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Welcome
Welcome to the 2019 GHBMC Users' Workshop! On behalf of Elemance, LLC we sincerely
hope you enjoy today’s technical program. We would like to thank our generous sponsor,
Global Human Body Models Consortium (GHBMC) for their continuing support of this event.
The workshop contains 13 talks from 11 research groups in four sessions. Topics will cover
studies on head and neck injury, automotive safety applications, model positioning, and injury
and risk assessment.

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 complete family of GHBMC models. 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.

follow us on

and

@ElemanceLLC

Global Human Body Models Consortium - GHBMC
The Global Human Body Models Consortium (www.ghbmc.com) is an international consortium
of ten automakers and suppliers working to advance human body modeling technologies for
crash simulations. The unique objective of the GHBMC is to consolidate world-wide research
and development activities in human body modeling into a single global effort to advance crash
safety technology. The GHBMC, along with its academic and industry partners, have
developed a family of human body models for dynamic modeling and simulation activities.
GHBMC Contacts:
Steering Committee Chairman: John Combest, CombesJ@nrd.nissan-usa.com
Technical Committee Chairman: Chin-Hsu Lin, chin-hsu.lin@gm.com

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 costeffective platform for state of the art development of injury metrics or risk functions for the
human body, analysis of potential safety countermeasures, and application of modeling studies
in emerging topics within sports, military, aerospace, healthcare and automotive applications.
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Registration (Terrace Room) and Breakfast (Fort Shelby Room)

8:50-9:15 am

Welcome and Opening Remarks (Terrace Room)

9:15-10:15 am Session I – HEAD & NECK INJURY
Chairs: Matthew Davis (Elemance, LLC) and Duane Cronin (University of Waterloo)
Brain Strain Analysis During Football-Related Impacts
Kewei Bian and Haojie Mao – Western University (London, ON Canada)
Validation of the Strain Response in the Brain: Recent Update of the GHBMC M50 Head Model
Runzhou Zhou, Shabnam Rahimnezhad, Kunal Dave, Ding Lyu, Akshay Mistri, Liying Zhang –
Wayne State University (Detroit, MI, USA)
Investigation of Head and Cervical Spine Kinematics of GHBMC Subjected to Rear Impact in
Production Seat
Rakshit Ramachandra, Vikram Pradhan, Yun-Seok Kang – The Ohio State University
(Columbus, OH USA)

10:15-10:35 am Break (20 minutes, Snacks Provided in Fort Shelby Room)
10:35-11:55 am Session II – APPLICATIONS FOR AUTOMOTIVE OCCUPANT SAFETY
Chairs: Jay Zhao (Joyson Safety Systems)
Application of GHBMC Human Models in Full Vehicle Crash and Occupant Safety Simulations
Velayudham Ganesan, Mahendran Paramasuwom – EDAG Inc. (Troy, MI, USA)
Investigation of Pedestrian Kinematics and Injury Responses with Respect to Various PreImpact Conditions Corresponding to Traffic Accidents
Wansoo Pak, Costin D. Untaroiu – Virginia Tech (Blacksburg, VA, USA)
Exploring Motorized Belts Performance with the GHBM
Ramachandra Rao, Ryan Gellner, Jiri Kral – General Motors Technical Center (India, USA)
Far Side Impact Using the GHBMC M50-O and The World SID 50th ATD
Chin-Hsu Lin, Ashish Nayak – General Motors, General Motors Technical Center (USA, India)
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1:30-2:30 pm Session III – PRE-CRASH POSITIONING
Chairs: Chin-Hsu Lin (General Motors) and Skye Malcolm (Honda R&D Americas)
Development and Preliminary Validation of an Active Muscle Simplified Human Body Model, M50OS+Active
Karan Devane, Dale Johnson, Bharath Koya, F. Scott Gayzik – Wake Forest University (WinstonSalem, NC, USA)
A Repositioning Methodology to Achieve Targeted Bone Positions in Detailed Human Body Models,
Applied to the GHBMC Small Stature Female
Miguel Corrales, Duane S. Cronin – University of Waterloo (Waterloo, ON, Canada)
The Investigation of Pre-Crash Reclined Occupant Using GHBMC Human Body Model
Sagar Umale, Prashant Khandelwal, John Humm, Narayan Yoganandan, Frank Pintar – Medical
College of Wisconsin (Milwaukee, WI, USA)
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Methodology for Occupant Injury Risk Assessment with GHBMC Human Body Models
Jay Zhao, Maika Katagiri, Sungwoo Lee – Joyson Safety Systems, North America (Auburn Hills, MI,
USA)
Cortical Bone Failure and Fracture Pattern Prediction using an Anisotropic and Asymmetric
Constitutive Model
Fiona Khor, Duane S. Cronin, Skye Malcolm – University of Waterloo (Waterloo, ON, Canada),
Honda R&D Americas, Inc (Ohio, USA)
Modeling Costal Cartilage Calcification in GHBMC Human Body Models
Yuan Huang, Sven A. Holcombe, Stewart C. Wang, Qing Zhou, Bingbing Nie – Tsinghua University
(Beijing, China), University of Michigan (Ann Arbor, MI, USA)
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Brain strain analysis during football-related impacts
Kewei Bian1, MEng and Haojie Mao1, PhD
1. Western University, London, ON Canada
Introduction: Traumatic brain injury (TBI) due to sports-related collisions is a severe health. Brain responses
that are based on strain are considered as the main culprit to cause TBI. Meanwhile, it’s acknowledged that
football-related impacts affect regional brain strains in various manners. Hence, this study is focused on
investigating brain strain during different football-related impacts.
Materials and Methods: Based on Global Human Body Models Consortium (GHBMC) model and Riddell
helmet model (Panzer et al., 2018), we simulated impacts with impactor hitting the frontal, lateral, rear and top
sites of helmet. Moreover, frontal and lateral impacts to the facemask were also included in this study. The
cumulative strain damage measure (CSDM) with the strain level of 20% was used to analyze strain distribution of
the brain. The peak maximum principal strain (MPS) was also analyzed.
Results and Discussion:
For frontal impact to helmet, the CSDM20, indicating the percentage of the brain elements with the peak MPS no
less than 20%, was 0.08. The peak MPSs for the whole brain, brain stem, and corpus callosum were 0.40, 0.27
and 0.17, respectively. The CSDM20 produced by lateral impact to helmet was 0.12, larger than that produced by
frontal impact. Lateral impact to helmet induced peak MPS of 0.40 to the whole brain, 0.32 to the brain stem and
0.40 to the corpus callosum. The largest CSDM20 among these six impacts was 0.15 produced by rear impact.
The vertical impact induced the lowest MPS, with peak MPS to the whole brain, brain stem and corpus callosum
being 0.08, 0.07 and 0.04, respectively. For impacts to facemask, frontal impact induced CSDM20 of 0.01 to the
whole brain. The same frontal impact to facemask produced peak MPS of 0.29 for the whole brain, 0.17 for the
brain stem and 0.13 for the corpus callosum, respectively. Lateral impact to facemask induced CSDM20 of 0.10.
The peak MPS of lateral impact to facemask for the whole brain was 0.51, which was the highest among all the
impacts in this study. Peak MPSs for the brain stem and corpus callosum were 0.16 and 0.19 respectively.
Conclusions: Rear impact induced the largest CSDM while vertical impact induced the lowest CSDM. Lateral
impacts produced higher strains than frontal impacts did. Among lateral impacts, the brain experienced larger
strain distribution under lateral impact to helmet compared to lateral impact to facemask. Higher strains also
developed in the brain stem and corpus callosum under lateral impact to helmet. Compared to frontal impact to
facemask, frontal impact to helmet induced larger MPS to the whole brain and higher strains in the brain stem and
corpus callosum.
Acknowledgements: We acknowledge NSERC Discovery and Canada Research Chairs program for support.
References: Panzer et al. Journal of neurotrauma 2018, Toronto, Canada.
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Validation of the Strain Response in the Brain: Recent Update of the GHBMC M50
Head Model
Runzhou Zhou, Shabnam Rahimnezhad, Kunal Dave, Ding Lyu, Akshay Mistri, Liying Zhang
Biomedical Engineering, Wayne State University, Detroit, MI, US
Introduction: A number of finite element (FE) head models have been developed around the world to improve
the prediction of the head injury. Development of precise predictors and criteria for brain injury require a head
model that has detailed anatomical and material representation of a human head and robust performance under
various impact conditions. As part of the GHBMC effort, the GHBMC M50 head model was first introduced in
2013 [1]. This head model has been subjected to extensive validations against various biomechanical responses in
terms of intracranial pressure, brain/skull relative motion, skull impact force, and facial impact force using over 30
cadaveric head impact test data. In addition, various Crash Induced Injury indices have been developed for the head
model by simulating over 20 cadaveric and accident reconstruction data. The current M50 head model v4.4 has the
capability of predicting various brain and head injuries including skull and facial fractures, cerebral contusion,
diffuse axonal injury and acute subdural hematoma. Recently, the cadaveric brain strain data reported by Hardy et
al. [2] has been revised and published in 2018 [3]. It is known that the brain strain is an important tissue-level injury
parameter responsible for many types of brain injury. The current study reports the new validation study of the
GHBMC head model against the cadaveric strain data and an updated Version 5 head model with optimized brain
tissue properties.
Materials and Methods: In the reported cadaver test2, the head of the cadavers was impacted to a stationary
rigid surface at velocity of 3.1-3.7 m/s in the sagittal, coronal, and horizontal planes. The brain displacement was
video-tracked from a cluster of radio-opaque Neural Density Targets (NDTs) placed in the cadaver’s brain. The
maximum principal strain (MPS) was calculated from 12 triads formed by a cluster of 7 NDTs. To validate the
model, experimentally measured head acceleration was used to prescribe the kinematics to the head model. The
head model predicted node displacements at the corresponding NDT locations were then used to calculate the MPS.
The viscoelastic properties of brain tissues were optimized to improve the correlation. The MPS was also directly
calculated from the FE elements surrounding the cluster for comparison. The correlation of the model predicted
strains based on nodal displacements and the FE elements to the cadaver strain was assessed by CORA 4.04.
Results and Discussion: The GHBMC v5 head model predicted strain values at the cluster locations ranged
from 0.05 to 0.09 from all 8 cases simulated. The reported strain from the cadaver tests ranged from 0.04 to 0.09.
The overall temporal responses of the model strain matched most of the experimental data. For a few cases,
however, the model had a higher second strain than that of the cadaver data. It was noted that between the repeated
tests from the same cadaver, some of the NDTs did not return to their initial positions after the prior test. The initial
position was off as much as 7.6 mm. It was likely the selection of the node could potentially affect the displacement
results and subsequent strain calculation. MPS calculated directly from the elements surrounding the cluster was
approximately 10% higher than that calculated from the node displacements. The average CORA rating for the
model strain from the node displacements and elements was 0.51 and 0.52, respectively. The GHBMC brain strain
validation results exceeded the results reported recently from another model (CORA v4.04 rating 0.43) [3].
Conclusions: The GHBMC M50 head model v5 has been validated against strain responses in the brain
according to the newly available data obtained from cadaveric head impact tests. The material properties of the
viscoelastic brain tissue have been optimized to mimic the brain tissue behaviors under relevant impact conditions.
This enhancement will lead to an improve capability to the current model in predicting brain injury. Future work
will focus on validating the GHBMC F05 head model.
Acknowledgements: The Global Human Body Models Consortium, Ford Biomedical Engineering Graduate
Fellowships, and The Alliance of Automotive Manufacturers.
References: 1. Mao, H et al. 2013. Journal of Biomechanical Engineering 135(11). 2. Hardy, W et al. 2007. Stapp Car
Crash Journal. 3. Zhou, Z et al. 2018. Stapp Car Crash Journal.
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Investigation of Head and Cervical Spine Kinematics of GHBMC subjected to Rear
Impact in Production Seat
Rakshit Ramachandra, Vikram Pradhan, Yun-Seok Kang
The Ohio State University – Injury Biomechanics Research Center
Introduction: Finite element (FE) human body models (HBM) are becoming more frequently utilized to assess
biomechanical response and injury risk. Such models are especially valuable in evaluation of crashworthiness and
occupant safety in highly automated vehicles, where there might be a shift from traditional forward facing occupant
seating configurations. The objective of this study was to compare the response of Global Human Body Models
Consortium (GHBMC) HBM in a simulated rear impact to response of post-mortem human subjects (PMHS) in
physical experiments.
Materials and Methods: The GHBMC (Global Human Body Models Consortium) simplified 50th percentile male
occupant (M50-OS) was subjected to moderate speed rear-impact scenario identical to Kang et al. (2015) using the
LS-Dyna finite-element solver. The GHBMC was seated in a production seat on a sled buck floor defined as a rigid
part, and belted using lap and shoulder belt segments. A 24 km/h pulse was prescribed to the floor using the
Prescribed_Rigid_Body_Motion card. Head and cervical spine kinematics were compared directly to responses
from the three PMHS tests conducted at 24 km/h. A quantitative comparison of the kinematics over time between
the GHBMC and PMHS was performed using normalized root mean square deviation (NRMSD).
Results and Discussion: The NRMSD values for both head and T1 accelerations were 34% and for head rotation
relative to T1 was 23%. The overall trend of primarily forward intervertebral rotations (flexion) while the cervical
vertebrae rotated rearward in global coordinate system was similar to that observed in the PMHS tests, although the
magnitudes were considerably smaller in the GHBMC.
Conclusions: The GHBMC exhibited slightly better biofidelity in terms of head rotation relative to T1 than the
head and T1 accelerations. The NRMSD values for head and neck kinematics in these simulations suggest that the
biofidelity of GHBMC M50-OS could be improved to be used in such moderate rear-impact scenarios, to obtain
more accurate head‐neck kinematics.
Acknowledgements: The authors would like to thank the Ohio Supercomputer Center for providing High
Performance Computing resources to run the simulations in this study.
References:
Kang, Y-S., Moorhouse, K., Icke, K., Stricklin, J., Herriott, R., Bolte, J. (2015). Rear Impact Head and Cervical
Spine Kinematics of BioRID II and PMHS in Production Seats. IRCOBI Conf, 2015, 246-260.

Corresponding Author:
Name
Rakshit Ramachandra
Address
333 W 10th ave, 3015 Graves Hall, Columbus OH 43214
Affiliation The Ohio State University – Injury Biomechanics Research Center
Phone
614-366-7767
Email
Ramachandra.6@osu.edu

Session II – APPLICATIONS FOR AUTOMOTIVE OCCUPANT SAFETY

2019 GHBMC Users’ Workshop
DoubleTree Suites Fort Shelby, Detroit, MI, April 8, 2019

Application of GHBMC Human Models in Full Vehicle Crash and Occupant Safety
Simulations
Mahendran Paramasuwom1, Velayudham Ganesan1.
1. EDAG Inc.
Introduction: The purpose of this research was to study the practicality of Global Human Body Models
Consortium (GHBMC) Finite Element Analysis (FEA) human model in full vehicle crash simulations. One of the
severe front impact cases of National Highway Traffic Safety Administration (NHTSA)’s Oblique Offset Frontal
Test was setup with front seat driver and passenger occupants in full vehicle FE model. The full vehicle FEA
model included all frontal airbags, seatbelt restraint system and interior trims. The results of finite element
simulations were compared with that of using Test device for Human Occupant Restraint (THOR) dummy FE
models. In this paper, the challenges and findings, issues overcome during the implementation such as positioning
and using multiple occupant human models are discussed. Comparisons of FEA results between test results and
using THOR and GHBMC human models in terms of general kinematics and injuries results are discussed.
Materials and Methods: The full vehicle FEA model of 2014 Honda Accord was used with all front interior
trims, airbags, seats with foam and seatbelt restraint system. The research started with two THOR dummy models
in the vehicle model one for driver and another for front seat passenger. NHTSA’s Oblique Offset Frontal Test
was simulated and the results were compared to that of test results. Then THOR dummy models were replaced by
GHBMC human models to represent both driver and passenger.
Results and Discussion: The overall kinematics of GHBMC human models showed decent comparison to the
oblique offset test. Likewise the injury measures of GHBMC human model and THOR dummy model were
comparable. However, significant differences were found between the two occupants models in the load
transferred to the femur. GHBMC human models experienced much higher load compared to THOR dummy
models, due to the force measurement method differences. Clear advantages of using human models were realized
in bone fractures study in the GHBMC human model during the crash simulation to indicate any further physical
injuries compared to conventional safety injury measures.
Conclusions: Full vehicle crash simulation of NHTSA’s Oblique Offset Frontal Test was successfully carried out
by including two GHBMC human models to represent driver and front seat passenger. General kinematics and
injuries were comparable to simulations performed with THOR dummy models. A few challenges were faced in
running the simulation with the GHBMC human models due to the huge model size, difficulties in FE numbering
methods, differences in units and instability errors during simulations. The users of GHBMC had to overcome
such issues to achieve successful simulations.
Acknowledgements (Optional): The research work was carried out by EDAG Inc. and was sponsored by
NHTSA. The authors thank NHTSA Vehicle Crash and Occupant Safety department representatives Mr. Steve
Summers and Mr. Sanjay Patel for reviewing the work and helping EDAG to obtain GHBMC human models.
References: Singh, H., Ganesan, V., Davies, J., Paramasuwom, M., & Gradischnig, (2018, August), Vehicle
interior and restraints modeling development of full vehicle finite element model including vehicle interior and
occupant restraints systems for occupant safety analysis using THOR dummies, (Report No. DOT HS 812 545).
Washington, DC: National Highway Traffic Safety Administration.
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Investigation of pedestrian kinematics and injury responses with respect to various
pre-impact conditions corresponding to traffic accidents
Wansoo Pak1, Costin D. Untaroiu1
1. Department of Biomedical Engineering and Mechanics, Virginia Tech, Blacksburg, VA, USA
Introduction: The pedestrian is one of the most vulnerable road users and accounted for 22% of the total road
traffic deaths in the world. To protect pedestrians in traffic accidents, the pedestrian test protocols have been
proposed for specific pre-impact conditions (e.g. speed, posture etc.). However, the real world pedestrian accidents
occur in various pre-impact conditions, which are not covered testing protocols. Therefore, in this study, a
pedestrian finite element (FE) model previously developed and validated [1] was used to better understand the
influence of pre-impact variables on pedestrian kinematics and injury responses during car-to-pedestrian collisions
(CPC).
Materials and Methods: The initial posture of the Global Human Body Models Consortium (GHBMC) 50th
percentile male simplified pedestrian (M50-PS) model was changed according to a walking gait cycle published
previously [2]. Then, kinematics and injury responses of the M50-PS model with changed postures (Fig. 1) were
investigated in a sensitivity study with different vehicles and various speed of impacts.

Figure 1. Pedestrian FE model in gait cycle selected in gait parameters (%)

Results and Discussion: Some discrepancy in terms of kinematic trajectories of head, first thoracic vertebra (T1)
and sacrum were observed. In addition, different Wrap Around Distance (WAD) and head contact time were
predicted by the M50-PS model when impacted by different vehicle models.
Conclusions: This study presented the influence of the pre-impact variables in CPC accidents. The preliminary
results can be used to improve the design of better safety systems, such as active bonnet or Autonomous Emergency
Braking System (AEB) for the pedestrian protection.
Acknowledgements (Optional): This work was supported by the Global Human Body Models Consortium
(GHBMC) project No. WFU-006.
References:
[1]
C. D. Untaroiu, W. Pak, Y. Meng, J. Schap, B. Koya, and S. Gayzik, "A Finite Element Model of a
Midsize Male for Simulating Pedestrian Accidents," Journal of biomechanical engineering, vol. 140, no.
1, p. 011003, 2018.
[2]
C. D. Untaroiu, M. U. Meissner, J. R. Crandall, Y. Takahashi, M. Okamoto, and O. Ito, "Crash
reconstruction of pedestrian accidents using optimization techniques," International Journal of Impact
Engineering, vol. 36, no. 2, pp. 210-219, 2009.
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Exploring Motorized Belts Performance with the GHBM
Ramachandra Rao1, Ryan Gellner2, Jiri Kral2
1. General Motors Technical Center, India
2. General Motors Technical Center, United States
Introduction: First introduced in 2002 as both a safety and comfort feature, motorized seat belt retractors are
powered by electric motors and provide low-force, reversible inlet capabilities [1,2]. In the coming years, motorized
belt retractor force output may increase, and advanced sensing systems may allow for an earlier and more reliable
activation. These developments could potentially allow creation of motorized pretensioners and reduction of crashinduced injury risk when compared to traditional pyrotechnic-driven pretensioner systems.
Such postulation, however, is difficult to test with hardware. Therefore, the aim of this study is to:
• Utilize CAE methods and the Global Human Body Model (GHBM) to determine the effectiveness of a
concept of a motorized pretensioner as compared to a traditional pyrotechnic pretensioning system.
• Evaluate GHBM behavior in low and high acceleration environment.
Materials and Methods: LS Dyna was used to apply the same frontal impact crash pulse on the GHBM M50-O
and 50th Hybrid-III with a pyrotechnic pretensioner and then with a motorized pretensioner. The GHBM used in
this study had Hill-type active neck muscles [3]. All simulations had 0.5 s of pre-impact braking at 0.5 g. The
pyrotechnic pretensioner was activated 10ms into the crash pulse, while the motorized pretensioner system was
activated concurrently with braking. Motorized belt pretensioning was controlled via prescribed inlet for each run.
Head, neck and chest injury criteria were used to compare performance. The peak force resulting from the
pretensioner inlet was monitored.
Results and Discussion: While most injury criteria values were reduced
with the motorized pretensioner system in use, some injury criteria
increased when compared to conventional pyrotechnic pretensioner
system (Figure 1). Limitations of this study include the use of active
muscles only in the neck, use of a single crash pulse, and limited low-g
validation of the ATD and GHBM. The effect of a motorized pretensioner
system on a driver’s ability to control the vehicle was not explored in this
study [4,5].
Conclusions: The concept of a motorized pretensioner was explored and
provided comparable results to the conventional pyrotechnic
pretensioner. To better understand the potential of this concept for the
future of occupant protection, more work is needed to address various Figure 1. GHBM M50-O and Hybrid-III
kinematics at 40 ms post-crash, by
limitations of this study.
References:

pretensioner type.

[1] Y. Håland, "The evolution of the three point seat belt from yesterday to tomorrow," in IRCOBI Conference, Madrid, 2006.
[2] ZF Friedrichshafen AG, "ZF Releases New Active Control Retractor Seat Belt System," M. Gutemann and R. Buchmeier, Eds., ed.
zf.com, 2018.
[3] Östh J, Brolin K, Bråse D. “A Human Body Model with Active Muscles for Simulation of Pretensioned Restraints in Autonomous
Braking Interventions”. Traffic Injury Prevention, 2015, 16(3):pp.04–13.
[4] S. M. Beeman, A. R. Kemper, M. L. Madigan, C. T. Franck, and S. C. Loftus, "Occupant kinematics in low-speed frontal sled tests:
Human volunteers, Hybrid III ATD, and PMHS," Accident Analysis & Prevention, vol. 47, pp. 128-139, 2012.
[5] J. Östh, K. Brolin, J. M. Ólafsdóttir, J. Davidsson, B. Pipkorn, L. Jakobsson, et al., "Muscle activation strategies in human body models
for the development of integrated safety," in Proceedings of the 24th International Techical Conference on the Enhanced Safety
of Vehicles (ESV), Gothenburg, Sweden, 2015, pp. 8-11.
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Far Side Impact Using The GHBMC M50-O and The World SID 50th ATD
Chin-Hsu Lin1, Ashish Nayak2, etc.
1. General Motors
2. General Motors Technical Center, India
Introduction: Euro NCAP has proposed to include far side impact as a part of consumer test matrix [1]. It is
intended to reduce the side impact injuries to the occupant who is seating at the non-struck side of the vehicle. Such
an occupant’s injury is mainly resulted from the occupant contacting intruding struck-side structures. By restraining
the occupant motion towards the intruding side panels can reduce and minimize the possible injuries. The GHBMC
M50-O and the World SID 50th male finite element models are used to study the occupants’ kinematics and injuries
in such a proposed far side impact test [2].
Materials and Methods: This study uses the 50th percentile human body model developed by the Global Human
Body Models Consortium (GHBMC) and the World SID dummy model. Both full vehicle model and simplified
sled model simulations are conducted to compare their kinematics and to study the implications of the differences
in occupant injury. The World SID model used has no lower arms and the dummy kinematics are compared with
the GHBMC model. The lower arms models are later added to the existing World SID model to study the impacts
on the dummy injury and kinematics.

Figure 1. GHBMC M50-O and World SID kinematics in a far side impact.

Results and Discussion: The GHBMC M50-O and the World SID have a very similar lateral side impact motion
in far side impact. A lower arm in World SID can cause the differences in how the shoulder belt acting on the
occupant’s shoulder. The vehicle center console height has the effect of how the GHBMC and the World SID
models will interact with their lower rib cages.
The GHBMC model used is v4-3 and the model is stiffer when compared with PHMS test. While the GHBMC
model has been validated by a number of tests, it is still a new tool and its biofidelity in the far side impact
environment is an assumption. The World SID model is not yet fully validated against the far side PHMS tests
either.
Conclusions: The observations made here are considered preliminary. We intend to further explore the models’
capabilities in predicting far side impact injuries and the required restraint system to improve occupant far side
impact safety. The GHBMC M50-O allows additional insight into the occupant far side impact responses in
comparison to dummy and PMHS tests.
References:
[1] Euro NCAP, “2020 Roadmap – European New Car Assessment Programme”, March 2015
[2] Euro NCAP, “Far Side Occupant Test & Assessment Procedure”, Version 1.0, November, 2017
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Development and Preliminary Validation of an Active Muscle Simplified Human Body Model, M50OS+Active
Karan Devane1, 2, Dale Johnson1, 2, Bharath Kora1, 2, F. Scott Gayzik1, 2
1 Wake Forest University School of Medicine
2 Virginia Tech-Wake Forest University Center for Injury Biomechanics

Introduction: Occupant kinematics differ significantly between volunteer and post mortem human subjects because of muscle
activity. The Global Human Body Models Consortium (GHBMC) average male simplified occupant model (M50-OS) has been
validated against dynamic post mortem human subject (PMHS) experiments. However, the lack of active musculature limits its
ability to model volunteer kinematics. Therefore, the goal of this study was to add active musculature to the GHBMC M50-OS
model and validate its performance in the low-speed frontal crash and autonomous braking conditions.

Materials and Methods: The M50-OS model was updated with one dimensional (1D) beam elements representing all major
skeletal muscles. Muscles were assigned a Hill-Type muscle material in LS-Dyna (R9, LSTC, Livermore, CA). Origin and
insertion points were based on anatomical texts. Muscle activation level was also required to calculate the active component of
the body’s response. The activation level for each muscle was calculated using the firing rate of motor neurons sigmoid function,
from the output of a proportional–integral–derivative (PID) controller. The PID controller attempts to preserve the initial posture
of the model, which is an assumed behavior of the volunteers. Controller gains were optimized using LS-OPT (V5.2.1, LSTC,
Livermore, CA). The percentage contribution of each muscle for various joint motions was calculated by simulating each muscle
contraction in isolation and analyzing the change in joint angles. These calculated percent contributions were also used within
the PID controller. A low-speed frontal crash event was simulated using data from Beeman et. al. [1] and an autonomous braking
event was simulated using data from Olafsdottir et. al. [2]. A rigid test buck was used for the low-speed frontal crash simulation
and a deformable seat was used for the autonomous braking simulation. In both cases, the seat was selected to match the
experimental setup. The low-speed frontal impact simulations were carried out with 2.5g and 5g acceleration pulses, while the
autonomous braking simulation used 1.2g braking pulse.

(a)

(b)

(c)

Figure 1. (a) & (b) Relaxed and Braced condition with and without muscle activation, (c) Head CG displacement vs
time for autonomous braking with pre-tensioner

Results and Discussion: Preliminary results from volunteer simulations have shown a strong dependence of reaction loads
and kinematics on muscle activation in both low-speed frontal crash and autonomous braking simulations. A reduction in the
overall kinematics of M50-OS+Active in both simulations was observed, compared to the baseline M50-OS as shown in Figure
1. Similar reductions in the overall kinematic motion in the anterior (x-direction) were observed in volunteer tests, demonstrating
the ability of the selected approach to capture the active muscle response and its associated reduced kinematics. The results
demonstrate confidence in using the M50-OS+Active to predict occupant kinematics in pre-crash as well as in a low-speed frontal
crash. Pre-crash events include braking as well as lateral maneuvering. Future work will focus on alternative loading directions
and pulses, such as oblique and lateral directions. Additionally, the M50-OS+Active may be able to provide occupant kinematics
from the pre-crash phase and then switch over to a detailed model for the actual crash phase [3].

Conclusions: An active muscle version of the GHBMC simplified occupant model was developed and validated in the frontal
sled and autonomous braking conditions. We demonstrate that active muscle models limit occupant forward kinematics.
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A Repositioning Methodology to Achieve Targeted Bone Positions in Detailed
Human Body Models, Applied to the GHBMC Small Stature Female
Corrales M. A.1, Cronin D. S.1
1. University of Waterloo
Introduction: Human body models (HBM) are developed in a limited number of positions and postures, while
new appl1ications (e.g. aged models) may require morphing young subject-specific models to an aged posture. A
simulation-based approach is commonly used to reposition detailed HBM; however, this method is not precise
when specific bone target positions are required while retaining the mesh quality of surrounding tissues. Modern
repositioning software (i.e. PIPER [1]) can enable morphing to a new posture while retaining mesh quality [2]. A
recent database [3] provides precise hard tissue targets, orientations and sizes when morphing from a young (24
YO) to an aged (75 YO) posture. Simulation-based repositioning is limited in terms of retaining mesh quality for
the surrounding soft tissues, while repositioning/morphing software requires specific guidance to achieve the
target positions. This study presents a repositioning methodology applied to the GHBMC F05-O v3-1 neck model,
incorporating PIPER and CAD software to achieve targeted bone position corresponding to a 75 YO posture
while maintaining mesh quality.
Materials and Methods: To define an aged posture, an existing database of cervical hard tissue positions based
on age [3] was used and a 3D kinematic chain in CAD software (CATIA V5) was developed to compare the
baseline posture to the literature, define the aged posture, and extract the targets needed to reposition the neck in
PIPER. The model specific metadata required for a successful repositioning in PIPER was developed for the neck
region of the small stature GHBMC female HBM (F05-O v3-1), while simplified metadata was developed for the
whole body. The PIPER software was used to achieve the final posture and different techniques were used to
maintain the mesh quality, which was assessed with evaluation software (Hypermesh version 10.0).
Results and Discussion: The F05-O v3-1 was repositioned to a 75 YO neck posture. The new posture was
assessed by comparing the midsagittal plane nodes of the model and target, and found to be within 0.90 microns
of the target locations. The resulting mesh quality from the repositioning using PIPER was as good as the original
model, meeting the quality target thresholds for 99.1% of the elements. A small number of elements that did not
meet this requirement were fixed manually. The repositioned model was then evaluated using a 50 ms stability
run (no boundary conditions) and in a frontal crash scenario (8g frontal). In both cases the model ran to normal
termination. In this study, only the neck was repositioned and young subject material properties were considered.
Future work will include investigation of aged material properties.
Conclusions: A novel repositioning methodology was developed and successfully applied to the F05-O detailed
neck model to morph the young female model to the target geometry of an aged subject. This approach allowed
for efficient repositioning to a specific aged target posture, while retaining the finite element mesh quality.
Acknowledgments: The authors would like to thank the Global Human Body Models Consortium (GHBMC),
Natural Sciences and Engineering Research Council of Canada (NSERC) and the Consejo Nacional de Ciencia y
Tecnología (CONACyT) for financial support.
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The investigation of pre-crash reclined occupant using GHBMC human body model
Sagar Umale1, Prashant Khandelwal1, John Humm1, Narayan Yoganandan1, Frank Pintar1
1. Medical College of Wisconsin
Introduction: The occupants in fully automated vehicles would prefer a reclined seating posture (Jorlov et al.
2017). The occupant responses and injury mechanisms in this posture during collisions are largely unknown. Hence,
the objective of this work was to study occupant response in a reclined posture, using GHBMC model.
Materials and Methods: The detailed 50th percentile male GHBMC model (V4.5.1) in base and reclined postures
was used (Figure 1). The reclined posture was obtained my morphing the baseline model at lumbar and thoracic
spinal levels. The total angle of recline was 45-degrees rearward with respect to the baseline posture. The
environment set-up consisted of a semi-rigid seat, foot-rest, B-Pillar, and seatbelt anchor points, modeled using
rigid shell elements. These elements were constrained to avoid relative motions between the components. The seat
consisted of articulated rigid plates and springs to mimic deformation like OEM seats (Uriot et al. 2015). It was
used to minimize the uncertainties resulting from the OEM seats. The GHBMC model was positioned in the seat
and restrained using a standard 3-point seatbelt. A 2kN pretensioner and 3.25kN retractor was modeled at the
shoulder belt D-ring. An initial velocity of 15.5m/s and a 19g crash pulse were used to drive the model. Regional
body excursions and accelerations, rib fractures and seatbelt retractor forces were compared for the two postures.
The occupants were expected to submarine, which was defined as, lap belt sliding over the iliac crest and engaging
the abdominal region during the forward displacement of lower torso (Thorbole et al. 2015).

Figure 1. The GHBMC occupant: base posture Figure 2. The kinematics of occupants at 90 ms into the impact: base
(left) and reclined posture (right).
posture (left) and reclined posture (right).

Results and Discussion: The reclined occupant submarined, whereas for the base posture occupant, the lap belt
engaged with the iliac crest (Figure 2). The forward excursions for head, T1, T12 and pelvis were 576, 430, 209
and 176mm, and 560, 355, 337 and 375mm in base and reclined posturers. The head excursion was similar, T1
excursion was 20% less, whereas T12 and pelvis excursion was 60% and 100% higher for the reclined posture. In
the base posture, seatbelt forces peaked earlier, and the retractor was locked at 40ms, whereas submarining in
reclined posture resulted in gradual peaking of seatbelt force and the retractor was locked at 50ms. The retractor
locking resulted in first head acceleration peak of 19g and 10g in base and reclined posture. The second head
acceleration peak occurred at rebound and was 41g and 29g for base and reclined posture. The T1 peak accelerations
were similar (40g) for both postures, whereas T12 and pelvis peak accelerations were 20% and 15% higher for the
reclined posture compared to the base posture values of 40g and 30g. The rib fractures were similar for both the
postures, however due to submarining the occupant in the reclined posture may suffer additional abdominal injuries.
Conclusions: Occupants in a reclined posture are susceptible to submarining. Improved countermeasures are
required to avoid submarining of reclined occupants, seated in fully automated vehicles.
Acknowledgements: The study was supported by the US Department of Transportation DTNH22-15-D-00016.
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Methodology for Occupant Injury Risk Assessment with GHBMC Human Body
Models
Jay Zhao1, Maika Katagiri1 , Sungwoo Lee1
1. Joyson Safety Systems, North America
Introduction: Occupant crash induced injury (CII) risk assessment is essential for performance evaluation and
design of restraint devices. Anthropomorphic Test Devices (ATDs) based CII risk assessment protocols have been
adopted in legislative and consumer information tests and used for restraints design for production vehicles for
decades. With technological advancement of human body models (HBMs), HBMs are regarded as more biofidelic
occupant surrogates and as having immense potential to be used as an occupant CII risk assessment tool for
restraint design in near future. For wider applications of the Global Human Body Models Consortium (GHBMC)
HBMs, it is important to develop a protocol for assessment of occupant CII risks at whole-body level. The
objectives of this study were to investigate methods of the whole-body injury risk index calculations with the
latest GHBMC human body models, and to understand how the methods affect the restraint system performances
in a vehicle frontal crash sled test case.
Materials and Methods: Literature research has been made to collect the injury risk curves and formulae of
different human body regions developed from various published postmortem human subject (PMHS) tests. The
injury risk curves between ATD and HBM for three body sizes (the 95th percentile male, the 50th percentile male
and 5th percentile female) were examined. The core injury risk curves used are for the body regions of head (HIC,
BrIC), neck (neck tension or compression), Thorax (chest deflection) and KTH (femur axial force), developed
from various PMHS tests [Eppinger et al., 1999] [Takhounts et al., 2013] [Kuppa et al., 2001] [Laituri et al.,
20015]. The injury risks estimation for other body regions like abdomen and lower extremities were also taken
into consideration. Different methods for defining the whole-body injury risk index for the HBMs were assessed.
For each of the three body sizes, a validated passenger ATD sled test model was developed. Correspondingly, a
HBM sled test model was constructed by swapping the ATD with the same size of GHBMC O- model. A
comparative study on the injury risks between the ATDs and the HBMs was made with these models.
In addition, a 50th percentile male sled case was also constructed with GHBMC M50-OS v2.0 model to perform
optimization of the restraint performance for the test case conditions. Outcomes of the “optimal” restraint designs
with the different methods of whole-body injury risk index were examined.
Results and Discussion: Differences of the injury risks estimation with the ATDs and the HBMs were observed.
Inclusion of more body region injury measures for HBMs (such as abdomen and lower extremities) resulted in
different whole-body injury index values. The whole-body CII risk index calculated from the three methods
resulted in different “optimal” restraint designs even for the same crash sled simulation case.
Conclusions: Using GHBMC HBMs as a tool for restraint performance evaluation requires a well-defined and
validated occupant CII risk assessment method. In this study, effect of the whole-body CII risk index on the
“optimal” restraint design for a frontal protection in a vehicle is demonstrated.
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Cortical Bone Failure and Fracture Pattern Prediction using an Anisotropic and
Asymmetric Constitutive Model
Fiona Khor1, Duane Cronin1, Skye Malcolm2
1. University of Waterloo, Waterloo, Ontario, Canada
2. Honda R&D Americas Inc., Ohio, USA
Introduction: The prediction of crash induced injuries (CII), particularly hard tissue fracture in finite element
Human Body models (HBMs), requires a constitutive model that is able to represent the complex mechanical
response of the tissue. Currently, HBMs often use an isotropic elastic-plastic model with a von Mises yield
surface to predict cortical bone response and failure. This approach often works to tensile-dominated failures, but
may not be accurate for shear-dominated failures since cortical bone exhibits anisotropic and asymmetric
mechanical response with damage prior to ultimate failure.
Materials and Methods: A literature review was preformed to identify a set of mechanical properties for cortical
bone [Reilly and Burstein, 1974, 1975; Tang, 2014]. The properties were implemented in a user defined material
model in LS-DYNA that incorporated damage, anisotropy, tension-compression asymmetry [Gower, 2008], and a
novel pressure-based failure criterion. The primary material direction in each finite element was defined
corresponding to the orientation of the osteons. The model was assessed in three-point bending and axial torsion
of a femur model and the simulation results were compared with whole bone experimental data.
Results and Discussion:
In the three-point bending simulation, the maximum force (4.07 kN) was in good agreement with the
experimental average (4.29 kN). Failure initiated on the tension side of the bone and propagated transversely
across the bone. However, the volume of element erosion was higher than expected, attributed to the failure
criterion. In the axial torsion simulation, the final failure moment of 185 Nm agreed well with the experimental
value of 183 Nm. The rotation to failure was lower than expected compared to the experimental data, attributed to
compliance in experimental test setup that was not reflected in the ideal boundary conditions of the model. Failure
initiated in the diaphysis of the bone, at the proximal end of the shaft which agreed with experimental data and
propagated in a spiral fracture towards the distal end of the bone.
Conclusions: In conclusion, the proposed constitutive model incorporating anisotropy, asymmetry, damage, and a
pressure-based failure criterion was able to predict femur bending and axial torsion response and failure in
agreement with experimental findings. In general, the predicted displacements were lower than those reported
experimentally, attributed to potential compliance in the experimental setups that were not reflected in the
idealized model boundary conditions.
Acknowledgements: The authors gratefully thank Honda R&D Americas Inc. for funding, and the Global
Human Body Models Consortium (GHBMC) for use of the human model.
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Modeling costal cartilage calcification in GHBMC human body models
Yuan Huang1, Sven A. Holcombe 2, Stewart C. Wang2, Qing Zhou1, Bingbing Nie1.
1. State Key Laboratory of Automotive Safety and Energy, Tsinghua University, Beijing, China
2. International Center for Automotive Medicine, University of Michigan, Ann Arbor, MI, USA
Introduction:
Costal cartilage plays an important role in the biomechanics of the thorax, and the accumulation of calcified tissue
with age will substantially influence the mechanical response of the thorax to loading [1]. Current finite-element
(FE) human body models (HBMs) represent the costal cartilage as a segment with a homogeneous material property,
yet their finite element meshes provide opportunities to represent interstitial calcification zones [2]. This study
proposed a consistent indexing system shared between humans and HBMs, with which, regions of calcification that
are identified via sources such as medical images [3] can be systematically transferred to HBMs.
Materials and Methods:
An anatomic indexing system was developed for each GHBMC costal cartilage network to categorize mesh
elements by rib segments and bridging segments. Within each segment, continuous spatial positions are then
identified for (1) the node position along the segment’s length, (2) the node position from the core to the cortex of
the segment, and (3) the rotational position relative to the cross-sectional center of that segment (Figure 1).

Figure 1. New sets of metadata relating to each node within costal cartilages in GHBMC M50 and F05

This same indexing system was then applied to live subject CT scans, and observations of calcified or un-calcified
cartilage were collected across the costal cartilage network. A statistical tool was developed using the indexing
system coordinates and morphomics as predictors of the presence of calcification in the costal cartilage. Finally,
this calcification likelihood was transferred onto the mesh of GHBMC M50 and F05 (Version 4.5).
Results and Discussion:
Prediction functions generated from live subject data were successfully transferred onto GHBMC HBMs, and a
system was developed to automatically assign elements within each mesh to new “calcified cartilage” and “uncalcified cartilage” model parts, accordingly.
Conclusions:
This study proposed an anatomic indexing system to identify the spatial positions in a continuous coordinate space
within the costal cartilage, and successfully applied it to GHBMC HBMs. This allows for an important aspect of
the aging process to be included in modeled humans, enhancing the ability of the GHBMC HBMs to model
individuals or populations chosen from broad age ranges.
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