusions: The present study developed a detailed method for morphing the mid-size male GHBMC pedestrian
model into a specific set of anthropometric parameters. Such method can enable future studies focusing on
quantifying effects from human characteristics on pedestrian lower extremity injuries.
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Kinematics and Injuries to Restrained Occupants in Far-Side Crashes using
GHBMC Model
Mike.J. Arun1, Narayan Yoganandan1, John Humm1, Frank A. Pintar1
1. Medical College of Wisconsin
Introduction:
Each year, a significant number of occupants are injured in far-side crashes. In general, injury mechanisms in far-side impacts
are thought to be different from near-side impacts. The objective of the current study is an attempt to reproduce injuries that
are observed in the field (NASS/CIREN) by analyzing the occupant and vehicle kinematics, and injuries sustained by the
occupant using a full-scale car, and human body models.

Materials and Methods:
Full-scale simulations were performed using restrained GHBMC model seated on a 2001 Ford Taurus model using a far-side
lateral impact condition. The driver seat was placed in the center position to represent a nominal initial impact condition. The
original steering wheel was replaced to include a basic airbag model. The airbag was triggered using a frontal acceleration
threshold value. A three-point seatbelt with pretensioner and retractor was used to restrain the GHBMC model. Three
simulations with three different far-side impact conditions were performed using the full-scale models. In all the three
simulations the PDOF was selected as 90 degrees – that is, pure lateral impact. A 10-inch diameter rigid vertical pole.
However, the impact location of the pole was at the C-pillar in the first case, at the B-pillar in the second case, and finally, at
the A-pillar in the third case. The vehicle and the GHBMC models were defined an initial velocity of 15.3 m/s for all the
three cases. Excursion of the head center of gravity (CoG), right and left acromion of the GHBMC model were analyzed from
the response outputs. In addition, temporal component-wise displacement of head CG, right and left acromion, T1, T12, and
sacrum were extracted from the GHBMC model. In addition, stresses of head, pelvis, liver, kidneys, and lungs were extracted
to determine the risk of sustaining an injury. The motion of the vehicle was also analyzed.

Results and Discussion:
The shoulder belt slipped in cases 1 and 2, but somewhat engaged in case 3. In case 2, head contacted the intruding
passenger side B-pillar and indicated severe injury (Figure 1). Occupant kinematics depended on interaction with internal
structures – especially passenger seat. Rotation of the vehicle depended on the location of impact between the pole and
vehicle, and CoG location of the vehicle. Stress gradients indicated that the head had the highest risk of sustaining an injury –
contact with passenger side structures. Pelvis had the second highest risk of sustaining an injury at the right ilium (Figure 2).
The mechanism of this injury strongly corresponded to lap belt loading. Liver had the third highest risk of sustaining an
injury. Right kidney had the fourth highest risk of sustaining an injury. Stresses in case 2 were consistently higher than other
2 cases. Quantification of all parameters will be presented in the full-paper.

Figure 1 (Vehicle structures hidden for occupant visibility)

Figure 2

Conclusions:
This study reproduced injuries that are frequently observed in the field under far-side impact conditions using full-scale finite
element models. The study also attempted to delineate the mechanisms of some of these injuries using rigorous
computational data.
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The effect of pre-existing rib fractures on the thorax response of the GHBMC fullbody model in moderate- and high-speed lateral impact
Lauren Wood Zaseck, Cong Chen, Jingwen Hu, Matt Reed, and Jonathan Rupp
University of Michigan Transportation Research Institute, Ann Arbor, Michigan
Introduction: It is widely assumed that post-mortem human subjects (PMHS) with pre-existing rib fractures will
have a different thoracic response to loading than those without pre-existing fractures. Consequently, PMHS with
pre-existing fractures are typically excluded from impact studies, and PMHS that are used in impact tests usually
undergo only one impact over concerns that any resulting rib fractures will influence results of subsequent testing.
The actual influence of pre-existing fractures on thoracic response to lateral loading, however, has not been
investigated, and it is likely that thorax response is dependent on the location of any pre-existing rib fractures
relative to the location of loading. Since it is difficult to acquire suitable PMHS for impact testing, the goal of the
present study was to use the GHBMC whole-body finite element model to examine the influence of pre-existing
rib fractures on thorax response to moderate- and high-speed lateral loading.
Materials and Methods: Pre-existing rib fractures were simulated with the GHBMC v4.3 whole body model by
detaching elements through the cross-section of the anterior rib and adding contacts to the detached surfaces. The
test conditions simulated the Cavanaugh (1990)1 conditions used for GHBMC model validation, with the model
impacting a segmented load wall with an initial model velocity of 6.7 m/s or 8.9 m/s. In total, six scenarios were
simulated for each initial velocity condition: a baseline model with no pre-existing rib fractures, and models with
a single pre-existing fracture on rib 4 (struck and contralateral sides), fractures on ribs 2-7 (struck and
contralateral sides), and bilateral fractures on ribs 3-5. Rib failure criteria were the default GHBMC values.
Predicted rib fractures, external thorax compression, and applied thorax force were extracted using LS PrePost.
Results and Discussion: The baseline models predicted six fractured ribs on the struck side in the 6.7 m/s
condition, and eight fractured ribs on the struck side and two fractured ribs on the contralateral side in the 8.9 m/s
condition. Models with pre-existing rib fractures generally resulted in the same number of fractured ribs as the
baseline models. The one exception was the 8.9 m/s model with pre-existing fractures on ribs 2-7 on the struck
side, which predicted seven newly-fractured ribs on the struck side, and one newly-fractured rib on the
contralateral side. Pre-existing fractures had a minimal effect on predicted peak external thorax compression or
thorax force, with the greatest effect seen in the 8.9 m/s model with pre-existing fractures on ribs 2-7, where
decreases of 7-8% compared to the baseline model were observed. The observed effects, however, are small
relative to the midmale target response corridors for the loading conditions simulated.
Conclusions: This study is the first to examine the influence of pre-existing rib fractures on thorax response in
lateral impact. We demonstrate that the presence of up to six pre-existing fractures has minimal influence on
predicted thoracic compression or fractured ribs, suggesting that PMHS with a small number of pre-existing rib
fractures may be appropriate for use in moderate- or high-speed, lateral impact testing.
References:
1. Cavanaugh JM, Walilko TJ, Malhotra A, Zhu Y, King AI. Biomechanical response and injury tolerance
of the pelvis in twelve sled side impacts. Warrendale, PA: SAE; 1990. SAE Technical Paper No. 902305.
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Application of the GHBMC M50 model in a parametric study of pre-crash position
effects for vehicle side impact
Donata Gierczycka 1, Duane S. Cronin 1
1
University of Waterloo
Introduction: Side impacts are the second main cause of fatalities in passenger vehicle crashes, with the most
severe injuries occurring in the head and thorax regions. Although the severity of head injury has been reduced
with the introduction of side curtain airbags, thoracic injuries still remain a challenge [1,2]. Contact with the door
has been identified as the most common source of injuries to the thorax [3], and refinement of safety restraints in
side impacts remains a challenge due to the limited space and crush zone. Crash database analyses (NHTSA,
GIDAS) has suggested that that thoracic side airbags have not resulted in an expected reduction of injuries and
previous studies demonstrated that the occupant response in side impact was sensitive to the pre-crash position
[3,4,5,6,7,8]. The aim of the study was to investigate the effect of varying side impact conditions using a fully
coupled Human Body Model (HBMs) and vehicle model in a side impact condition. HBMs enable parametric
studies on injury mechanisms in side impact, offering repeatable test conditions, controlled environment, and
proper load transfer in the side impact, essential for prediction of real-world occupant injuries [8,9].

a)
b)
Figure 1. a) The MDB impact configuration; b) GHBMC M50 coupled with the vehicle.
Materials and Methods: The GHBMC M50 HBM was coupled with a vehicle model (Fig. 1) previously
enhanced and validated for side impact representative for a mid-sized sedan [10,11]. A generic side airbag model
(rectangular thoracic airbag, approximately 7 liters volume), was integrated with the vehicle model. The vehicle
was subjected to moving deformable barrier (MDB) impact at the NCAP impact velocity [12]. Impact
configurations included different arm positions and different settings of the passive restraints. Occupant response
was evaluated based on chest deflection and Viscous Criterion (VC) at the level of ribs 4, 6, and 8 (quantitative
comparison), and through number of rib fractures predicted by the model (qualitative comparison).
Results and Discussion: The HBM demonstrated sensitivity to the pre-crash position, and the effect of the arm
position was observed to be the most significant. Arm in the load path increased the injury metrics. The presence
of the arm in the load path also affected the extent or reduction of injury metrics expected due to airbag
deployment.
Conclusions: The use of a detailed HBM enabled a parametric study on the occupant-restraint-vehicle interaction
in a side impact and prediction of the occupant response on both global level (accelerations, displacements) and
on the tissue level (rib deflections, potential locations of rib fractures).
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