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Executive Summary 

The Warrior Injury Assessment Manikin (WIAMan) Project Management Office in conjunction 

with the Blast Protection for Platforms and Personnel Institute hosted the Workshop on 

Numerical Analysis of Human and Surrogate Response to Accelerative Loading on January 7–9, 

2014, at the U.S. Army Research Laboratory. This workshop addressed the numerical analysis 

tools available to simulate and investigate human and human surrogate response to accelerative 

loading induced to vehicle occupants from blast, with emphasis on underbody blast. The 

workshop discussion focused on evaluating the maturity of current modeling and associated 

experimental efforts, establishing what can be done with current tools, and what additional 

research is needed to advance our understanding of predicting injuries under blast loading 

environment. There were two keynote presentations: Dr. Scott Wagner of the Walter Reed Spine 

Research Laboratory gave a presentation titled “A Clinical Overview of Wartime Spinal 

Injuries,” and Mr. Michael Tegtmeyer and Dr. Warren Hardy gave a presentation titled 

“Experimental Simulation of the Under-body Blast Environment.” Dr. Wagner’s presentation 

provided insight into current efforts to repair Soldier spine injuries from accelerative loading 

events in Iraq and Afghanistan. Tegtmeyer and Hardy presented the research they have led under 

the WIAMan program to induce accelerative loading conditions to Hybrid 3 anthropomorphic 

test devices as well as cadaveric specimens. The following report documents the materials 

presented at the workshop, summarizes the discussion and major findings, and offers some 

recommendations that are suitable for guiding the future of research in this area. 
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1. Introduction 

Injuries from accelerative loading are a major concern to the Department of Defense. Blast 

weapons used against vehicles and dismounted personnel have caused significant injuries and 

fatalities during recent operations. Even in well-protected vehicles, Soldiers have sustained life-

changing injuries to the spine or lower extremities as a result of the rapid acceleration of the 

body during a blast event. To reduce the potential for these injuries, the Army has invested in the 

development of a new anthropomorphic test device (ATD) specifically focused on accelerative 

loading injuries for vehicle occupants (the Warrior Injury Assessment Manikin, or WIAMan, 

project), as well as the development of numerical analysis tools to model the effects of blast on 

vehicles (the Blast Protection for Platforms and Personnel Institute, or BP3I, program).  

Numerical modeling of the human subject to these accelerative loads offers tremendous potential 

to enhance the understanding of accelerative loading injuries and to subsequently reduce their 

occurrence. When the strengths and limitations of numerical models are well understood, the 

models can be used to provide insight into experimental efforts, thus providing data beyond what 

is measured. Models can also be used to study variations in experimental parameters, investigate 

effects of biodiversity, and investigate potential protective systems. Currently there are several 

ongoing efforts within the Department of Defense to model accelerative loading injuries in the 

human. The National Highway Traffic Safety Administration and the automotive industry also 

sponsor significant research in modeling the human response to automotive crashes. Therefore, 

this workshop was designed to bring together expertise from government and academia to 

discuss the state of the art in numerical modeling.  

The workshop was organized into six sessions. Each session featured a series of 25-min 

presentations, followed by a 30-min discussion moderated by the session chairs. Section 2 of this 

report consists of the individual reports by the respective session chairs. The session chairs were 

asked to focus on drawing out the key technical challenges for numerical modeling of 

accelerative loading of humans and ATDs. It should be noted that there were common themes in 

the six sections, and these are reemphasized in the individual reports. Section 3 of the report 

draws conclusions based on the workshop, and section 4 offers recommendations that were 

derived from the insights gained from the workshop. The appendices of this report contain the 

workshop agenda (Appendix A), the abstracts (Appendix B), the slides from the original 

presentations (Appendix C), the session chair summary presentations (Appendix D), and the 

attendee list (Appendix E). 
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2. Summary of Technical Research Areas 

2.1 Session 1: Numerical Analysis Techniques for Anthropomorphic Test Devices (ATDs) 

to Simulate Human Response to Accelerative Loading 

Session 1 of the workshop included the following presentations: 

• “A Preliminary Evaluation of Human & Dummy Finite Element Models under Blast-

Induced Accelerative Loading Conditions” by Costin Untaroiu, Jacob Putnam, and Warren 

Hardy, presented by Costin Untaroiu, Virginia Polytechnic Institute and State University 

• “Approaches for Predicting Human Anatomical Variations Using Anthropometric and 

Demo-Graphic Data” by Catherine Carneal, Yoshito Otake, Dean Kleissas, Andrew 

Merkle, Mehran Armand, Manuel Uy, Gaurav Thwait, John Carrino, Brian Corner, Marina 

Carboni, Barry DeCristofano, and Michael Maffeo, presented by Catherine Carneal, Johns 

Hopkins University Applied Physics Laboratory 

• “Numerical Approach for Modeling Human Joints in Anthropomorphic Test Devices 

(ATDs)” by Renuka Jagadish and Hyunsok Pang, presented by Renuka Jagadish, 

Humanetics Corporation 

In “A Preliminary Evaluation of Human & Dummy Finite Element Models under Blast-Induced 

Accelerative Loading Conditions,” Costin Untaroiu discussed the challenges of modeling lower 

extremities and lumbar spine in human and dummies. Human finite-element (FE) models 

(Global Human Body Model Consortium [GHBMC] and Total HUman Model for Safety 

[THUMS] models) and dummy FE models (Hybrid III–Livermore Software Technology 

Corporation version and THOR-k -VT/NASA version) frequently used in automotive crash 

simulations were evaluated in this study. Kinematic responses predicted by these models were 

compared to published data recorded under various vertical impact conditions. In addition, 

dummy injury assessment reference values and human stress/strain data were calculated to 

evaluate the risk of injury predicted by the dummy and human models, respectively. This study 

emphasized the modeling challenges of lower extremities and lumbar spine and provided 

recommendations for improving current human and dummy FE models. 

The second presentation, “Approaches for Predicting Human Anatomical Variations Using 

Anthropometric and Demo-Graphic Data,” was presented by Catherine Carneal of the Johns 

Hopkins University Applied Physics Laboratory. Ms. Carneal described an approach that has 

been developed to create a statistical shape atlas of the human lung using medical image datasets 

and used to evaluate how variations in subject stature and demographics relate to changes in 

internal organ size. This method could be expanded for additional anatomical regions and tissue 

structures (both soft organs and skeletal) to provide a basis for developing computational human 

models appropriate for a range of human subjects. 
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The third presentation, “Numerical Approach for Modeling Human Joints in Anthropomorphic 

Test Devices (ATDs),” was given by Renuka Jagadish of Humanetics Corporation. Ms. Jagadish 

emphasized that the ATD neck has to be modeled as closely as possible to represent the 

kinematic response of the ATD hardware. This includes assigning the right contact and material 

properties to capture the response and get a good correlation with respect to the test curves. The 

“nodding” block is a small piece of rubber placed between the neck disc and the lower load cell. 

The nodding block rubber is prestressed during assembly; this initial compression force/prestress 

at the interface has a significant effect on the results. 

In the discussions at the end of each paper and in the final session wrap-up, the following major 

challenges facing the community emerged: 

1. End user-focus 

• Model needs to reflect its intended use. 

• The models should enable testing focused on important mechanisms. 

• Regulation needs standardization. 

2. Proliferation of different ATD models 

• Which model should the end-user choose? 

• Geometry does not always reflect physical article used. 

• Scientific advances have not been broadly disseminated. 

• Scaling techniques need to be developed for ATD models. 

• Contact functions are needed for the models. 

• Material properties should be published and disseminated. 

• Improved numerical meshes are needed. 

• Full reporting of the model details will reduce duplication of efforts. 

3. Common understanding of definition and accepted methods of conducting validation 

• Results and input from model validation available for peer review. 

• Caveats and limitations known and disseminated. 

4. Data generally accepted as appropriate for validation of underbody blast (UBB) 

experiments  

• The modeling community needs data for both ATD and human models. 
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• Modeling community integrated early in the experimental process to ensure the right 

measurements and boundary conditions are recorded. 

5. Scalability: Full-scale, system-level testing is needed 

The following challenges were identified as not being fully addressed by the research community 

at the present time: 

1. Posture, posture, posture 

• Vehicle refresh lag: We will have our current vehicles for a long time. 

• Validated models need to be useful for near- and medium-term occupant postures.  

• Articulation of ATD and human models into military-relevant postures is required. 

2. A common understanding of the UBB loading environment 

• Definition of the loading rates appropriate for biological material in an UBB event.  

• Loading is not uniform. 

3. Common anthropometry definition (e.g., WIAMan? Zygote?) 

4. Are we sensitive in the right places? (Testing [and by extension, modeling] is intended to 

enhance protection systems.) 

5. Kinetics and kinematics 

• How to address the interaction of the occupant with the vehicle structure. 

• How to model the belts and safety systems. 

6. Bridge between accurate ATD and human response. (Regulation is ATD. Occupant 

protection is human.) 

2.2 Session 2: Multi-Scale Modeling Techniques for Human Tissue Response 

Session 2 of the workshop included the following presentations: 

• “Effect of Loading Rate and Orientation on the Compressive Response of Human Cortical 

Bone” by Brett Sanborn, C. Allen Gunnarsson, Mark Foster, Paul Moy, and Tusit 

Weerasooriya, presented by Brett Sanborn, U.S. Army Research Laboratory (ARL) 

•  “Experimental and Finite Element Analysis of Brain Tissue under High Strain Rates” by 

Lakiesha N. Williams, Mark Horstemeyer, Jun Liao, and Rajkumar Prabhu, presented by 

Lakiesha N. Williams, Mississippi State University 

• “Hierarchical Development of Biomedically Validated Human Computational Models” by 

Robert Armiger, Alexis Wickwire, Kyle Ott, Alex Iwaskiw, Tim Harrigan, Liming Voo, 
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• JiangYue Zhang, Catherine Carneal, Jack Roberts, and Andrew Merkle, presented by 

Robert Armiger, Johns Hopkins University Applied Physics Laboratory 

• “Material Properties of the Human Heel Fat Pad Across Loading Rates” by Grigoris 

Grigoriadis, Nic Newell, Spyros Masouros, and Anthony Bull, presented by Spyros 

Masouros, Imperial College London 

• “High Rate Experimental BioMechanics: Investigations to Quantify the Effect of Loading 

Rate and Micro/Sub-structural Details on the Fracture Response of Human Cortical Bones” 

by Tusit Weerasooriya, ARL 

• “Recent Developments in a Computational Shock Physics Tool for Modeling Fluid-

Structure Interaction” by Shane Schumacher, Sandia National Laboratories (SNL) 

• “Human Body Models and Computational Tools for Human Response to Blast and 

Accelerative Loadings” by Dr. Andrzej Przekwas and Dr. X. G. Tan, presented by Dr. 

Andrzej Przekwas, Computational Medicine and Biology Div., CFD Research Corp. 

This session consisted of talks in two important areas: tissue constitutive characterization and 

computational modeling methods. Unlike most conventional engineering materials, biological 

materials possess a great degree of anisotropy, inhomogeneity, nonlinear inelastic behavior, and 

time dependence. In addition, because of a hierarchical structure, there is a need to develop 

histology-informed constitutive models and bridge the scales from cellular mechanics to tissue-, 

organ-, and system-level phenomena. 

The goal of multiscale modeling of humans is to minimize testing requirements for improved 

personal protective equipment (PPE) and vehicle design in the long term, and help design better-

instrumented surrogates, such as WIAMan in the near term. To attain this objective, three critical 

challenges need to be addressed: development of biofidelic models, constitutive description of 

hard and soft tissues, and robust numerical methods to solve the initial boundary value problems. 

2.2.1 Hierarchical Biofidelic Models 

Accurate representation of the geometry of organs and important details of components, 

subcomponents, and how they interact are crucial to successful modeling of human system. The 

presentation by Robert Armiger emphasized this approach in their modeling of the head, neck, 

and lumbar spine system. A model validation hierarchy is depicted in figure 1, where 

experiments and modeling at multiple scales are envisaged. One of the challenges in developing 

a biofidelic computational model is accurate discretization of various complex geometries at 

different scales. First, the important anatomical features must be preserved, and second, an 

appropriate FE discretization must be realized. The complex anatomy often encourages the use 

of lower-order elements with reduced integration points, leading to computational inaccuracy.  
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Figure 1. Model validation hierarchy 

for head-neck system.  

2.2.2 Constitutive Tissue Models 

Accurately describing the constitutive response of tissues is critical to developing computational 

models of human systems. This has been the subject of extensive study over several decades for 

quasi-static loading conditions. For high-rate loading scenarios, such as an underbody loading 

event, relevant research has been pursued only more recently. At this initial phase of high-rate 

tissue studies, mostly conventional techniques have been used. There is a need to explore new 

experimental methods and novel analysis techniques to extract constitutive properties of 

biological tissues at the appropriate loading rates.  

2.2.2.1 Soft Tissues  

One of the main issues in measuring soft tissue response is that inertia effects dominate 

conventional high-strain-rate measurement techniques. For example, the highly nonlinear 

response reported by Williams, shown in figure 2, shows an “apparent” hardening and softening 

behavior of porcine brain. However, this is likely attributable to lateral inertial effects and a lack 

of stress equilibrium in the sample and not a material response. Therefore, either novel 

experimental techniques need to be developed or an inverse numerical method is required to 

extract the constitutive data. An example of a novel experimental technique was reported by 

Johns Hopkins University’s Applied Physics Laboratory group, where they modified the 

conventional Split Hopkinson Pressure Bar (SHPB) technique to apply shear loading to soft 

tissue. Other novel techniques such as plate impact experiments, where lateral strain is zero, need 

to be explored. Masouros et al. presented an inverse FE methodology to extract the constitutive 

response of the heal-pad from static and dynamic experiments. Such methods need to be further 

explored in interpreting experimental data. 
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Figure 2. Highly “apparent” nonlinear hardening/ 

softening behavior of soft tissue measured 

in SHPB is attributable to inertial effects. 

2.2.2.2 Hard Tissues  

Bone, on the other hand, presents a high level of anisotropy due to the presence of osteons and 

other microstructural features. Bone properties are highly location dependent because of 

disparate cortical and trabecular compositions and differences in microstructure. Sanborn et al. 

showed that strain in bone specimens as measured by digital image correlation differs from the 

strain gage measurements in SHPB experiments. Their results captured strain rate effects, 

anisotropy, and spatial variation of human cortical femur bone tissue. Their results on property 

variation between different species (human, bovine, equine, etc.) bring up an important point on 

correlating dynamic bone properties to intrinsic properties, such as density, mineral content, etc. 

Dynamic fracture property measurement, reported by Weerasooriya et al., also indicated a 

similar need based on the variability of properties on location and age. Another important 

question that needs to be addressed is the property distribution as a function of population 

distribution. The inherent need to test large sample sizes renders this study expensive and time 

consuming, albeit necessary.  

2.2.3 Robust Numerical Methods 

FE methods have long been developed and used for solving continuum mechanics initial-

boundary value problems and are being extensively applied for modeling human systems. For 

blast and ballistic applications, both Lagrangian and Eulerian techniques are essential to capture 

various fluid-structural interactions at multiple scales. Shumacher, from SNL, presented a 

repertoire of current capabilities in CTH, and the capabilities of the multiphysics code CoBi were 

discussed by Przekwas from CFD Research Corporation (e.g., figure 3). Biomechanical models 

are multiscale and multiphysics in nature, requiring use of massively parallel solvers. 

Micromechanics-based models are necessary at lower length scales, possibly containing multiple 

representative volume elements, whereas higher length scale models need to be biofidelic and 

multiphysics. Computational strategies must be developed to bridge these two length scales, as a 
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single computation is not likely to produce high-fidelity results for the whole human system. An 

important aspect of human modeling is incorporating the stochastic nature of input conditions 

and variability in anatomic structure and tissue constitution. Stochastic and probabilistic models 

are not commonly employed in computational models of engineering systems but appear to be 

essential for modeling human systems. While deformation-related phenomena are expected to be 

represented by mean value distributions, failure and post-failure behavior are expected to be 

manifested by extreme value distributions.  

 

Figure 3. Human biomechanics models require 

fluid-structure interaction tools and 

accurate biofidelic models. 

Another major need for human modeling is the hierarchical validation of computational models. 

Experimental data need to be generated at multiple scales, and quantitative metrics are needed 

for model validation. Current data collection is limited to a few integrated force/acceleration 

measurements, which are extrapolated into a spatial distribution of stress and strain through 

models which have been calibrated to limited data. As measurement methods improve, in situ 

measurement of stress-strain, fracture, and deformation would help validate numerical models. 

2.2.4 Recommendations 

Based on the information presented in this session and subsequent discussions, we’ve provided 

the following recommendations: 

1. Material data for different tissues in relevant loading rate regimes are needed. These data 

need to contain failure and post-failure behavior and low and high strain rates. Current 

high-rate methods appear to be inadequate, and hence investment should be made to (a) 

develop new experimental techniques to measure dynamic properties of biological tissues 

and (b) develop inverse methods to extract constitutive data from experimental 

measurements. 

2. Since injury biomechanics is heavily reliant upon animal and cadaveric data, similarity and 

differences between live, fixed, and cadaveric tissues need to be established to develop 

transfer functions between different models. 

3. Model validation strategies/metrics need to be developed. This would include (a) carefully 

designed benchmark experiments, (b) high-fidelity characterization of postmortem human 

subjects (PMHS), and (c) adjudicated model validation data sets for the community. 
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4. Multiscale and multiphysics computational strategies also need to be developed. 

Algorithms to bridge multiple length scales going from tissue-level physics to whole 

human dynamics require development of new computational methodologies. New meshing 

techniques are needed to produce accurate biofidelic FE discretization using robust 

elements. 

5. A concerted effort is needed to integrate measurement of different tissue structures and 

constitutive behavior, sensitivity analysis based on anthropometric differences, 

development of biofidelic FE models, multiscale computational techniques capable of 

representing stochastic data, and benchmark experiments for model validation. 

2.3 Session 3: Numerical Methods to Simulate the Response of Human Tissue and Bone 

to High-Rate Loading 

Session 3 of the workshop included the following presentations: 

• “Comparing the Use of Dynamic Response Index (DRI) and Lumbar Load as Relevant 

Spinal Injury Metrics” by Ravi Thyagarajan, Kumar Kulkarni, and Jaisankar Ramalingam, 

and presented by Ravi Thyagarajan from the U.S. Army Tank Automotive Research, 

Development and Engineering Center (TARDEC) 

• “Developing an Empirical Model to Estimate Tibia Injury” by Brian Benesch, Joseph 

Collins, and Joseph O’Bruba, presented by Joseph O’Bruba (ARL) 

• “Towards A Micromechanics-Based Simulation of Calcaneus Fracture and Fragmentation 

Due to Impact Loading” by Rebecca A. Fielding, Wesley S. Teerlink, Michael V. 

Robinson, Christopher D. Kozuch, Hannah V. Putnam, Timothy M. Ryan, and Reuben H. 

Kraft, and presented by Reuben H. Kraft of the Pennsylvania State University 

• “Pelvis Response Effects on Whole Body Under-Body Blast Simulations” by Adam 

Golman, Kyle Ott, Robert Armiger, Tim Harrigan, Catherine Carneal, Andrew Merkle, and 

presented by Adam Golman of the Johns Hopkins University Applied Physics Laboratory 

• “Numerical Methods for Large-Scale Simulation of Tissue and Tissue Simulant Response 

to Blast, Model Validation and Limitations” by Raul Radovitzky of the Massachusetts 

Institute of Technology (MIT)  

A main conclusion of the first presentation, “Comparing the Use of Dynamic Response Index 

(DRI) and Lumbar Load as Relevant Spinal Injury Metrics,” was that the DRI is not a relevant 

injury metric. The poor correlation to injury for loading scenarios other than the aircraft-specific 

ejection seat has been proven in numerous publications since DRI was developed. Hence, there is 

a need to develop new injury metrics (initial recommendation was to the Compressive Lumbar 

Force measured in ATDs) that address the injuries to lumbar and thoracic spine for UBB load 

conditions. These metrics should include the following features:  
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• Provide a probability for multiple severities (not 0 or 1) resulting in an injury assessment 

tool. 

• Display an injury severity similar to abbreviated injury scales but more understandable and 

quantitative, preferably related to short-term return to duty and long-term quality of life. 

• Account for different failure modes (e.g., disc burst versus wedge failure) and based on 

observed dynamic injury mechanisms at different scales. 

• Address effects of loading rate, duration, and load conditions, which include PPE and 

restraint systems. 

• Apply to various sizes of occupants. 

In the second presentation, “Developing and Empirical Model to Estimate Tibia Injury,” the 

mechanical response of the vehicle at the location of the feet was correlated statistically to the 

injuries sustained. This was done for only a vertical lower leg position. Variations in lower limb 

orientations or footwear were not included. For empirical injury model development, a worst-case 

scenario needs to be identified, although the subsequently designed vehicle or protective gears 

may be overdesigned for most cases. This method will not be useful for predicting injury risk in 

a general way. Besides overpredicting the injury risk, it does not count for nonvertical tibia 

positions and consequently induced bending load. This method is also heavily relying on 

available injury data that need to be accompanied by detailed adequate data on the vehicle and 

threats. 

In the third presentation, “Towards A Micromechanics-Based Simulation of Calcaneus Fracture 

and Fragmentation Due to Impact Loading,” Dr. Kraft discussed that a primary challenge is that 

failure criteria at micromechanics scales or mesoscales are needed to identify injury or failure 

initiation and early-stage propagation of failure in bones. One example is that numerical 

techniques are needed to evaluate the effects of viscous fluid passing through permeable cell 

walls at high loading rates. The following issues need to be addressed in future development: 

• Surrogates’ response to blast loading needs to be validated by cadaver response; this should 

include a definition of biofidelity.  

• Modes of failure need to be addressed (e.g., will failure include puncture of the cadaver 

skin?). 

• Can the degrees of freedom at ATD joints mimic human joints? 

• Effects of boots in shock isolation, and PPE effects in general. 

• Effects of preexisting damage. 

• A fundamental challenge is the highly scattered data for tissue response to high-rate 

loading.  
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• Need high-fidelity characterization methods to generate input data and validation cases. 

This method is being applied for shock-induced calcaneus fractures. This increases the 

knowledge on fracture/failure mechanisms on a micro scale, which will be helpful in the design 

of footwear of shock-mitigating materials. However, the actual approach in vehicle design aims 

at shock mitigation provided by the vehicle structure to prevent any shock load directly applied 

to the occupant. Acceleration-induced inertial loading is more relevant for the UBB loading 

mechanisms leading to the occupant injuries. Consequently, the acceleration and blunt impact 

loading mechanisms causing injury are more relevant than shock mechanisms. The degree of 

required biofidelity at this component level will make it challenging to produce an effective 

biofidelic response at a higher system level. 

The presentation “Pelvis Response Effects on Whole Body Under-Body Blast Simulations” 

shows the influence of the pelvis and material properties on the ATD response. The Vertical 

Acceleration Load Transfer System is valuable in generating realistic loading scenarios 

simulating UBB scenarios. The test showed that the design of the pelvis and pelvic flesh of the 

Hybrid III ATD is not optimized for vertical loading. In addition to the lack of biofidelic 

reference for vertical loads, the flesh is not durable. The FE modeling is a useful tool in 

analyzing and understanding the physics. The observation that the vertical motion of the lower 

limbs decreases the compression load in the lumbar spine is correct; however, this is most likely 

not realistic, as human lower limbs will fracture at these loading conditions. A challenge for 

future research is to identify significant short comings of the ATD with respect to the actual 

human occupant. Analysis of FE ATD model responses compared to PMHS and human body 

models appears to be promising to identify and quantify essential responses for the UBB ATD to 

be developed. However, the biofidelity and sensitivity of the models, as well as the ATD, should 

be optimized for the protective vehicle designs. Occupant load data for these designs are limited, 

as the first generation of these optimized vehicles and protection solutions are just starting to 

become available. 

Raul Radovitzky (MIT) gave the final presentation, “Numerical Methods for Large-Scale 

Simulation of Tissue and Tissue Simulant Response to Blast, Model Validation and Limitations.”  

Dr. Radovitzky discussed that numerical simulations are capable of capturing the functions of 

protective gears. For example, the use of a face shield attached to the helmet can significantly 

reduce the impact load to the brain under blast. Rate-dependent material models embedded to the 

simulation codes show the capability to capture the main features of material impact responses 

from dynamic experiments. However, the scatter in available experimental results is too high.  

There is a need for improved communications between the modeling and simulation community 

and the experimental community to optimize the availability of experimental data to validate 

models. These communities need to focus on the actual sustained injuries in theatre to be most 

relevant. The vehicle designer and modeler need to be included in this process, as it is most 

likely that the first level of protection is most effective by integrating the shock mitigation in the 
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vehicle design. In general, add-on protection seems to be less effective than protection integral to 

the vehicle design. These communities need to develop and specify methods to assess the 

biofidelity and procedures and criteria to validate the models. These efforts should leverage 

current methods available in the automotive and aircraft crash communities with respect to 

biofidelity. 

Microscale models are needed to help understand the details of the load-bearing capacities of the 

human body. These models could provide insight into the variations in biological mechanical 

response. These models could also be useful to optimize second and third generation vehicles. At 

this time, a large scale (full body) model of an ATD and a human body will be most effective to 

generate the first generation underbody blast ATD. 

2.4 Session 4: Methodologies to Simulate Blast Loading Conditions 

Session 4 of the workshop included the following presentations: 

• “Current Trauma in Operations Iraqi and Enduring Freedom and rhBMP-2, The Walter 

Reed Experience” by Scott Wagner and Ronald Lehman, presened by Scott Wagner, 

Walter Reed National Medical Center 

• “Development and Validation of the WSU Human Body Model” by Alan Goertz and David 

Viano, presented by Alan Goertz, Wayne State University 

• “Adapting Automotive-Based Finite Element Models of Lower Extremity for High-Rate 

Impact Simulation of Occupants Subject to Under-Vehicle Blasts” by Matthew Panzer and 

Robert Salzar, presented by Robert Salzar, University of Virginia 

• “Current Research and Development Activities of the Full Body Model Center of Expertise 

of the Global Human Body Models Consortium Project” by Scott Gayzik and Joel Stitzel, 

presented by Scott Gayzik, Wake Forest University 

• “Modeling the Human” by Courtney Cox, Brian Bigler, Jason Luck, and Cameron R. Dale 

Bass, presented by Cameron R. Dale Bass, Duke University  

• “Human Body Model Injury Analysis in Real-World Crash Simulations” by Kerry A. 

Danelson, James P. Gaewsky, Caitlin M. Weaver, and Joel D. Stitzel, presented by Kerry 

Danelson, Wake Forest University 

• “Numerical Modelling Undertaken at Dstl (UK) Concerning Vehicle Floor Plate Impact of 

Surrogates and Anatomical Human Entities Due to Under-Body Mine Loading” by Dan 

Pope, Chris Taggart, Joe Cordell, and Ian Softley, presented by Daniel Pope, UK Defense 

Science and Technology Laboratory 
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• “Optimal Design of a Novel Energy Absorbing Material to Mitigate the Blast Effect on the 

Lower Extremities” by Feng Zhu and King H. Yang, presented by King Yang, Wayne State 

University 

The first presentation of the session was a keynote address provided by LT Scott Wagner of the 

Walter Reed National Military Medical Center. The presentation was a clinical overview that 

showed injury examples observed during recent operations and treatments provided for these 

injuries. In addition to illustrating the trauma severity and complex procedures required to 

stabilize fractured skeletal sections, the presentation also revealed promising, novel, and cutting-

edge treatments being investigated to aid in patient recovery. Yet-to-be-resolved issues with 

these treatment options were discussed. The presentation was well received by those in 

attendance. During the discussion time following the presentation, it was emphasized that the 

biomechanics research community should maintain a connection to the clinicians who are 

presented with the injuries and responsible for treatment. This connection serves to maintain 

focus on areas of deficiency and can guide the work needed to be done to establish useful injury 

prediction tools. 

As originally envisioned, the technical content of session 4 was intended to revolve around 

methods of simulating the loads applied to humans and human surrogates that would represent 

what would be observed during blast events. Based upon the received submissions, the content 

evolved to include how to simulate the responses of full-body humans and human surrogates to 

loads generated during blast events. The session contained eight presentations, including one of 

the two workshop keynote addresses. All abstracts and presentations are included in the 

appendices of this report. 

For simulating the response of the human to possibly injurious loading, three Human Body 

Models (HBMs) were discussed during the technical presentations: the Wayne State University 

Human Body Model (WSUHMB), the GHBMC, and the THUMS. All of the presented models 

are being developed for use with the LS-DYNA nonlinear transient dynamic FE computer 

program with limited support for other computational solvers. The development of these models 

has been driven, at least initially, by support from automobile manufacturing companies. Each 

model possesses different levels of computational fidelity and also has different restrictions on 

use/licensing (THUMS, for example, is prohibited for use in military applications). 

Beyond HBMs, there were other topics covered in the technical presentations of session 4. An 

application was presented of FE methods to help understand how materials currently used to 

mitigate lower-extremity loading behave and how to potentially optimize these materials. An 

overview of topics of interest and current efforts being conducted by the United Kingdom’s 

Defence Science and Technology Laboratory was provided. Both of these presentations 

highlighted how modeling and simulation of the human body can be used to assist protection 

technology developers in better enabling their technology to protect vehicle occupants.  
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The presentation that arguably generated the most conversation—and drove much of the post-

session discussion—was given by Dr. Cameron Bass from the Duke Biomedical Engineering 

group. The presentation was modified, in near real time, to incorporate topics and thoughts 

relevant to presentations and discussions from the previous three sessions of the workshop. 

These topics served to center and reorient workshop attendees on items that are relevant to 

simulations involving human body model representations. The topics included anthropometry, 

validation, muscle activation and pretensioning, constitutive relations and material response, 

population variance, and distribution.  

The following lists do not summarize the presentation material. Rather, they summarize the 

discussions that followed the talks and the major issues that need consideration by the program 

and scientific community. 

The Verification/Validation Controversy 

• There is considerable variability in defining validation.  

• Ideally, validation should be quantitative, not merely visually comparing curves to see if 

they match. Computing a correlation metric, r
2
 and p value, is not sufficient.  

• Validation must be accompanied by an explanation of how it was performed and what 

limitations/caveats exist. Validation metrics and methods should be identified. It is 

important to identify where the model is both valid and invalid. 

• Models should be developed using a hierarchical approach; determine the correct material 

models developed under the operationally relevant loading conditions at the component 

and subsystem levels. If the underlying component structure is verified and valid, then the 

system should behave predictably without the need for tweaking. Validation and 

verification occur during model development—not solely after the model is “complete.” 

• Ultimately, a human occupant/surrogate must interact with the environment, so models 

must also be developed for vehicle, seating, restraints, and PPE with material properties 

determined under relevant dynamic conditions. 

• The attendees discussed whether a standard for validation could be developed. Papers that 

were referenced for quantitative validation as well as the hierarchical approach can be 

found in the references list (Francis, et al. 2012; Nicolella et al. 2006; Henninger, et al. 

2010; Oreskes et al. 1994; Anderson et al. 2007; AR 5-11 in 2005; and ASME guides in 

2006 and 2009). 

What Constitutes Valid Scaling?  

• Methodology to translate animal response to human; there are a number of techniques to do 

this, but they must account for realistically scaled loading conditions. 
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How Should Models Account for Variability?  

• Account for input unknowns: physiology, loading, geometry, sex, age, etc. 

• Muscle response is a source of variability that cannot be achieved through ATD or PMHS 

testing—how to account for muscle activation timing and magnitude and muscle wrapping 

in complex structures (e.g., neck). 

• Material property models must account for variability—develop a statistical distribution. 

• How do we deal with post-failure material behavior? Requires basic research. 

• Automotive models may be a good starting point but require modification for use in blast 

environment. 

What’s Important To Model and What Is Not? 

• Identify what parts of the model require high biofidelity and which parts do not based on 

operational needs—this will help to address practical computation needs (e.g., run time). 

• Conduct a sensitivity analysis and focus on what’s important based on requirements for 

what the ultimate use of the model is, not on including everything to the last detail. 

• Focus on 50th percentile male of some existing models is problematic—50th percentile of 

what? No one is 50th percentile for all aspects. What about the rest of the population, 

including females and very large males? 

• Program management must specify injury mechanisms from the trauma database to 

develop appropriate validation experimentation; this is not up to the experimentalists. 

Relationship Between Testing and Model 

• Use model requirements to inform testing requirements (loading, postures, instrumentation) 

before testing begins; this results in fewer, more comprehensive tests, better models, and 

cost savings.  

• Validation experiments: There needs to be a compromise between funding and the desired 

number of data points, so ensure that there are sufficient data to account for the variability 

in the input parameters (geometry, posture, loading, sex). 

What Are the Ultimate Goals of the Program? 

• What do we want from the modeling? If, for example, it’s a design tool, then it needs to be 

driven by operational requirements (focus on persistent, common injuries, not on 

nonsurvivable injuries). 

• Ultimately, we want to develop modes of mitigation (technology or behavior). 

• Prioritize investments based on the goal. 
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o The goal is to provide protection for a human occupant. 

o A design toolbox based on human injury tolerance and achievable mitigation is a step 

towards that goal. 

2.5 Session 5: Numerical Analysis Methodologies for Human Body Subject to High-Rate 

Loading  

Session 5 of the workshop included the following presentations: 

• “Constitutive Model and Parameter Sensitivity in Predicting Lower Leg Response for 

Underbody Blast Events” by Megan Lynch and Adam Sokolow, presented by Megan 

Lynch of ARL 

• “Coupled Eulerian and Lagrangian Approaches for Dynamic Injury Analysis” by Timothy 

P. Harrigan, Robert Armiger, Catherine Carneal, JiangYue Zhang, and Andrew Merkle, 

presented by Timothy P. Harrigan of the Johns Hopkins University Applied Physics 

Laboratory 

• “Crew Response in Full System HFCP” by Allen Shirley of CORVID Technologies 

• “Evaluating the Effectiveness of Various Blast Loading Descriptors as Occupant Injury 

Predictors for Underbody Blast Events” by Kumar B. Kulkarni, Jaisankar Ramalingam, and 

Ravi Thyagarajan, presented by Jaisankar Ramalingam of TARDEC 

• “Neck Response of a Finite Element Human Body Model During a Simulated Rotary-Wing 

Aircraft Impact” by Nicholas A. White, Kerry A. Danelson, F. Scott Gayzik, and Joel D. 

Stitzel, presented by Joel Stitzel of Wake Forest University 

Three main topics were discussed during this session: (1) material models and parameters for 

biological tissues, (2) numerical analysis methodologies and levels of complexity, and (3) the 

numerous disparate efforts to model the human body, especially the lower leg. These areas and 

recommendations will be discussed in this section. For additional details on the five 

presentations within this session, please refer to the appendices for the abstracts and presentation 

slides. 

A clear consensus showed that one of the main research challenges for numerical models of the 

human body in underbody blast is in the area of material models, and the required material 

parameters, of biological tissues. It was shown (in this session and previous sessions) that 

numerical models of functional units that work well in automotive conditions are likely not 

predictive in UBB conditions, and that knowledge of the strain-rate dependency of specific 

tissues is critical in order to improve the predictive ability of the models. In addition to the strain-

rate dependency, the variability of biological tissues and the importance (or irrelevance) of 

various material parameters is not well understood for biological tissues. The first briefing, 
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“Constitutive Model and Parameter Sensitivity in Predicting Lower Leg Response for 

Underbody Blast Events,” began to explore the variability of select material parameters within 

their developed lower-extremity model. 

Another area of discussion in this session and other sessions was the methodology used for 

modeling the human body in highly dynamic events for the purpose of predicting injury. 

Harrigan, Shirley, and Ramalingam presented their research discussing numerical modeling 

methodologies of varying degrees of complexity for predicting injury to the vehicle occupant 

when subjected to an underbody blast event. The second briefing, “Coupled Eulerian and 

Lagrangian Approaches for Dynamic Injury Analysis,” covered multiple numerical approaches 

for modeling the human body/organs in dynamic events. The research showed the value of using 

Eulerian and arbitrary Lagrangian-Eulerian computational techniques for modeling injury to 

human organs and questioned if these techniques are necessary for modeling injury during 

dynamic events. 

In contrast to the above research area, Jaisankar Ramalingam of TARDEC presented “Evaluating 

the Effectiveness of Various Blast Loading Descriptors as Occupant Injury Predictors for 

Underbody Blast Events” to create and demonstrate an “easy-to-use injury estimator tool” to 

provide vehicle developers a quick and easy tool to estimate injury risk during the vehicle design 

process. 

The discussions and talks surrounded the numerical modeling techniques, and subsequent 

complexity, that are required to adequately predict injury for the overall objective of the 

problem. The levels of complexity in the different numerical models offer unique benefits (and 

pitfalls) that may be “objective-specific.”  

Much of the discussion revolved around the disparate effort for a numerical model of the human 

in UBB. Specifically for the lower extremity, there are several organizations and institutions that 

are devoting resources to model the human lower extremity in UBB and little to no coordination 

between the efforts. It was also clear that there is no major funding effort to develop such a 

model or to pull together the various international efforts. As such, it was recommended by the 

group to address this lack of coordination and communication for the lower extremity and to 

potentially have a singular program to unify the efforts. 

2.6 Session 6: Numerical Methods for Analysis of ATD Materials (Including Soft 

Materials) Undergoing High-Rate Loading 

Session 6 of the workshop included the following presentations:  

• “A Finite Element Model of the Military Lower Extremity Surrogate (MIL-Lx) With 

Combat Boot Validated for High Loading-Rate Inputs” by Nicolas Newell and Spyros D. 

Masouros, presented by Spyros D. Masouros, Imperial College  
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• “Rubber Material Modeling Methodology for FE Dummy Development” by Hyunsok 

Pang, Humanetics Innovative Solutions, Inc. 

• “Effect of Strain Rates on the Compressive Response of ATD Neck and Foot Rubber 

Under Different Loading Sequences” by Brett Sanborn and Tusit Weerasooriya, presented 

by Brett Sanborn, ARL 

• “Inertial Effects in Compression and Torsional Kolsky Bar Tests on Soft and Nearly 

Incompressible Materials” by Adam Sokolow, Mike Scheidler, and John Fitzpatrick, 

presented by Adam Sokolow, ARL 

At the end of this session, there was a spirited discussion on current state of the art in high-rate 

experimental techniques and the need for computational methods to extract material models from 

those measurable data. A summary of the discussion is as follows: 

• The community agreed that there is a critical need to develop and execute iterative 

computational methods to extract approximate mathematical representations of the material 

constitutive response of materials such as foams, very soft polymers, skull, calcaneus, 

connective tissues (tendons, ligaments), brain tissue, and other anisotropic soft tissues, etc., 

especially for high loading rates. 

• There are several shortcomings in using current experimental techniques and data from 

these experiments. For example, when traditional test techniques are used to characterize 

soft biological tissues, the high strain-rate response is often confounded by inertial effects. 

In some cases these effects can be accounted for and corrected. However, novel test 

techniques will likely be required before further advances can be made.  

• Another experimental shortcoming is that material scientists regularly use only dynamic 

mechanical analysis (DMA) data to obtain viscoelastic response models. However, DMA 

data alone are not sufficient to represent the material response of viscoelastic materials, as 

the data are obtained from experiments where the material is cyclically loaded with small 

amplitude loading. Thus, the responses at the larger realistic amplitudes are not 

represented. Relaxation or cyclic data alone do not represent the viscoelastic stress-strain 

material response for loading rates relevant to blast loading rates. 

• Another issue that needs to be addressed in modeling includes material anisotropy.  

Typically, tissues exhibit anisotropic and inhomogeneous material properties. For a given 

physical problem, the role and relative importance of the anisotropy are not always clear. 

Therefore, we need to start thinking about designing, characterizing, and modeling methods 

for new surrogate materials that actually mimic hard, connective, and soft tissues to capture 

real human material response. 

• It is almost impossible to extract specimens (uniform and in required sizes) from all the 

components of the human for experimental characterization. We need to think differently 
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 by developing novel inverse methods with the following objective in mind: How do we 

extract approximate material response models from these small, nonuniform structures 

using, for example, a combined hybrid computational/experimental approach? 

• It is almost impossible to tune any of the existing material model concepts (including 

current state-of-the-art models in literature) to all possible experimental data types (DMA, 

relaxation, compression, tension, shear, and combined loading experiments at different 

strain rates), so focus on the application-specific material behavior experiments. 

• There is strong evidence that response of the ATD changes with repeated use and also with 

time because of the degradation of the polymeric material. Therefore, we need to 

understand the change in ATD material response (and hence the change in constitutive 

response) for repeated loading. 

• Fracture of bones: future ATDs may need replaceable components to capture actual 

fracture response of bones. 

• Experiments should have enough tissue samples to extract variability. Future material 

response models should have that variability built in to them, perhaps factored into the 

material model constants. 

3. Conclusions 

Researchers are currently making significant efforts to model the human and ATD response to 

accelerative loading injuries. For automotive crash applications, these include the WSUHMB, 

the GHBMC, and the THUMS for humans and the Hybrid III and THOR-k models for 

anthropomorphic test devices. For blast-induced accelerative loading, the Near-Term Underbody 

Blast and the Underbody Blast Methodology programs are developing models for the Hybrid 3 

ATD. The High-Performance Computing Software Applications Institute for BP3I is funding 

modeling of ATD and an exploratory effort to identify challenges in modeling the human. There 

are efforts to model accelerative loading effects on specific human body regions funded by ARL 

(leg and spine), TARDEC (leg), and the Navy (spine). These efforts provide a foundation for the 

development of validated human models for blast-induced accelerative loading injuries. 

Additional research is needed to mature these efforts to the state where they can be effectively 

used by the Department of Defense to prevent accelerative loading injuries and assess Soldier 

protection technologies. The three primary research areas that were identified from the 

discussions in the six workshop sessions were model maturity and validation, material 

characterization, and biodiversity. 



 

20 

To address model maturity and provide a common understanding of model limitations, there is a 

clear need for the accelerative loading numerical analysis community to adapt standards similar 

to those of the American Society of Mechanical Engineers (ASME). In the current state-of-the-

art models, the appropriate level of detail and the robustness of the results are not well 

understood. This imposes severe limitations on the models’ validity that are often neglected. 

There was significant discussion at the workshop on the need for increased communication as 

well as standards for model validation. The term “validated” was often used in lieu of 

“calibrated” or “tuned.” As described in ASME V&V 10-2006, model validation is “the process 

of determining the degree to which a model is an accurate representation of the real world from 

the perspective of the intended uses of the model.” By this standard, the validation process 

describes not only the ability of the model to represent an event, but also, just as importantly, the 

intended uses of the model, thus also indicating areas where the model was not intended to be 

used or validated. Furthermore, a calibrated or tuned model is not a validated model. Several 

speakers used the word “validated” to describe their modeling results without any caveats on its 

limitations.  

A second critical area is the characterization of material properties at the appropriate loading 

conditions. The materials that need to be studied include those from humans, animal surrogates, 

and ATDs. Currently the material properties for both cadaveric tissues and ATD materials are 

insufficient, inaccurate, or otherwise unavailable for accelerative loading at ballistic rates. The 

primary reason for the lack of data is that most of the high-rate experimental techniques were 

developed for stiffer and stronger materials and cannot be directly translated to soft materials. At 

best, the experimental data available now develops a wide corridor even for the simplest 

constitutive models and is inadequate for model predictive capabilities. Therefore, new 

experimental techniques are needed to measure the dynamic properties of soft materials, 

including both biological tissues as well as surrogate materials. Only with improved 

experimental techniques can we attempt to characterize the rich anisotropic, nonlinear 

viscoelastic behavior exhibited by these soft materials.  

Biodiversity needs to be addressed and accounted for in modeling efforts. The term 

“biodiversity” applies range from structural variations, such as anthropometric differences 

between humans or their posture at the time of insult, to material response variations from 

subject to subject and from organ to organ. The significance of the structural and material 

differences between human responses to applied loading is not well understood. Carneal et al. 

demonstrated that the lung size and shape could not be accurately represented by simply scaling 

the size and the shape of the human. They developed an atlas of the lung, a reduced-order 

mathematical representation of the organ across genders, races, and age. Applying this approach 

to the full body could be extremely useful to extend modeling capability away from a one-

subject, one-model approach (e.g., the commonly criticized 50th percentile male model). More 

complex approaches, like the one outlined by Carneal et al., will be necessary for the Department 

of Defense as it works to apply a survivability assessment to a broad range of Soldiers. An 
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approach that addressed biological variability in a constitutive model response was based on the 

development of probabilistic models (as described in Francis, 2012; Nicolella, 2006; and 

Thacker, 2007). These types of techniques provide insight into the range and probability of 

potential responses to blast loading while still modeling at the continuum scale and may be the 

most applicable approach to modeling current experimental data.  

Also addressed in the workshop was the consideration of the sensitivity of the result (e.g., injury 

prediction) on the (potentially unknown) input parameters (e.g., loading or material response). 

Long-term solutions to capturing biological variability will require developing and enhanced 

understanding of the multiscale nature of the biological response. The continuum-level properties 

of tissues and bones, which vary by location both within a tissue and from organ to organ, are 

controlled by the lower-level structure of these materials. Important microstructural details may 

include multicellular, cellular, or subcellular properties (e.g., supracellular structures, cell-cell 

adhesion, and cytoskeletal structure). In-depth experimental efforts are needed to understand the 

relationship between the microlevel material properties and the continuum-scale behavior of 

biological materials as well as computational methodologies to bridge multiple length scales 

extending from tissue-level physics to whole human dynamics. 

Finally, this workshop revealed that most members of the modeling and simulation community 

are currently working in their own specialty domains. They have not been challenged as a 

community to integrate and apply their latest research in a holistic fashion to create a major 

advance in the ability of the Department of Defense to address a particular problem, such as the 

effects of a known accelerative loading injury mechanism. The progress and potential shown 

during this workshop justify giving serious consideration to presenting such a challenge to this 

community. 

4. Recommendations 

The Department of Defense uses numerical modeling in both the development and the 

assessment of Soldier protection technologies. Errors and uncertainties in numerical modeling 

approaches therefore result in increased risks to programs, which will result in poorly designed 

protective systems as well as increased costs for acquisition programs. The following 

recommendations are made to develop a human body modeling capability to effectively develop 

protection systems and assessment methodologies for vehicles subject to blast loading 

conditions: 

• An assessment of the current state of numerical modeling tools as well as uniform 

standards for model validation is needed by the research community. This could be 

developed through a round-robin exercise with data from the WIAMan project office. For 

example, an evaluation of current analysis tools for modeling lower leg response to 
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 accelerative loading would be a good starting point. This would become the starting point 

for an investigation of model validation, material properties, and biodiversity and provide 

the community with a highly relevant challenge that will create opportunities to integrate 

the latest research findings in material models, human models, and medical research 

findings. The results of this assessment could lead to a near-term capability to mitigate 

injuries to the lower leg from underbody blast. 

• Material data for different tissues in relevant regimes are needed. A concerted effort is 

needed to measure different tissue structure and constitutive behavior. These data need to 

contain failure and post-failure behavior for low and high strain rates. Current high-rate 

methods are inadequate; hence, investment should be made to (a) develop new 

experimental techniques to measure dynamic properties of biological tissues, (b) develop 

inverse methods to extract constitutive data from multiple sets of experimental 

measurements, and (c) apply statistical analyses, including model validations and 

characterization of its predictive limitations.  

• Injury biomechanics heavily relies upon animal and cadaveric data as well results on 

ATDs. For this to be successful, investment should be made to (a) establish similarities and 

differences between live, fixed, and cadaveric tissues and (b) develop transfer functions 

between different models, i.e., between animals and humans, cadavers and humans, and 

ATDs (including the WIAMan) and humans. 

• Computational injury prediction for a biodiverse population is needed to properly design 

and assess protection for a diverse Soldier population. This challenge is both multiscale and 

multiphysics. New strategies need to be developed, including (a) algorithms to bridge 

multiple length and time scales, i.e., from tissue-level physics to whole human dynamics, 

(b) new meshing techniques for rapid and accurate biofidelic FE discretization, and (c) 

methods to capture anthropomorphic or microstructural variability.
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Workshop on Numerical Analysis of Human and Surrogate Response to Accelerative Loading 

ARL 
January 7, 2013 

Session 1 

B1 

Preliminary Evaluation of Human and Dummy Finite Element Models under Blast-Induced 
Accelerative loading Conditions 

Cost in D. Untaroiu (costin@vt.edu), Jacob B. Putnam (jacobp@vt.edu), Warren N. Hardy(whardy@vt.edul. 
Virginia Tech: Center for Injury Biomechanics 

2280 Kraft Drive, Blacksburg, Virginia 24061, Tel: (540) 231-8997 

Introduction: Lower ext remity and spinal injuries have been t he majority of non-fatal US troop injuries recorded in recent conflicts 
(Iraq and Afghanistan). Most commonly, these injuries were recorded in enclosed environments, such as in vehicles, and were caused by 
im provised explosive devices (lED). An explosion under a vehicle causes rapid local deformation of the floor and upward acceleration of 
the seat which transfers high-rate loading to the occupant's lower extremities. The injury mechanisms and appropriate vehicle design 
strategies to enhance the occupant protection remain unclear. As a compliment to dummy/PMHS testing, numerical simu lations could 
provide efficient means to better understand human injury mechanisms, assess vehicle safety throughout the design process, and lead 
to further improvements to the design of physical dummies. 

Methods: In this study, the challenges of modeling lower ext remities and lumbar spine in human and dummies are discussed. Human 

FE models (GHBMC model -v.4.1.1- [1] and THUMS model -v.4)) and dummy FE models: (Hybrid Ill -LSTC version and THOR-k -VT/NASA 
version [2]) frequently used in automotive crash simu lations were eva luated in this study. Kinematic responses predicted by these 

models were compa red to published data recorded under various vertical impact condit ions. In addition, dummy injury criteria and 
human stress/strain data were calcu lated to evaluate the risk of injury predicted by the dummy and human models, respectively. 

Results: Preliminary results show some correlations between the responses of FE models and their physical counterparts. In add ition, 

predicted dummy injury criteria and human model stress/strain values are shown to positively relate. Softer responses were observed in 
soft tissue models (e.g. pelvic region), whic h could be caused by the lack of material cha racterization of these parts within the range of 
high-rate compression load ing. Kinematic comparison between human and dummy models indicates promising biofidelic response, 
although a slightly stiffer response is observed within the dummy. 

Conclusion: This study emphasizes the modeling challenges of lower extremities and lumbar spine and provides recommendations for 
improving current human and dummy finite element models. Future improvements include better material characterization of dummy 

and human parts as well as the implementat ion of inherent variability in geomet ry and material properties in human FE models. 

References: 

1. Untaroiu, C. D., Shin, J., Yue, N., Kim Y-H, Kim J-E, Eberhardt (2012) A Finite Element Model of the Pelvis and Lower Limb for 
Automotive Impact Applications, 12th Int. LS-Dyna Conference, Dearborn, M l 

2. Putnam J.B., Somers J.T., Untaroiu C. D. (2013) Evaluation of Human and Dummy Finite Element Models under Spaceflight 
Loading Conditions, 41st Internationa l Workshop on Human Subjects for Biomechanical Research, Orlando, Florida. 
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Approaches for Predicting Human Anatomical Variations Using Anthropometric and 
Demographic Data 
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2
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, Barry DeCristofano5
, Michael Maffeo
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' Applied Physics Laboratory, The Johns Hopkins University, Laurel, MD, USA 
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Department of Computer Science, The Johns Hopkins University, Baltimore, MD, USA 
3 

Department of Mechanical Engineering, The Johns Hopkins University, Baltimore, MD, USA 
'Department of Radiology, The Johns Hopkins Hospital, Baltimore, MD, USA 
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Computational models of the human body for injury prediction are frequently based on 50th-percentile male anatomies. These models 
may have limited applicability for the range of subject sizes and demographics for which protection systems are needed. Therefore it is 
necessary to understand how anatomy, and subsequent biomechanical response during impact events, vary across a wide variety of 
patient demographics (multiple genders, age, race, sizes). An approach has been developed to create a statistical shape atlas of the 
human lung using medical image datasets, and used to evaluate how variations in subject stature and demographics relate to changes in 
internal organ size. This method could be expanded for additional anatomical regions and tissue structures (both soft organs and 
skeletal) to provide a basis for developing computational human models appropriate for a range of human subjects. 

The lung atlas was generated using existing radiological CT scans of the chest region collected from 124 patients in the Johns Hopkins 
Hospital radiology archives. A statistical shape atlas was created by manually segmenting a single template image to generate a lung 
volume mesh, applying deformable registration methods to map each individual subject CT to the template CT image, and applying the 
resulting deformation fields to the template mesh to create volumetric mesh representations of each particular subject. External 
anthropometry collected included patient height, weight, and chest dimensions (height, width, depth). Patient height and weight was 
readily available from the existing radiological archives. However, external chest anthropometry was manually approximated from 
skeletal landmarks on the subject CT images. This patient anthropometric data was compared to relevant Army Anthropometric Survey 
metrics to ensure good representation of a military population. 

Statistical analysis was performed to determine how the subject's external variables scaled with overall lung dimensions (height, width, 
depth). The data indicates that chest height, rather than total body height, is the most important single predictor of overall lung 
geometry. Furthermore, lung dimensions scaled with external chest anthropometry measurements in the same plane (e.g., internal lung 
depth scales with external chest depth). Interestingly, neither body weight nor height were found to be a significant predictor of 
internal lung size (i.e. volume), although these parameters are traditionally applied for human scaling laws. Gender was found 
significant for overall lung depth and width, while race was only found significant for a minor number of variables. 

This initial work has been expanded to implement a novel statistical approach to predict individual subject-specific lung anatomy with 
good accuracy (< lcm error) using the atlas. Methods to enable automated multi-organ atlases have also been recently developed, and 
demonstrated for the lung and liver. These methods will enable the study of not only how an individual organ changes within patient 
populations, but the relationships of organs to one another. Ultimately, elucidations of the relationships of internal organ size to 
external anthropometric data will advance the scaling fidelity and accuracy of human computational models for a broad range of subject 
populations. 
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Numerical Approach for Modeling Human Joints in Anthropomorphic Test Devices (ATDs) 

Renuka Jagadish, Hyunsok Pang, Fuchun Zhu 

Humanetics Innovative Solutions, Inc. 

47460 Galleon Drive 
Plymouth Ml, 48170 

B3 

The neck is a sensitive part of the human body and usually vulnerable to a number of injuries be it a crash or an under body blast event. 
A criterion Nij (Normalized Neck Injury Criteria) is used to determine the amount of load the neck can sustain before undergoing a 
severe injury. 

In FE dummy development, the neck has to be modeled as closely as possible to represent the hardware and should be assigned with 
the right contact and material properties to capture the kinematics and get a good correlation with respect to the test curves. The 
nodding block is a small piece of rubber placed between the neck disc and the lower load cell and performs the function of the OC joint 
in humans. The gravitational weight of the head assembly falls on the loadcell which in turn compresses the nodding block rubber. This 
initial compression force/ pre stress at the interface has a significant effect on the results. 

In LS-DYNA, to take into account the pre stress a card *INITIAL_FOAM_ REFERENCE _GEOMETRY is included in the input deck. In this 

card, both the initial nodes and the deformed nodes are included and at the beginning of the simulation, first timestep the solver will 
calculate the pre stress induced in the rubber blocks. MAT_77_0 (Ogden Rubber) is used to define the nodding block material 
properties. The deformed nodes are obtained by pre-simulation. The loadcell is pushed down on to the nodding blocks by a 
displacement boundary condition. Then, the initial and deformed nodes are included along with the card in the neck component 
extension and flexion certification validation case. It is observed that including the nodding block with pre simulation improved neck 
injury curve validation and kinematics. This similar numerical approach will be used for accounting the pre stress of the neck buffer for 
the WIAMan dummy. 
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Effect of Loading Rate and Orientation on the Compressive Response of Human Cortical Bone 

B. Sanborn, C.A. Gunnarsson, M. Foster, P. May, T. Weerasooriya 

Army Research Laboratory 
Aberdeen, MD 21005 

Under extreme environments such as a blast or impact event the human body is subjected to high rate loading which results in torn 

tissues and broken bones. The ability to numerically simulate these high rate events would improve protective gear by iterating on 
different protective configurations. Computer codes require input of accurate rate dependent material models representing the 
deformation and failure (or injury) to properly predict the response during simulation. Therefore, the high-rate material response must 
be measured for simulation of high rate events like blast. In this study, cortical bone compression specimens were extracted from the 
longitudinal and transverse directions relative to the long axis of the femur from three donors of ages 36, 43, and 50. The compressive 
behavior of the cortical bone was studied at quasi-static (0.001/s), intermediate (1/s), and dynamic (2000/s) strain rates using a split­
Hopkinson pressure bar to determine the strain rate dependency on the strength of bone. Experimental results indicate that the cortical 
bone material is anisotropic; the cortical bone was stronger in the longitudinal direction compared to the transverse direction. The 
human cortical bone was also rate dependent in both directions. No distinct relationship was found between donor age and 

compressive strength most likely due to the small sample and age range of the donors. 
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2Mechanical Engineering Department, Mississippi State University, MS 39762. 
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This paper presents a coupled experimental/modeling study of the mechanical response of porcine brain under high strain rate loading 
conditions. Essentially, the stress wave propagation through the brain tissue is quantified. A Split-Hopkinson Pressure Bar 
(SPHB) apparatus, using a polycarbonate (viscoelastic) striker bar was employed for inducing compression waves for strain rates 
ranging from 50 - 750 s·'- The experimental responses along with high speed video showed that the brain tissue's response was 
nonlinear and inelastic. Also, Finite Element Analysis (FEA) of the SHPB tests revealed that the tissue underwent a non-uniform stress 

state during testing when glue is used to secure the specimen with the test fixture. This result renders erroneous the assumption of 
uniaxial loading. In this study, the uniaxial volume averaged stress-strain behavior was extracted from the FEA to help calibrate inelastic 
constitutive equations. 
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Hierarchical Development of Biomedically Validated Human Computational Models 

Robert Armiger, Alexis Wickwire, Kyle Ott, Alex lwaskiw, Tim Harrigan, Liming Voo, Jiangyue Zhang, Catherine Carneal, Jack 

Roberts, Andrew Merkle 

The Johns Hopkins University Applied Physics Laboratory, Laurel, MD 

Developing human computational models for high-rate injury prediction capable of simulating response over a range of inputs requires 
a robust model development process and validation at multiple levels. Biofidelic response and injury mechanisms should be defined at 
the tissue, component, and system levels in order to ensure the model's appropriateness for multiple loading regimes. We have 
successfully demonstrated a collaborative approach resulting in a framework for model development that applies this hierarchical 
approach for blast loading applications. Here we present the application of this hierarchical model development and validation 
framework for the human head and neck system. This high-fidelity head-neck model is intended to predict response to blast loading, 
including both blast overpressures and vertical loading. 

At the tissue level, an experimental protocol was established to characterize the mechanical properties of key anatomical structures at 
high rates. Bulk and shear properties of human brain tissue (with a post mortem interval of< 48 hours) were measured using a 
modified Split Hopkinson Pressure Bar. Additionally, the falx cerebri and tentorium cerebelli were characterized at the tissue level using 

dynamic material analysis. Additional material properties were identified from the literature where appropriate and applicable. At the 
component level, falx material properties were validated against experimental response of the falx in-situ. Skull flexural properties 
were also investigated at the component level to assess brain response during dynamic head loading. Finally, at a system level, 
cadaveric head-neck complexes were exposed to blast overpressure using a shock tube coupled with a high-speed x-ray. Four columns 
of radio-opaque neutral density markers were inserted into the brain of the perfused specimen. Response was characterized using 
three primary metrics: head kinematic response, intracranial pressure response, and brain displacement relative to the skull. 

At the system level, the dynamic overpressure experimental results were used to validate the computational model predictions. For a 
mild loading condition (700 kPa driver pressure), complex head kinematics were generated. Sagittal head rotation exhibited an initial 
fiexion of the head at a small peak angle (<5 degrees) in the first 20m/sand a larger flexion (-41.2 deg) at 150 msec. Data from multiple 
specimens were used to generate response corridors and the computational model response fell within the experimental corridor for 
the same loading severity. For brain model validation data, the tissue displacement generated from the tracked brain markers showed a 
similar spatial response with a maximum excursion (6.3 mm) located near the posterior-superior aspect of the skull. Due to shape 
variation across the specimens, parametric scaling and affine registration was applied to the computational model to compare the 
model's nodal displacement to experimental markers. 

The hierarchical modelling approach employed in the development of the head-neck model involved deriving high-rate material 
properties from tissues being modeled. Isolated component tests were used to characterize in-situ response of anatomical structures, 

and then system level validation was used with a matched experimental model. The system level model and experiments were then 

used to validate that the tissue and component level models addressed the relevant ranges for the conditions being addressed. 
Parametric scaling of the model allows direct error analysis compared to the experimental results at the system level, and the 
hierarchical approach allowed parallel development efforts to be integrated into a final validated system. The resulting model, verified 
at several structural levels, is intended to be used in a predictive manner to design injury countermeasures with a high degree of 
confidence. 
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Material properties of the Human Heel Fat Pad Across Loading Rates 

Grigoris Grigoriadis, Nicolas Newell, Spyros D Masouros, Anthony MJ Bull 

The Royal British Legion Centre for Blast Injury Studies, Imperial College London, UK 

In modern warfare and military operations, anti-vehicular (AV) landmines and improvised explosive devices {IEDs) are common causes 
of casualties with lower extremities injuries accounting for more than half of the skeletal injuries. In the case of an explosion under a 
vehicle, the rapid deformation of the floor causes intra-articular calcaneal fractures with high rates of amputation and poor outcome 
[1].The first body part in contact with the loading boundary is the heel fat pad whose material behaviour and load-attenuating capacity 

at high loading rates are ill-understood. The complexity of this material behaviour stems from its unique microstructure; it consists of 
septral walls that surround and retain adipose tissue, similar to a honeycomb. The aim of this project was to quantify the material 
behaviour of the human fat pad across loading rates. 

Due to the complex tissue microstructure, extracting small samples might disturb material continuity and result in unrepresentative 
material properties; therefore an inverse finite element (FE) method was utilised. A cadaveric human foot was dissected leaving the 
calcaneus intact, with the fat pad attached to it. Quasi-static compressive (displacement rates of 0.01-1 mm/s) and drop (mass of 7 kg, 
velocities at impact of 0.4-3.5 m/s) tests were performed. An FE model of the cadaveric foot was developed in MSC.Marc 
(MSC.Software, Santa Ana, CA, USA). The geometry was acquired from MRI and CT scans. A material formulation combining the hyper­

viscoelasticity and the strain-rate dependency of the tissue was developed and implemented. The constants of this formulation were 
obtained through a non-linear optimisation algorithm until numerical and experimental response matched to minimum error. 

The best fit for the quasi-static hyperelastic behaviour of the material was achieved with an exponential formulation, resulting in a 
coefficient of determination value (R2) greater than 0.99 and an average error of 5%. Similarly, the strain-rate dependency was derived 

using a Cowper-Symonds formulation; this has been used elsewhere to model the strain-rate dependency of the human kidney capsule 
[2]. 

In conclusion, the material properties of the human heel fat pad for a cadaveric specimen were obtained through an inverse FE method. 
These properties will be implemented in a subject specific FE model of the foot for under-body blast. In addition, this procedure will be 
repeated for another six cadaveric specimens in order to obtain an average material behaviour for the fat pad. 

References 
[1) Ramasamy A, Hill AM, Phillip R, Gibb I, Bull AMJ, Clasper JC. 2011. The modern 'deck-slap' injury- calcaneal blast fractures from 
vehicle explosions. The Journal of Trauma 71: 1694-1698. 

[2) Snedeker JG, Niederer P, Schmidlin FR, Farshad M, Demetropoulos CK, Lee JB, Yang KH. 2005. Strain-rate dependent material 

properties ofthe porcine and human kidney capsule. Journal of Biomechanics 38: 1011-1021. 
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Effect of Loading Rate on the Fracture Behavior and Mode Mixity for Crack Initiation of Human 
Femoral Cortical Bone 

Tusit Weerasooriya, C. Allan Gunnarsson, Brett Sanborn, Mark Foster, Paul May 

During injury causing events such as impact, blunt trauma, penetration or blast, the human body is subjected to high loading rates. 
These events will deform and damage human tissue, frequently causing tearing in soft tissues and cracking/fracture in hard tissue 
(bone), due to its inherent brittleness. For the development of accurate materia I models for computer simulation of bone fracture 
during these events, it is necessary to investigate the failure behavior (fracture) of hard tissue at different loading rates, including high 
loading rates found in blast and impact events. In this study, the Mode I fracture behavior of human femoral cortical bone is directly 
investigated as a function of loading rate. In addition, the displacement fields generated around the crack tip are measured using optical 

techniques allowing for the determination of the Mode I, II, and mode mixity fracture parameters. Human cortical bone fracture 
specimens were extracted from the longitudinal direction (long axis) of the femur from three male donors of ages 36, 43, and 50. The 
fracture behavior of the cortical bone was studied at quasi-static (0.005 kN/s), intermediate (0.5 kN/s), and dynamic (1000 kN/s) loading 
rates using a modified split-Hopkinson pressure bar with integrated quartz load cells. During these fracture experiments, the crack-tip 
displacement and strain field was measured using ultra high speed (SOOK fps) DIC (digital image correlation) to understand the fracture 
initiation behavior and to allow for development of crack growth criteria. Macro-level observations of the fracture surfaces from the 
fractured bone specimens provide insight on the influence of the underlying bone microstructure on the failure behavior. The fracture 
toughness of human bone increased as the loading rate increased from quasi -static to intermediate, but then decreased as rate again 

increased to the dynamic region. This behavior is similar to other fracture research on animal cortical bone. Using the measured crack­
tip full-field displacement tensor evolution, a method is developed to obtain the Mode I and Mode II fracture parameters for the 
anisotropic bone material. With this method, K1 and K11 evolution is obtained as a function of loading rate, and as a function of time 
during each individual experiment. Using these K temporal evolution plots, the critical K, and K11 values for crack initiation can be 
obtained for anisotropic human cortical bones as a function of loading rate. In this presentation, preliminary results from this study are 
presented. 
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Recent Developments in a Computational Shock Physics Tool for Modeling Fluid-Structure 
Interaction 
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A large challenge for modeling the human body and surrogates to various loadings has been to accurately computing the fluid· 
··structure interactions. Over the past four years Sandia National Labs in collaboration with Los Alamos National Laboratories 
and the Department of Defense have been developing Lagrangian and Multifield numerical techniques for use in an Eulerian 
production based computational shock physics code. A benefit of modeling the response of the human to various loading in 
an Eulerian computation tool is the ability to perform solid object insertion and field interactions. These new numerical 
techniques provide a coupled fluid--interaction that may be used for modeling human and human surrogates subjected to 
accelerative or terminal ballistic loading conditions. 

This is accomplished by adding numerical methods for Lagrangian field behavior, separate velocity fields for each field to 
model multiple field interactions, Multifield, and for addressing time scales from shock to late time structure 
responses using Implicit Continuous Eulerian (ICE) techniques. The Lagrangian Material Point Method (MPM) and one of 
its derivatives (Convective Particle Domain Interpolation, CPDI) have been implemented into CTH for modeling fields 
(materials) in a purely Lagrangian sense. The MPM provides a Lagrangian basis for proper integration of the deformation 
gradient tensor for modeling nonlinear elastic materials in shock, advection error elimination, and a mechanism for 
modeling large deformations with strength. The Multifield numerical method provides separate velocity fields for each 
field within a simulation. The separate velocity fields are remapped separately and require mass, energy and 
momentum exchanges to define the multiple field interactions. The interactions are models such as drag, and sticktion that 
define how a field interacts with another field not requiring surface or node contact definitions for computing the field 
interactions. The ICE methods addresses time scales of a simulation by regulating the time step bound by the velocity and 
shock courant time step limitations. Currently, most shock simulations are fixed to the shock currant time step, but with 
ICE, the simulation numerics sense a reduction of the shock waves and progress to a velocity courant time step. These 
techniques are currently under development and progress on the three tasks will be discussed along with scheduled release 
dates. 

asandia National Laboratories is a multi···program laboratory managed and operated by Sandia Corporation, a wholly owned 

subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy's National Nuclear Security Administration under 

contract DE-·AC04··· 

94AL85000. 
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Multiscale Modeling of Human Body and Vital Organ Responses to 
Blast and Accelerative Loadings 

A.J. Przekwas and X. G. Tan 

Computational Medicine and Biology Div. 

CFD Research Corp., Huntsville AL 

BlO 

In the last few years anatomical/geometric models of a human body and computational biomechanics tools have progressed 
substantially toward accurately predicting injury biomechanics. However, because the multiple scales, in both time and space, involved 
in modeling human body biodynamic and injury biomechanics direct simulation of primary injury biomechanics is not possible yet. 

In the last few years, in collaboration with DoD teams, CFDRC has developed anatomically accurate, articulated virtual human body 
models and multi-scale computational tools, CoBi, for simulations of blast and acceleration induced injury. This multi-physics, multiscale 
modeling tool has been adapted for the analysis of human body biodynamic response to blast, kinetic and accelerative loading. The 

loads are used for modeling biomechanics of primary injury mechanisms and to provide inputs for secondary physiology-neurobiology 
events. We present the approach and framework to generate anatomical and geometrical models of the whole human body and vital 
organs, including brain and vascular system, for coupled biomechanical and physiological simulations. 

The human biodynamic, biomechanics and the vascular hemo-elasto-dynamics models have been validated against experimental human 

physical surrogates and in vivo animal models. Direct comparison between the experimental and computational data for test problems 
demonstrates very good predictive capability of the model. The implications of these results suggest that computational models could 
be used to predict the biomechanical response in the blast TBI event, and help design the protection against blast TBI. We will present 
numerical modeling details, current model capabilities and limitations. CoBi tools and human body models are being developed as a 
DoD Open Source form. 
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Comparing the use of Dynamic Response Index (DRI) and lumbar Load as Relevant 
Spinal Injury Metrics 

Motivation/Objective: 

Ravi Thyagarajan and Jaisankar Ramalingam, 
US Army TAR DEC, Warren, M/ 48397 

Kumar B Ku lkarn i, 

ES/-US Inc., Tray, M/48084 

Bll 

It is well-known t hat t he high vertical accelerative loads arising from vehicle underbody blasts resu lt in debilitating spinal injuries to 
occupants, often resulting in severities ranging from non-return to duty for extended periods of time to life-long loss of mobility. The 
survivability community quickly realized that in order to design vehicles, seats, restraints and other mitigation features to combat the 

deleterious effects of underbody blasts, performance criteria that serve as representative metrics of spinal injuries, or lack thereof, 
were necessary. Initially, these criteria were based on "ind irect" validation against potential injury during qualification testing. For 
example, in the late 1990s, MIL-STD-1290 st ipulated an impact velocity change parameter based on operational mishap data. In the past 

20 years, these criteria have become more "direct" in varying degrees. For example, the two most commonly used today for Spinal 
injuries are Dynamic Response Index (DRI) related to structura l accelerations, usually of the seat pan, or even more directly, lumbar 
force measurements t aken within the Hybrid-I ll anthropomorphic test device (ATD) as the evaluation criterion. 

With respect to continued use of t hese two criteria for spinal injuries, this paper will examine the following aspects in detail: 
1) Any existing correlation between Peak Lumbar loads and DRI for un-encumbered occupants, in the whole blast loading 
regime or at least within different loading regimes 

2) Re-evaluate (1) for encumbered occupants, tha t is, with - additional mass on upper torsos 

3) Potent ial changes to DRI calculations and Injury Assessment Reference Va lue thresholds for encumbered occupants 

4) General discussion on continued use of DRI as a design criterion for spinal injuries given the availabili t y of the more direct 
Lumbar load from fully encumbered ATDs in underbody blast testing. 

Approach: 
A dynamic simulation model of a vert ical blast loading simulator was used, which contains a seated 50th percentile Hybrid -Ill ATD. Two 
different versions of the ATD, namely, the LS-DYNA finite-element model from Humanetics and the MADYMO rigid multi-body model 

from TASS were used. A parametric study was conducted on these setups by varying t he peak accelerations, and durations of the pulse 
so as to result in a range of Clv (change in velocity). A rigid seat, with and without an energy-absorbing member, were used in the study. 
Best-fit analysis was also performed and overlaid against the data samples. Similar t rend analyses were also performed for data from 
physical tests. 
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Developing an Empirical Model to Estimate Tibia Injury 

Brian Benesch 

Under-body blast (UBB) attacks against ground vehicles may result in lower leg injuries to mounted occupants. The Test and Evaluation 
(T&E) community currently lacks reduced-order (RO) tools that are capable of accurately and efficiently estimating these injuries. As 
part of an ongoing effort to develop RO under-body blast methodology, the Army Research Laboratory (ARL) and its partners are 
investigating empirical correlations of vehicle response and lower leg injury. 

Live-fire testing is conducted to exploit vehicle and occupant protection from UBB threats and the resulting data offers a key source for 
empirical model development. Instrumentation from live-fire includes both anthropomorphic test devices (ATDs) and accelerometers 

mounted on the vehicle structure. While ATD's are the most common method of evaluating occupant injury, it is important to also 
interpret the structural response of the vehicle in terms of injury-causing potential. In doing so, vehicle designers can better understand 
the underlying causes for injuries and then more effectively design survivability improvements. 

ARL compiled results from hundreds of live-fire UBB events in order to investigate a correlation between data from floor-mounted 
accelerometers and ATD lower-leg responses. The immediate focus of the effort was on ATD's seated in a nominal position (90 degree 
angle at the hips and 90 degree angle at the knees) with feet flat on the floor. Data measured from floor-mounted accelerometers near 
the ATD feet were characterized into a number of different metrics and correlated to the lower tibia compressive force as well as the 
lower revised tibia index (RTI). 

Empirical models were developed to estimate lower tibia compressive force and RTI injuries as a function of floor accelerometers' peak 
velocity and local displacement. Two sets of models were developed for each injury type (compressive force and RTI); one set to 
estimate the specific force or RTI, and the second set to estimate a probability of exceeding the current injury threshold. These models 
serve as a preliminary approach for estimating injury given a floor response. 

The empirical approach offers the rapid capability to estimate tibia injury using a known or estimated response at the vehicle floor. In 
terms of numerical modeling, this would minimize the need for a computationally-intense finite element representation of the ATD. 
However, a trade-off between accuracy and speed must be considered within the context of the desired use of the results. Additionally, 

the empirical model is restricted by the limitations of the underlying live-fire tests. 
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Towards A Micromechanics-based Simulation of Calcaneus Fracture and Fragmentation Due to 
Impact Loading 

Rebecca A. Fielding', Wesley S. Teerlink1
, Michael V. Robinson1

, Christopher D. Kozuch1
, 

Hannah V. Putnam1
, Timothy M. Ryan2 and Reuben H. Kraft1 

1Computational Biomechanics Group 
Pennsylvania State University, 

Department of Mechanical and Nuclear Engineering, 
University Park, PA 16802 

2Center for Quantitative Imaging 
Pennsylvania State University, 

Anthropology and Information Sciences and Technology, 
University Park, PA 16802 

Within a hierarchical modeling framework adopted for biological systems, the 
components and sub-assemblies are critical to the system-level response. As full (system­
level) human body finite element models become more widely used in the military design 

process, the need for region-specific constitutive models and robust fracture modeling 
methods at the component and sub-assembly level will increase. This presentation 
discusses early efforts at creating a high-resolution computational model of the human 
calcaneus, with primary focus on modeling the fracture network through the complex 
microstructure of the bone and creating micromechanically-based constitutive models 
that can be used within full human body models. Our ultimate goal is to develop a 
micromechanics-based simulation of calcaneus fracture and fragmentation due to impact 
loading. This presentation will focus on model development. 

Scans of male and female cadaveric calcanei were scanned to a resolution of 55 microns 
using an industrial computed tomography (CT) scanner. The scans were post-processed 
and will ultimately be used to generate finite element meshes of calcanei. The 
microstructure of the calcaneus is extremely complex with intricate anisotropic 
trabecular patterns, which can be organized as compressive and tensile trabeculae. In 
these early efforts, we have been working to characterize the length scales associated 
with the cortical bone, the anisotropic structure of the trabecular bone and the region­
specific porosity. Results and statistics will be presented. 

Segmentation and finite element mesh creation is a challenge when dealing with the 

complex microstructure of the calcaneus. Part of our ongoing research is establishing the 
best processing algorithms on the raw image data (see Figure 1). In our current approach, 
first, all slices of each calcaneus were opened in Avizo Fire and resampled to decrease 
the size of the data. A median filter was then applied, and a label field was created to 
delineate the bone. The label field was used to generate a surface, which was then 
exported to a finite element meshing software. Finally, the meshed calcaneus was 
imported to a finite element solver. Current investigations are focused on re-ordering or 
eliminating the resampling step to help maintain the true topology of the trabecular 
bone. 

Figure 1. Imaging processing steps. 
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Pelvis Response Effects on Whole Body Under-Body Blast Simulations 

Adam Golman, Kyle Ott, Robert Armiger, Tim Harrigan, Catherine Carneal, Andrew Merkle 

The Johns Hopkins University Applied Physics Laboratory, Laurel, MD 

Pelvic response is critical in determining the response of seated occupants exposed to under-body blast (UBB). This relationship has 
been demonstrated in both the analysis of human surrogate data and in finite element model (FEM) simulations. The pelvis response is 
dependent upon the compliance, structure, and mechanical linkage to the legs and lumbar spine. The Hybrid Ill (Hill) pelvis is not 

designed for, and therefore not durable, when loaded in the vertical direction. As a result, damage to the pelvis foam and skin can 
significantly affect the measured response in the pelvis and influence the whole body response. The objective of this study was to 
determine the effect of a range of pelvis foam material properties and exposure conditions on whole body response during simulated 
UBB loading. 

Prior to UBB simulation, a Hill FEM was placed into a rigid seat and floor platform configuration identical to the JHU/APL's Vertically 
Accelerating Load Transfer System (VALTS) and then positioned by applying a gravity load and belt pretensioning. The pelvis foam 
material properties were varied and resulting effect on response assessed. Three nominal UBB loading scenarios were simulated using a 

Hybrid Ill FEM in a configuration modeling the VALTS. The simulated UBB loading scenarios were Case 1: Floor Vz = 3 m/s, duration= 9.3 
ms; Seat Vz = 3 m/s, duration= 12.5 ms; Case 2: Floor Vz = 10 m/s, duration= 7.3 ms; Seat Vz = 5 m/s, duration= 19.6 ms; and Case 3: 
Floor Vz = 10 m/s, duration= 7.3 ms; Seat Vz = 3 m/s, duration= 32.3 ms. Biomechanical responses and relevant injury prediction were 
used to assess the whole body response. These responses included lumbar forces and moments, pelvis vertical acceleration, and tibia 
axial force. 

Decreases in pelvis foam stiffness resulted in increases in pelvis acceleration and lumbar load. Upon closer inspection, these increases 
were due to the pelvis foam being fully compressed, thus allowing the rigid portions of the pelvic model to come in contact with the 
rigid seat. This bottoming out effect resulted in large stress concentrations (>300 MPa) on the bottom of the pelvis foam near the 
ischium, which are indicative of the pelvis foam and skin material failure seen experimentally in VALTS test results. Increasing UBB 
severity (Case 1 vs. Case 2) caused all injury metrics to significantly increase. After decreasing the seat velocity in the severe event (Case 
2) to simulate a longer loading duration (i.e., an energy absorbing seat, Case 3), the vertical pelvis acceleration and vertical lumbar load 
decreased from 104 g to 46 g and 13.3 kN to 4.5 kN, respectively for the nominal pelvis foam material properties. Interestingly, the 
decreased seat velocity in Case 3 allowed the floor to push up on the legs at a higher velocity than the torso, causing the legs to pull the 
pelvis forward, rotate the pelvis around the belt and pull the torso downward. These kinematics resulted in an increased lumbar 
moment, but decreased lumbar axial force. This effect could ultimately lead to decreased loads transferred up the spine and possibly a 
decrease in incidence of roof impact, thus lowering the risk of head and neck injury. 

This study demonstrates the use of finite element models to inform the whole body response in UBB loading. The results from this study 
suggest the significant influence the pelvic response has on the whole body response, which should be considered in future ATD 
development. These techniques for model setup and areas of special consideration including the pelvis can be extended to human FEMs 
in the future. 
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Development & Validation ofthe WSU Human Body Model 

Alan Goertz 

BlS 

The Wayne State University finite element Human Body Model (WSUHBM) has been under development for approximately twenty 
years. The model has been validated and utilized for a variety of automotive safety research functions such as restraint system 
development and injury mechanism analysis. These automotive applications have relied on loading primarily in the horizontal plane 
representing frontal and side impact collisions. Recently the model has been adapted to handle large vertical loading forces consistent 
with those experienced by occupants of vehicles in under body blast events (UBB) with focus on lower extremity and spine loading. 

Various parts of the WSUHBM have been extensively validated for automotive crash loading conditions. Typical validation metrics are 

contact forces, accelerations or deflections or a combination thereof. The upper torso, shoulder and abdomen have been valid a ted 
using blunt impacts representing contact with vehicle interior components such as door panels, arm rests, steering wheel, seat belts and 
airbags. Aortic rupture injuries have been investigated by determining dynamic aortic stress and haemostatic pressures. The I ower leg 

has been validated for knee-instrument panel contact and axial compression of foot and lower leg resulting from toe pan deformation 
during frontal collisions. 

The high incidence of UBB related injuries in Theater has renewed interest towards research in human response under vertical loading. 
Wayne State has recently published a validation of the lower leg under vertical blast loading conditions based on tibia axial forces and 
acceleration. ARL is currently working with the WSUHBM towards validating the model under vertical loading conditions and utilizing 
the model for preliminary evaluation of lower leg and spine injury mitigation concepts. Some success has been achieved in duplicating 
inertial spine loading and accelerations seen in physical tests. 

Until a suitable physical surrogate is developed, numerical models such as the WSUHBM are poised to provide our maximum capabilities 
for determining body loading and injury prediction parameters that are necessary for developing and improving injury mitigation 
concepts. 



 

45 

 

 

B16 

Adapting automotive-based finite element models of lower extremity for high-rate impact 
simulation of occupants subject to under-vehicle blasts 

MB Panzer, PhD and RS Salzar, PhD 

Center for Applied Biomechanics, 

Department of Mechanical and Aerospace Engineering, 

University of Virginia, 

4040 Lewis and Clark Dr., 

Charlottesville VA, 22911 

One of the major concerns in automotive safety is the large number of severe injuries to the foot and ankle complex caused by axial 
loading to the lower leg, which is associated with an intruding foot-pan during frontal vehicular crashes (Crandall, 1994). Research on 
foot and ankle injury mechanisms for these impacts have led to the development of advanced, injury-predictive finite element (FE) 
models of the lower extremities (e.g., Shin et al., 2013). One of the major concerns in military safety is severe fractures to the foot­
ankle-lower leg in occupants of armored vehicles that were exposed to a blast. These injuries account for over 80% of all skeletal injuries 

found in underbody blast (UBB) events (Ramasamy, 2011). Battlefield epidemiology suggests that these injuries are caused by axial 
loading to the lower extremities from contact between the deforming vehicle body and the occupant's feet. Thus, we can draw parallels 
between automotive and military lower extremity injuries, and potentially leverage our experiences with FE models intended for 
automotive impact loading to develop computational models for injury prediction from the high-rate dynamics caused by UBB. 

This study focuses on predicting the mechanical response and injury outcome from high-rate axial impacts to the lower leg using FE 
models of the Hybrid Ill dummy (originally developed by LSTC) and the SOth percentile male (originally developed by UVa for Phase I of 
the Global Human Body Model Consortium). Both models have been previously validated for a multitude of loading conditions typically 
associated with automotive impacts. The current study extends the capabilities of both FE models for use with UBB loading. The lower 
leg FE models were compared to drop tower impact tests performed on 18 post-mortem human surrogate (PMHS) lower legs 
(Henderson et al., 2013), and 18 Hybrid Ill lower legs. For these tests, the proximal ends of the lower legs were mounted at the bottom 
of a drop tower equipped with an impactor capable of producing axial loading on the foot up to 600 g's acceleration over 1.5 ms 
duration. 

Using the unmodified versions of the FE models, the force-time histories measured in the proximal load cells were a poor 

representation of the experimental data; compared to the experimental data, the FE model force magnitudes were much lower (by 
more than 50% in most cases), and the phase-delay and duration of the force pulse were nearly twice as long. Both models were 
modified to better reflect the loading conditions produced in the experiments, including the implementation of high-rate properties for 

the constitutive models of the soft materials in the feet of the human model and the dummy model. These changes greatly improved 

the fidelity in both models. Force amplitudes and phasing measured using the modified FE models were very similar to those in the 
experimental tests. The force-time history for the modified Hybrid Ill model was nearly identical to those measured in the experiment. 
The modified human model response had an average correlation coefficient with the experimental data of 0.85 over the entire time­
history. Similar fracture patterns were seen in the calcaneus for both the FE model and the experiment. Many o f the differences seen 
between the FE model and the experimental data may be attributed to not including the variations in geometry and age for the PMHS 
tested in the experiment. 

This study demonstrates that military-spec FE models of dummies or humans can leverage prior modeling experiences with FE models 
developed for automotive safety to create tools for evaluating future systems designed to mitigate injury in UBB events. 
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Current Research and Development Activities of the Full Body Model Center of Expertise of the 

Global Human Body Models Consortium Project 

Gayzik, F. S., Vavalle, N.V., Moreno, D.P., Stitzel, J.D. 

Wake Forest University Schaal of Medicine 
Virginia Tech -Wake Forest University Center for Injury Biomechanics 

Introduction: The Center for Injury Biomechanics at Wake Forest University is the Full Body Models Center of Expertise (FBM COE) for 
the Global Human Body Models Consortium (GHBMC) project. The GHBMC is a consortium of automotive manufacturers and suppliers 
who, along with a sponsoring federal agency (NHTSA), have consolidated individual research and development activities to advance the 
state of the art of computational human body modeling. This abstract reviews the activities of the FBM COE, including the development 
of the average male occupant model (M50) as well as current actives that aim to expand the scope of the project. 

Development: The M50 model was developed using scans from multiple medical imaging modalities and extensive anthropometry data 
acquired from a living adult male volunteer (height 174.9 em, weight 78.6 ± 0.77 kg, age = 2.6y). The individual matched the 50th 
percentile value of 15 external anthropometry measurements with an average deviation of 3%. Posture-specific CAD data was 
developed and served as the foundation for mesh generation. The geometry of the model has been verified against various literature 
sources, including the mass of body segments, thickness of cortical bone, volumes of organs, and diameters of major vessels. 

Results and Current Version: Version 4.1.1 of the M50 model contains 2..2. million elements, 1.3 million nodes and weighs of 76.8 kg. 
Extensive anatomical detail is modeled: the brain with 22 subcomponents, neck musculature with 52 individual muscles, and major 

organs and vessels of the thoraco-abdominal cavity. Pre-programmed 'sensors' are included that provide output data analogous to ATDs 
such as head acceleration, Nij, chest acceleration, chest compression, pelvic and femur loads. 

FBM Validation Summary: The FBM COE has conducted 13 trials including 9 validation, 2 repositioning, and 2 robustness simulations 
(frontal and lateral NCAP simulations) with the current version of the M50 model. Simulations were run using LS-Dyna R6.1.1. on a Linux 
cluster with 48 CPUs. Validation simulations included six hub-type impacts (frontal chest, lateral shoulder, frontal abdominal bar, 
oblique abdominal, lateral pelvis, and a lateral plate). The remaining three validation simulations were frontal and lateral sled tests. 
CORrelation and Analysis objective rating software (CORA, v. 3.5) was used to assess model agreement within experimental data. Along 
with validation at the full body level, body region specific validations of the head, neck, thorax, abdomen, pelvis and lower extremities 
were conducted by six collaborating universities. The M50 model matches experimental data well. In the six validation simulations with 
enough experimental data for a complete CORA comparison (including Magnitude, Phase, Shape and Corridor ratings), the average 
combined score was 0.75 (max of 1). For the subgroup of only hub-type impacts, the average was 0.83. 

Current and Future Work: The FBM COE is currently working on Phase II of the GHBMC project. One focus is on continuous 
improvement and enhancement of the M50 model, but several new parallel modeling initiatives are underway. Detailed models of the 

5th percentile female (F05) and 95th percentile male (M95) occupants are being developed, either through a similar process as 
described above (in the case of F05) or through scaling (in the case of M95). Simplified versions of the models are being generated for 
rapid kinematic assessment and stochastic modeling studies. Models will be developed in the pedestrian posture as well. The FBM COE 
at Wake Forest University, in conjunction with the GHBMC and its partners, is positioned to create a suite of models to advance the 
state of human body modeling in trauma research. 
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Modeling the Human Head and Neck: Sensitivity and Response 

Courtney Cox, Brian Bigler, Jason Luck, Cameron R. ' Dale' Bass 

Duke University 

Computational modeling provides an effective means for capturing the response of complex systems. The data gleaned from such 

models is often difficult or impractical to capture experimentally. Using finite element ana lysis, one can determine the entire 3D 

mechanical response o f biological systems subject to high-rate accelerative loading conditions. Such models allow for assessment of the 

effect s of input va riables such as posture, muscle activation, nonlinear and/or inhomogeneous mater ial properties, and boundary 

conditions, including the assessment of va riance on the response. 

The Duke head/neck model consists of an osteoligamentous cervical spine (Cl/C2, C3 to Tl) and head modeled as rigid bodies coupled 

by six degree of freedom non-linear viscoelastic beam int ervertebral joints (Occiput-C2, C2-C3, to C7-Tl). The model includes 22 primary 

cervical spine muscles, which are split into 81 muscle strands to span their broad origins and insertions. Each muscle strand is modeled 

with viscoelastic beam elements t o capture the active and passive muscle behaviors. This allows a computationally efficient model, 

while still obtaining parameters of interest (primarily kinematics and kinetics). By 

integrating other models, such as the MADYMO human model, underbody blast end 

conditions for C7/Tl can be determined and appl ied to the Duke head/neck model. 

Integration wit h Duke brain sl ice models can provide insight t o brain injury during high­

rate load ing. In addition, the influence of personal prot ective equipment (PPE) on head 

and neck response can be quickly analyzed to assess ability to reduce injury. 

Inverse f inite element analysis can match model parameters t o experimental data to 

improve model biofidelity. By it eratively det ermining mat er ial properties that optimize 

the model response, the Duke head and neck model is capable of recreating 

experimental conditions in silica with a high degree of accuracy an d predictive 

capability. 

Sensitivity ana lyses allow for the determination of key fact ors affect ing head and neck 

response including the effect of statistical variance. Var iables such as head center of 

gravity and neck posture can be analyzed without numerous experimental tests. 

Figure 1. Duke head and neck model exhibiting Captur ing specimen var iation through these methods allows for corridor response 

buckling behavior during high-rate impact wit h a prediction that can be used to improve the effectiveness of cost ly cadaveric testing. 
rigid plate. Musculature removed for visualization. 
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Real-world crash simulation with human body models is a useful technique to assess vehicle performance and injury 
mechanisms. A limiting factor in these simulations is the paucity of full vehicle models available for researchers. To address 
this limitation, an adjustable reduced vehicle model was created to simulate any vehicle in crash reconstruction 
simulations. Frontal crash cases with minimal intrusion and Event Data Recorder (EDR) data were the first crash type 
investigated. The reduced vehicle was based on the National Crash Analysis Center (NCAC) Ford Taurus full vehicle model. 
The surrounding structure was removed until the only parts remaining were the driver seat, dash panel assembly, and 

steering column assembly. A simplified flat floor replaced the existing floor pan. The reduced vehicle was tuned using a 
variation study that minimized error between the occupant response from a National Highway Traffic Safety Administration 
crash test and the simulation. The occupant was a Hybrid Ill Anthropomorphic Test Device (ATD). The position of the seat, 

steering wheel, knee bolster, and floor was adjusted to match the target crash test measurements. The tuned vehicle 
parameters were: the steering column shear bolt force, steering column stroke resistance, frontal airbag properties, knee 
bolster airbag properties, and seatbelt properties. The final vehicle configuration will be used with the Total HUman Model 
for Safety (THUMS) to simulate a CIREN case in a crash configuration similar to the crash test. To better relate the THUMS 

response during a motor vehicle crash simulation to risk of injury, our group has developed several injury risk metrics. 
These metrics are intended to mirror current measurement capabilities of Anthropometric Test Devices (ATDs) and leverage 
the anatomic detail of the model to supplement these standard measurements with additional injury risk data. The results 

of this work have demonstrated the ability of these enhanced metrics to more fully describe the occupant response during 
an impact event. Specifically, strain metrics within the bones and organs provide more detail on the potential location of 
injury through matching the finite element model results to actual patient radiology from the simulated cases. Ultimately, 
the techniques described in this study will be applied to multiple real world cases with both injured and non-injured 
occupants to begin to establish the metric thresholds of interest to predict real world injuries. 
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Numerical modelling undertaken at Dstl (UK) concerning vehicle floor plate impact of 
surrogates and anatomical human entities due to under-body mine loading 

Dan Pope, Chris Taggart, Joe Cordell and ian Softley 
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The Defence Science and Technology Laboratory (UK) has a strong interest in the numerical simulation of human and surrogate entities 
under dynamic loading. Over the past few years, the Structural Dynamics Capability within the organisation has developed numerical 
models of the Hybrid Ill and Mii-Lx physical leg dummies with the intention of faithfully predicting their response when impacted by the 
floor plates of military vehicles as a consequence of under-body mine blast loading. The research has now been extended to consider 

the simulation of anatomically-representative human legs under similar conditions. After providing a general description of the 
Structural Dynamics Capability in the field of human injury, this presentation details the approaches adopted in generating 
geometrically-faithful spatial representations and the steps taken to ensure the inclusion of faithful material models for the constituent 
components. The majority of simulation activity has been undertaken using Lagrange related functionality within the LS-DYNA finite 
element code, produced by LSTC. In generating these models emphasis has been placed on justifying the selection of element types and 
solvers; the use of appropriate contact logic to ensure proper component interaction; the extraction of meaningful response 
parameters from the models and the measures taken to ensure numerical stability. Focus has also been placed on the verification and 
validation of the various simulations, including the development of "mine-simulating" test rigs and the use of cadaveric specimens by 

our University research partners. The incorporation of Digital Image Correlation and other precision diagnostic techniques within our 
experiments when validating the response of hybrid entities within idealised vehicle rigs is also presented. In addition to describing 
these modelling initiatives, suggestions are also made concerning how Dstl could collaborate, with mutual benefit, with other agencies 
working in this field. 
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Anti-vehicular (AV) land mine explosion may cause catastrophic structural failures of military vehicles and injuries/fatalities of the crew. 
When an AV charge is detonated under a vehicle, a shock wave with intensive energy is generated. It is transmitted to the vehicular 
floor rapidly and then results in large acceleration and deflection of the floor plate, which in turn applies high loads to the lower 
extremities of the occupants to induce injury. Such blast effect on the lower extremities has been experimentally investigated by 
employing physical dummy and cadaveric surrogates. However, existing dummy legs have limited biofidelity in high loading rate regime 
while the cadaveric test data are highly scattered. With these limitations, the use numerical human body model is a good intermittent 
step while a biofidlic military dummy is being developed. Recently, Wayne State University (WSU) Bioengineering Center developed a 

comprehensive numerical human model (WSU Human Model, or WSUHM) to simulate the 
lower extremity injury due to blast. The model has been validated against the experimental data in terms of bone fracture pattern and 
bending moment/a xial force responses (Dong et al. 2013). To lower the blast effect on lower extremities, the kinetic energy and 

pressure transferred to the feet must be reduced. This can be achieved by applying energy absorbing materials as the foot mat in the 
vehicle. Such materials are usually made of low density porous media with a large number of microstructures. During the crushing 
process, the microstructures undergo large deformation at a nearly constant stress level, and thus absorbing a large amount of kinetic 
energy before collapsing into a more stable configuration. Recently, a novel lightweight energy absorber, namely the SKYDEX® pad was 
developed and applied as the vehicular floor matting material (SKYDEX Technologies, CO). A SKYDEX® pad consists of double layers of 
periodic microstructures made of thermoplastic. During crushing, the two microstructures compress against each other and deform 
layer by layer to dissipate energy and reduce the pressure transfer. Combined experimental and numerical studies on the mechanical 
properties of SKYDEX® material at high loading rates have been conducted at WSU, and its compressive stress-strain response exhibits a 

strong strain softening behavior, which limits the energy dissipating capability (Zhu et al. 2012; Jiang et al. 2013). To maximize its energy 

absorption, a series of computational optimization have been performed (Zhu et al. 2013). In that study, the shape and size of the 
microstructure were described by a number of key geometric parameters. The relationship between the structural responses (e.g. 
pressure transfer and energy absorption) and these key parameters was established through numerical modeling, which was then 
validated against experimental data. Adjusting these parameters, the topology of the microstructure can be controlled and the overall 
response can be tailored to obtain the best protective function. Integrating the optimized energy absorber to the WSUHM further 
demonstrated that lower limb injury risk can be greatly mitigated through these processes. 
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B22 

In an underbody blast event, local deformation of a vehicle's floor plate can cause severe injuries to the lower extremities of vehicle 
occupants. Such injuries include soft t issue rupture and comminuted bone fracture, which can lead to permanent disability, limb 
amputation, or death. In an effort to understand, predict, and prevent such injur ies, finite elem ent models of the lower ext remities are 
used to study the human response to such an event. Though injury mechanisms are rooted in biological microstructure, for numerical 
simulation purposes, they are often correlated to the state variables on t he continuum-level (e.g. peak stress and peak strain). These 
state variables, however, are highly dependent upon the consti tutive models and material parameters selected for an analysis. Despite 
la rge biological variability in t he human population, and large variability in the material properties within an individual, typically only a 
small subset of material models and parameters are used in the simulation literature for modeling the human body in underbody blast 
events. The importance or irrelevance of the underlying physics for calibrated constitutive models as it directly relates to predicting t he 
failure of t issues is not well understood. A simila r lack of understanding exists for the sensitivity of tissue failure as it relates to material 
parameters. The intent of our research is to begin the process of exploring the extraordinaril y large phase space of material parameters, 
constitutive models, and failure criteria . Such a study will help develop a data corridor within which experimental cadaveric data is 
expected to fall as we move towards a validated numerical model of the human body. This type of study can also reveal parameter or 

model sensitivities relevant to tissue failure. In this talk we will introduce our biofidelic model of the leg and foot, provide an overview 
of the constitut ive models and material parameters considered, as well as report on the current progress of this project. 
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Coupled Eulerian and Lagrangian Approaches for Dynamic Injury Analysis 

Timothy P. Harrigan, Robert Armiger, Catherine Carneal, JiangYue Zhang, Andrew Merkle 

The Johns Hopkins University Applied Physics Laboratory, Laurel, MD 

Injury prediction in computational human finite element models (FEMs) can be achieved by implementing a number of mechanical 
failure criteria to calculate damage incurred to specific body regions. These include tissue level failure criteria, which calculate 
cumulative pressures or strains in specific tissue types that exceed a failure threshold, as well as structural failure criteria, where overall 
forces or moments applied to specific anatomical structures (e.g., vertebral body compression force) are calculated and related to 
available injury predictors. While standard structural Lagrangian numerical models techniques can be readily applied for both injury 
predictors, these techniques are often ill-suited to accurately model the large pressure and deformation that occurs within human 
interstitium under high-rate dynamic loads. Eulerian modeling methods, while better suited to model high levels of deformation, have 
limited ability for injury analyses which require cumulative tracking of tissue damage or structural failure criteria. 

In order to address these challenges, a coupled Lagrangian-Eulerian approach was investigated which could allow for a detailed 
(Lagrangian) method for assessing damage in the important structures (such as bones and major organs) while modeling the essential 

character (pressure and strain transmission) of interstitial tissues using an Eulerian mesh. In this study, pressure and deformation 
propagation was modeled for dynamic loading relevant to the torso, the major organs consisted of Lagrangian FEMs and the 
surrounding interstitial tissue consisted of Eulerian meshes. This approach differentiated regions of high interest for damage (major 

organ systems) from regions of interstitial tissue. The tissue stress propagation and overall numerical stability was t racked to confirm 
the modeling approach's suitability for dynamic injury prediction. 

The Lagrangian meshes of each major organ (heart, liver, lung, stomach, kidneys) were generated using hexahedral elements. The 
Eulerian meshes were rectilinear, and coupling between the Eulerian and Lagrangian meshes was achieved through constraints in LS­
Dyna such that the Lagrangian organ displaced the interstitial flesh. High-frequency pressure and lower-frequency shear loading was 
applied to the models to test the propagation of pressure through the coupled meshes. As a validation case, shear and compressive 
properties were matched between the Lagrangian organs and the Eulerian interstitial tissue for pressure wave propagation tests. 

The coupled Lagranian-Eulerian model was successfully able to accurately represent organ pressure transmission predicted in the 
uniform Lagranian mesh. Although minor pressure artifacts (<15 kPa) did occur in the mixed-mesh approach, these were largely 

confined to surface elements and nodal averaging of pressures in the FEM decreased these artifacts to less than 5 kPa. Checkerboard 
instabilities in pressure predictions within the Eulerian mesh were observable but small (<lOkPa). and they did not scale up with the 
magnitude of imposed pressure. Leakage at the organ-interstitium interface was controlled using a contact penalty method. 
Observations of these artifacts indicated appropriate numerical procedures for modeling dynamic loading of human tissue, and showed 
that mesh refinement will decrease their magnitude. 

The current study results indicate that utilization of a coupled Lagrangian-Eularian approach in human computational models for 

dynamic injury analysis is promising. Challenges unique to this modeling method for numerical stability and organ interfaces were 
successfully addressed using standard LS-Dyna capabilities. The numerical tests for simulated dynamic loading for the torso organs 
indicated that this method can successfully enable a calculation of pressure and strain distributions for injury prediction. Ultimately, this 
mixed-model approach will enable a broader variety of modeling capabilities and injury scoring for the study of both dynamic (blast­
related) and static (postural) large strain effects. Additionally, this approach simplifies mesh development and refinement to enable 
more versatile human models. 
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Crew Response in Full System HFCP 

Allen Shirley 

CORVID Technologies 

Over the past four years, Corvid Technologies has been developing and applying high fidelity computation physics (HFCP) technology and 
methods to address USMC PEO LS survivability analysis needs related to accelerative loading based crew injury across multiple platforms 
supporting DT and LFT&E. Extensive solver and methodology development has been carried out in effort to capture the complex physics 
of a buried lED threat and the full vehicle-level structural response including local deformation and failure. Corvid subsequently 
leveraged these capabilities to develop and integrate a corresponding high fidelity Hybrid Ill 50th percentile male anthropomorphic test 
device (ATD) model capable of resolving the level of ATD structural damage experienced in DT events, which cannot be captured in 
currently available ATD models due to the use of rigid components and coarse mesh representation. 

The key emphasis in Corvid's physically-based modeling approach is to limit the set of simplifying assumptions through enhanced mesh 
and constitutive model fidelity. In order to accomplish this for ATD modeling, Corvid characterized visco-elastic/plastic materials in the 
ATD as well as the sole of the boot used in LFT&E across the full range of loading rates applicable to this type of impulsive event. With 

these data, constitutive model fits have been developed through optimization routines, and the baseline model has undergone 
verification and validation testing based on limited available data sets. Additionally, the high resolution finite element (FE) mesh model 
was developed from CAD data provided by Humanetics who also has received the material characterization data to aid the development 
of future ATD systems. These data are also available to the broader community through USMC PEO LS, a co-sponsor of this effort. 

Initial validation was conducted against CSBES test data collected by ARL researchers, and results to these loading conditions will be 
discussed. To further validate the Velodyne ATD model, Corvid has recently begun working with PMO WIAMAN to model the 4.2 test bed 
setup. Test results including relevant ATD configurations are being used to support efforts within PEO LS to expand the validation set for 
the Velodyne model. The initial results of this effort will be presented. Additionally, current and future efforts focused on human 
modeling will be discussed. 

These technologies have enabled accelerated development of significant survivability upgrade kits for M-ATV and MaxxPro vehicle 
platforms to current overmatch levels through predictive pre-test assessment of design performance and relative performance 
comparisons leading to successful DT demonstrators at reduced development cost. Future capabilities will further enhance the utility of 
these tools for the acquisition community to achieve compressed development schedules and reduce system cost within the lED 

survivability key performance parameter trade space. 



 

54 

 

 

B25 

Evaluating the Effectiveness of Various Blast Loading Descriptors as Occupant Injury Predictors 
for Underbody Blast Events 

Kumar B. Kulkarni
1

, Jaisankar Ramalingam2 and Ravi Thyagarajan2 

1
ESI-US Inc., Troy, Ml 48084 

2
US Army TARDEC, Warren, M 148397 

Motivation/Objective: 
It is of considerable interest to developers of military vehicles, in early phases of the concept design process, to quickly assess occupant 
injury risk due to under body blast loading. The most common occupant injuries in these extremely short duration events arise out of 
the very high vertical acceleration of vehicle due to its close proximity to hot high pressure gases from the blast. A typical blast vertical 
acceleration pulse is predominantly triangular shaped in nature. In the past, several blast loading parameters have been proposed, 
alone or in combination, to serve as indicators or predictors of occupant injuries. Some examples of these are (i) magnitude of the peak 

acceleration, Gin g's, (ii) time duration of pulse, Tin ms, (iii) rate of onset of acceleration, in g/ms, (iv) change in velocity, 6v in m/s, (v) 
effective-g (slope of the velocity profile) in g's, (vi) specific power (G*6v) in g-m/s. Of these, the design community has mostly used 
change in velocity 6v, or to a lesser extent, peak acceleration G, to determine the severity of, and classify any given blast pulse. The 

primary objectives of this paper are to conduct an extensive parametric study in a systematic manner so as (1) to determine if a single 
blast loading parameter is sufficient to adequately characterize the occupant injury, at least for the duration of typical blast events (0-
20ms) and (2) to create look-up tables that decision-makers can use to quickly estimate the different injury responses for both stroking 
and non-stroking seat systems in terms of such a parameter. 

Approach: 
A dynamic simulation model of a vertical blast loading simulator was used, which contains a seated 50th percentile Hybrid-Ill 
Anthropomorphic Test Dummy (ATD). A parametric study was conducted on this setup by varying the peak acceleration from lOg-
1200g, and duration of the pulse from 2.5ms to 60ms such that 6v was limited to below 15 m/s. In addition to considering a non-energy 

absorbing rigid seat, two generic energy-absorbing (EA) blast mine seats of different ratings (EAl, EA2) were used in the study. Ten 
different upper body injuries were tracked for a sample size for each of the three seating variants consisting of 230 MADYMO 
simulations each, for a total of 6900 data points. Each of these ten injury responses were compared against three leading blast loading 
indicators, namely, Effective-g. Specific Power and 6v. Linear and quadratic best fit analysis was also performed and overlaid against the 
data samples. Similar trend analyses were also performed for physical vertical sled/drop tower tests. 

Conclusions: 
No single blast loading parameter from an input pulse can be used to fully determine the occupant injury risk over the entire 
wide range of pulse durations (0-60ms). 

Among the different blast pulse parameters considered in this study, 6v is the best single indicator for estimating injury criteria, 
for typical blast pulse duration ranges (0-20 ms), independent of seat type. 

For a given 6v and T, the shape of the pulse and its peak value has no significant effect on the injury criteria, again for typical 
blast pulse duration ranges, an important finding for design of test setups. 

Occupant injury trends observed in this study strongly agree with physical test data. 

An easy-to-use injury estimator tool was constructed in Microsoft Excel as a function of duration T, and 6v, from the occupant 
injury regression trends obtained from this parametric study. This tool will enable decision makers arrive at informed decisions 
during early concept design stages, Analysis of Alternatives (AoA) studies, etc. 
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Neck Response of a Finite Element Human Body Model during a Simulated Rotary-Wing 

Aircraft Impact 

*Presenting author 

Nicholas A. Whitel, 2, Kerry A. Danelsonl, 3, F. Scott Gayzikl, 3, and Joel D. Stitzell, 3,* 

1. VT/WFU School of Biomedical Engineering and Sciences 

2. Virginia Tech 

3. Wake Forest University School of Medicine 

A finite element simulation of a 30-deg, pitch-down rotary-wing aircraft impact was validated against an experimental sled test reported 

in the literature. This 7.62 m/s delta-V impact was simulated using a Hybrid Ill Anthropomorphic Test Device (ATD) with 1.8 kg of head­
supported mass. The simulation was then repeated with the Global Human Body Models Consortium (GHBMC) 50th percentile seated 
male model to further investigate the neck response during such an impact. A more biofidelic neck response was produced with the 
human body model, including realistic changes in neck curvature. Unlike the ATD, neck load cells data was not readily available in the 
human body model. A methodology was developed to measure forces and moments at different levels of the GHBMC neck using a 
series of cross sections. A local coordinate system (LCS) was rigidly attached to each cervical vertebra, with the local origin defined at 
the vertebral center of gravity. The local x-axis was defined as the vector from the local origin to the midpoint of the anterior vertebral 

body, in the midsagittal plane. The local z-axis was defined as a vector directed inferiorly from the local origin along the midsagittal 
plane, orthogonal to the local x-axis. Transverse cross sections were then defined at each cervical level, coplanar with each local xy­

plane. These cross sections measured the force and moment contributions of the bones, ligaments, muscles, and soft tissue during the 
course of the simulation, with values reported in their respective LCSs. Cross sections were also implemented to measure forces 
transmitted though the intervertebral discs and cervical facets. The measured neck forces and moments were compared to existing 
injury threshold values and used to calculate injury criteria, including the Nij and Beam Criterion. This cross-sectional methodology to 
measure neck loading during a rotary-wing aircraft impact can be readily applied to investigate loading in the human body model from 
under-body blast. 
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A finite element model of the military lower extremity surrogate (Mil-lx) with combat boot 

validated for high loading-rate inputs 

Abstract 

Nicolas Newell and Spyros D Masouros 

The Royal British Legion Centre for Blast Injury Studies, 

Imperial College London, UK 

The improvised explosive device (lED), capable of causing multiple severely injured casualties in a single incident, has been the most 
prevalent single threat to Coalition Troops in recent conflicts [1]. Occupants of vehicles are particularly susceptible to lower extremity 
injury [2]. Mitigation systems have been shown to reduce the force transmitted to the lower extremity [3], however, experimental 
analysis of these technologies is expensive and time consuming. The MIL-Lx anthropometric test device was developed in 2009 to mimic 
to some extent the behaviour of the human leg in an under-vehicle blast scenario and presents the most biofidelic surrogate for under­
vehicle blast to date [4]. 

The aim of this study was to develop a validated fast-running numerical model of the MIL-Lx fitted with a combat boot, which can be 
used as a tool to assess mitigation systems. 

Axi-symmetric, implicit finite element models of the MIL-Lx and combat boot (Meindl Desert Fox Combat Boot) were developed using 

MSC Marc (MSC Software, USA) and validated separately against experimental data. The geometry of the combat boot model was 
obtained through analysis of the dimensions of the individual layers as captured on a micro-CT scan. The geometry of the MIL-Lx was 
reverse engineered. The properties of the materials of both combat boot and MIL-Lx were obtained experimentally using quasi-static 
and dynamic uniaxial compression tests. 

The model of the combat boot was validated against drop-tower tests [5]. The MIL-Lx model was validated against traces of upper tibia 
axial force and compliant element compression obtained through experiments conducted on a traumatic injury simulator at a range of 
severities [6]. In order to gain further confidence in the FE model, boundary conditions and respective tibial axial loads were obtained 
from 5 MIL-Lx experiments conducted independently on University of Virginia's ODYSSEY rig [7]. The difference in peak axial force in 
lower and upper tibia load cells of the MIL-Lx were 9% (range 1-17%) and 13% (range 9-19%), respectively. 

In conclusion, a validated numerical model of the MiL-Lx with combat boot has been developed which can now be used as a tool for 

preliminary assessments of the efficacy of mitigation systems without the need for expensive experimentation. 

References 
[1] Ramasamy A, Harrisson SE, Clasper JC, Stewart MPM. 2008. Injuries from roadside improvised explosive devices. The Journal of 
Trauma 65:910-914. 
[2] Ramasamy A, Hill AM, Masouros S, Gibb I, Bull AMJ, Clasper JC. 2011. Blast-related fracture patterns: a forensic b iomechanical 
approach. Journal of The Royal Society Interface 8: 689-698. 
[3] Quenneville CE, Dunning CE. 2011. Evaluation of energy-attenuating floor mats for protection of lower limbs from anti-vehicular 
land mines. Journal of Battlefield Technology 14: 1-4. 

[4] McKay BJ. 2010. Development of lower extremity injury criteria and biomechanical surrogate to evaluate military vehicle occupant 
injury during an explosive blast event. PhD Thesis, Wayne State University, Detroit, Ml, USA. 

[5] Newell N, Masouros SO, Pullen AD, Bull AMJ. 2012. The comparative behaviour of two combat boots under impact. Injury Prevention 
18: 109-112. 

[6] Newell N, Masouros SO, Ramasamy A, Bonner TJ, Hill AM, Clasper JC, Bull AM. 2012. Use of cadavers and anthropometric test 
devices (ATDs) for assessing lower limb injury outcome from under-vehicle explosions. Proceedings of the International Research Council 
on the Biomechanics of Injury conference, 40: 296-303. 

[7] Bailey A, Christopher J, Henderson K, Brozoski F, Salzar R. 2013. Comparison of Hybrid-Ill and PMHS response to simulated 
underbody blast loading conditions. Proceedings of the International Research Council on the Biomechanics of Injury conference, 41: 
158-170. 
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Rubber Material Modeling Methodology for FE Dummy Development 
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This abstract describes rubber material modeling in FE dummy development. Material modeling is very important in FE models to match 
real hardware test data. In particular, the purpose of FE dummy model developments is to predict the injury responses of ATD dummies 
in crash testing events as close as possible. The ATD dummies currently being used in any fields consist of rubber, foam, metal, damping, 
plastic and few other materials. Among them, rubber is the most widely used and important material because it is being used in the 
critical injury body parts such as neck, lumbar and skins. Also, the dummy from WIAMan project will have many rubber materials which 
will undergo large strain and high strain rates. Therefore, in this paper, an material modeling method for rubber is investigated with the 
MAT_77 _0 (Ogden Rubber) in LS-DYNA. And this modeling method will be applied to the WIAMan project. 

First, the uniaxial tension and compression test curves are curve-fitted to Ogden strain energy-based and stress-based equations. Curve­

fittings are conducted with MATLAB Genetic algorithm. Two set of Ogden parameters from curve-fittings are evaluated through both 
Ogden strain energy-based and stress-based equations and are proved to be almost identical when Poisson ratio is 0.499. In addition, 
planar tension and biaxial tension test data are considered together with uniaxial tension and compression test data for curve fittings. 
Then, the Ogden parameters from uniaxial tension & compression, planar tension and biaxial tension modes are evaluated and 
compared with the Ogden parameters from the uniaxial tension & compression mode only. Two sets of parameters are proved to 
produce very similar curves close to test data. 

Second, the short term compression relaxation tests are conducted to obtain the Prony Series parameters which are required to be 
inputted in the MAT_77 _0 (Ogden Rubber) card. The short term relaxation tests have both ramp-up and relaxation regions to consider 
strain rate effect and unloading characteristics. Curve-fitting is conducted against the relaxation test using Matlab Genetic algorithm to 
obtain Prony Series parameters. 

Coupon simulations are conducted with Ogden parameters and Prony Series parameters. For quasi-static tests (0.01 /s), only Ogden 
parameters are used. For strain rate tests over 0.01 /s, Prony Series parameters are inputted with Ogden parameters in the MAT _077 _0 
card to consider strain rate effect. Coupon simulation results were close to the test data, proving that the applied method is very 

effective and fast in rubber material modeling for FE dummy model development. 
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Effect of Strain Rates on the Compressive Response of ATD Neck and Foot Rubber under 
Different Loading Sequences 

B. Sanborn and T. Weerasooriya 

Army Research Laboratory 

Anthropomorphic Test Dummies (ATDs) are used to understand the response of humans exposed to different possible extreme loading 
scenarios encountered as occupants of automotives, aircrafts, and military vehicles. The WIAMan (Warrior Injury Assessment Manikin) 
program has been established by the Army to create a higher fidelity ATD that will be used to assess severity of injury to humans in blast 
and high accelerative loading situations, where loading rates could be higher than during the standard automotive crash tests. 
Simulation of these extreme events to extract the accurate response of ATDs requires incorporation of the constitutive response of the 
materials used in the ATDs under different loading rates. To build constitutive models for numerical codes for WIAMan, the materials 
used in ATDs must be investigated to discover how the materials behave at various loading rates. In this study, the rate dependent 
behavior of neck and foot rubber used in the Hybrid Ill, an automotive ATD, was investigated over quasi-static (0.001 s·'l, intermediate 
(1 s·

1
), and high (500 s·

1
, 1300 s·

1
, 2300 s·

1
) strain rates. The stress relaxation behavior at quasi-static and intermediate rates was also 

studied. In addition, storage and loss moduli of the rubbers were also obtained as a function of frequency and temperature. These 
various types of loading under different rates were used to evaluate the various representations of constitutive models in literature. 

The Bergstrom-Boyce (BB) model was identified as the model that best represents the experimental data. 
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Inertial Effects in Compression and Torsional Kolsky Bar Tests 
on Soft and Nearly Incompressible Materials 

Adam Sokolow, Mike Scheidler and John Fitzpatrick 

B30 

Understanding the high strain-rate response of soft biological tissues such brain, liver, and lung tissue as well as the response of tissue 
surrogates such as ballistic gelatin is critical for the development and calibration of computational models that estimate injury. In 
particular, the viscoelastic response of brain tissue is used to model wave propagation in the brain in an effort to predict traumatic brain 
injury. Brain tissue, along with the other tissues listed above, is soft and nearly incompressible. 

Traditional compression Kolsky bar methods, which successfully characterize the rate-dependence of metals and stiff polymers, are 

plagued by radial inertia effects when used on soft, nearly incompressible materials. Consequently, the conventional data analysis 
techniques are no longer valid for compression tests on these soft materials. In an effort to bypass these difficulties, researchers at 
Purdue University have more recently modified the traditional torsional Kolsky bar test so that it can be used for specimens as soft as 
brain tissue. 

For compression Kolsky bar tests, we have developed theoretical estimates for the full, non-uniform, stress state in soft materials that 
depend only on data that can actually be measured in this test. Since these estimates are based on radial momentum balance in the 

specimen, they are referred to as "inertial corrections". However, they rely on various simplifying assumptions (e.g., an approximately 
uniform strain state), so their range of validity needs to be determined. There does not seem to be any way to do this experimentally 
since only the mean value of axial stress on either face of the specimen can be inferred. Consequently, we have utilized numerical 
simulations of compression Kolsky bar tests as these provide the full stress and strain states at each point in the specimen against which 
the theoretical inertial corrections can be compared. The results of this part of the study provide new guidelines for the use of 

compression Kolsky bar tests on soft tissues and tissue surrogates. 

We also investigated whether inertial effects are present in this new torsional Kolsky bar test when the specimens are soft and nearly 
incompressible. The results are relevant for any soft material with a shear modulus on the order of 1-1000 kPa and density on the 

order of water. We have conducted one and three dimensional analyses and numerica I simulations to understand the stress and strain 
states that exist in these materials in quasi-static and dynamic torsion tests. We demonstrate that the short loading pulses typically 
used for high strain-rate (e.g., 700/s) tests do not allow the softer specimens to "ring-up" to uniform stress and strain states, and that 
consequently the shear stress vs. shear strain data reported in the literature is erroneous. We also show that normal stress 
components, which are present even in quasi-static tests, can be amplified by the inertial effects in dynamic torsion tests on soft 
materials. We provide strict requirements for the successful application of torsional Kolsky bar tests to the characterization of soft 
tissues. 

In this talk, we will provide an overview of the Kolsky bar test configurations for both compression and torsion. For both cases we will 
discuss the key features of how specimen inertia confounds traditional Kolsky bar data and propose possible future directions in the 

problem of understanding the high strain-rate response of soft biological tissues. 
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Injury Distribution per body region 
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Frontal Impact Validations 

• Lower Limb (7) 
• F0-1 Knee Impact (Rupp et al. 200212003) 

• FO.;! Mid-shaft femoral bending (Funk et al. 2004) 

e F0-3 Mid-shaft f emoral axial & bending (lvarsson et al. 2009 ) 

• F0-4 Proximal femur compression (Keyak et aL 1998) 

• F0-6 Distal femur compression (Rupp et aL 2003) 

• F0-6 Knee - PCL impact (Balasubramanian et al. 2004 ) 

e F0-7 Mid~eg axial & bending (Untaroiu et al . 2008) 
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• FO-S Inversion/eversion loading (Funk et al. 2002) 
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Lateral Impact Validations 
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• S0-1 Pubic symphysis lateral compress.(Dakin et al. 2003) 
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• • 
S0-3 Lateral compression (Beason et al. 2003) 

Lower Limb (1) 
• S0-7 Femoral head lateral compression (Keyak et al 1998) 

• Foot (1) 
• S0-10 Xversion Impact (Jaffredo et al. 2000) 

Other Impact Validations 
Foot !21 

0-1 Forefoot Impact (Wheeler et al. 2000) 
0 -2 Ankle Lig. Impact (Funk et al. 2000) 
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' alidation: Femoral Shaft 
Femur shaft three-point bending 

Cl/: Mid-shaft femur bending fracture 

Input Impactor prescribed disp. 

Output Impactor force time hfstory 

Test setup 
(Funk et a l., 2004) 

6000 

Smulation setup 

z --- . . 

i'ooov;--- . 0 
"- 2000 

faikn pOW"'t FE 

0 
• failure POint exoenments 

0 5 10 15 20 
Deflection I mm ) 

Femur shaft combined loading 
C/1: Mid-shaft femur combined loading fracture 

Input: 

• Ramp-increased axial camp. force 

· Dynamic transversety impact wlvelocity of 1.5 m/s 

Output Impactor force time history 

Test setup 
Ovarsson et at , 2009) 

Simulation setup 

........ -~ .. ~'*""'*" 

~~~- -~~··--
' .. ~----------,-----------

~fotQOMI 
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Validation: Foot-Ankle Com lex 
Axial loading validation 

C//: Hindfoot bony fracture 
Input: Displacement time history of impactor 
Output: Force time history of distal tibia 

Funk et al., 2000 

---- .- V :::=.r::s 
- l'<a:tln 

_ , 
\liHI,IATI(I! \\U.,IIORI"ll'l\llt'IO 

Dorsjflexjon loading yaljdatjoo 

Cit: Ankle bony fracture /ligament failure 
Input: Velocity time history of pedal impactor 
Output: Moment -angle response of ankle 

Rudd et al., 2004 

A lications: In· Criteria 

Tibia Index 
F M 
-+­
Fe Me 

Tl 

Initial 
configuration 

Under PA 
loading 

UnderAP 
loading 

~ 
Mo'' common fraciUre ~iteo;; 

~ 

• FE Data (PA) 
• FE Data (AP) 

Mert.£ 
-- Funk 

-300 -200 -100 

'~ 

' 0 

' ' "\' 

_, 

o FE Dat:t (PA_ lens) 
c FE Data (AP _tens) 

- KUI>Pll 

!00 200 300 
c . 

' 

oc 

' ' ~--tl ------ •o - --' 

FE model 

External Bending Moml'nl (Nm) 

More biofidellc 
Injury criteria 

(Untaroiu et al. 2013) 
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(Yue & Untaro iu 2014) 

Development and validation of an accurate FE model is very 
time-consum 
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Calibration, and Validation of Head-Neck THOR-k FE Model 

Froo.tface 

I 
I 
I __ .. 

Developed THOR-k head-neck model 

·-------------~-----------
1 I NBDL laterad 

Calibrated front Calibrated rear 
spring material spring materia l 

v 
Calibrated cable 

frid iCO 

~ 
Calibrated head4 skin matenal -------------.-----------

C alibrated THOR-k head-neck model 

• 
(Putnam et a!. 2014) jModel validat ion 11::::)1 NBDL frontal I! Pendulum lateral ! 

-•JJ.( 1'1' litH I,U,JJOill'-1 l ' ' \IJI.'IH 

Model Calibration (Optimization-based approach) 

Uppm-ll«ltbt.fon:e Upperllledt vm. titn:e 

=~- OB26 10.948 ,:~0.9021 0996 
!-

N ' 

·- ... ... ..~ u ""- ... .... ... .... •-1•) 
~erJ~eekbt.fo n:e 

·=~-~- .. 
• ~ 1 0.975 :-. 

~- ' 
j .. ·_c.···"., 
l -! . .9011 0.974 · ............... -

·-"'' "' HeU C.nnalRo tati .. 

:~ 

LcnrerReekvert. "n:e 

· ·~- J 
L 0.1164 10.94 ·v · 

--
He:M.Verti.cal DispL 

I: ----..\ 
1 : 0.716 10.905v -- - ........ . . 

'-N 
- Test Dummy Response 

-··· Original Model Response 
Model Response wl Caltbr-ated 
Neck Pucks 

NBDL lateral 
Bendng Score 

Original Calibrated 

0. 845! 0.971 

(Putnam et a! 2014 ) 
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Model Validation (ex. NBDL frontal impact test) 
Upper neckhoriz . force 

0.971 ·---v···· . - '.,_, 

J owernecklat.force 

. HeadLateralDispl. 

I" ···-·· 

~~~ 
,.Head Sagg:ital Rotation 

I· 1\. 
.J~.98~ ~ 

- ' 

Upper neck sag~ttal mom 

•• 0.984 :/\ 

1.--J \\.--
·-

·~· 
J.ower neck sagittal mom. 

··~.939 .· ·· 
~~ . : .... , .... 

... ... ... .. ... 
~-

HeadVerticaJDisul. 

1\ ./ 
,: 0.951 v 
.............. 

Test Data 

Simulation Data 

IIIHI,I \II<lt 1\\U! Oiti\TL,I\Ul'>l"n 

PMHS Test 
c 

~ -~~--:----. 
~ _' 1(Ar"'~ ·v•_• < • FootPiatenAz 

<( Seat Platen Az 
Time (ms) 

NBDL Frontal Score 

0.948 
Total CORA Score of THOR 
Head-Neck FE Model 
(6 simulations, 34 signals) 

Original Calibrated 

0.794±0.071 0.971±0.02 
(Putnam et al. 2014) 

rjrH·:~""e_s_t ___., 
:i. : Time(ms) 
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man positioning 

1. Dummy FE Model .. 
2. Human FE Model 

~ ' 
lilt< 1'1\lltll 11\U lOll:!-. I l'-1\IX'lH 

Positioning tree for aerospace/ 
military FE simulations 

Neck pitch change - \ 
mechanism ---+ .. 

Lower thoracic spin~ 
change mechanism 

\.. 

Rotational Joints 
Shoulder 
Elbow 
Hip 
Knee 
Ankle 

Session 1, Presentation 1 
1/24/2014 

Cll 

GHBMC FE model vs. THUMS FE model 
THUMS GHBMC 

•' :3 300 ,, 
I: I \ 

e -
! g ~~:~\ ... ,: .. ,/:0 

*Both models were stable during the simulation ~ . .,., 
*A delay (3-4 ms) between the t est vs simulation 
*The levels of max. tibia force & acceleration 

Possible causes/Future work 

Improve the setup model/add boot models 

Tlme (ms) 

• Improve the human models (material properties, contacts, etc.) 

- PMHS(l.2) 

• • THUMS 
-- GHBMC 

- PMHS.aVJ 

- upper/lower 

-- THUMS 

GHBMC 
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H-Ill FE model vs. THOR FE model 

• Both models were relatively stable, but the 
foot/shoe shows higher def. than human models 
• A delay (:>-4 ms) between the test vs simulation 
• For H-Ill, both max force and acceleration were 
higher than average response 
Possible causes/Future work 

Improve the setup model/add boot models 

z ... . . 
~ ·5 

N · 10 .. 
! IS -

Tim•(msl 

- HUICl.l ) 

• • THOR_FE 

-- HIII_FE 

:!; ·1-~ .! 0 ' ~ 5 ,'t 10 

i \ J/ - " lll il¥1 

• ' ' "" 1 - uppet'/ lowiH 
~-DJ - \ I 

< \,1 -- THOJII_ f £ 

TirMims) 
-- Hlll_f£ 

• Improve both dummy models (material properties, contacts, etc.) 

Future/possible improvements: Material Properties 

Uni-axial tests (high strain rates) 

I 
~y-:-:: i •• 

j .. 

u . .. 
(Lu et al 2013, Untaroiu & Lu 2013) 

Bi-axial tests (high strain rates) 

+ 
(Howes & Hardy 2013) 
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Future/possible improvements: Statistical FE Models 

!JJ Virginia Tech 
Invent the Future 

Stochastic Material Models Statistical Shape Analysis 

~ ~ -3 SD 
Mean model 

(Lu et al. 201 3) 

- ' 
\Ill(''' " !HI! 11\"1101!1\T L '1\IR~IH 

II ~/=~~~~ .. -·--.. --·--. -·--
l. ': ~ . ... .. .. .. -~ .. .. .. 

o .......... .._,_~, .. l"l•tnol.,l 

Statistical FE 
Human Model 

Distributions 
of Outputs 
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Motivation 

11 100 Johns HoJ*ins Road 
MD 20723-6099 

• Human models based on a single anatomy may have limited 
applicability for range of subject populations 

• Biomechanical response and injury predictions are often scaled for 
subject height and weight 
• However, limited available data on scaling of internal organ geometries 

• Understanding allometry (scaling law) critical for accurate human 
models 

JHUIAPL Human Torso Finite Element Model (left) and 
Global Human Bcdy Model Consol'tium 5Qth Percentile MaJe 

(riglt) anatomies. 
Abdominal injury risk for automotive side 

impact$ $Cales with subject age and wei!7Jt' 

----.. -,.,..,--.. -.-.. ---.. -~-""'-.,-""'-,...,-,-,""'-""-"-"""-.,-,-""""--... -..... -,.,----.. -,--- ,-""""'--"-.. --API.. 
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Souj,;o 1. Pto<ont.oli0<1 2 
1n12014 

• Statistical shape atlases provide a method for determining these 
allometric relationships 

• Atlases currently exist for a variety of applications 
• Medical studies for clinical diagnoses, orthopedics 
• Impact biomechanics for select body regions (boney structures, select organs) 

• 1•1 1<1 

1 1 Sta ti stical lung atlas from 6 subjects Liver mean shape and statistical boundary mJdels from 
bra in from 25 subjects• for lung feature characterizationu 15 seated human adults for autormtive impact studiesu~ 

Existing 
Gaps 

• Robust dataset representative of military population 
• Correlation to relevant external anthropometries 
• Multi-organ relationships 

Sou;.;o 1. Prosont.otion 2 
1n12014 

Objectives 

• Overall: Determine whether external subject parameters 
(demographics, anthropometry) can accurately predict internal lung 
geometry, and the associated implications for injury assessment 

• Tasks: 

• Collect subject dataset (demographics, anthropometry, and 
lung gecmetry) representative of military population 

• Create statistical shape atlas of the lung 

Employ statistical approaches to investigate anatomical 
differences in patient populations 

C16 
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Collection of Subject Data 

Data Collection 
Medical Images 

• Goal: Collect medical image dataset of the lung as a basis for 
establishing allometric laws and organ models 
• Greater# images provides better atlases 
• Target: 200 datasets with balanced gender, race/ethnicity, & age 

• Source: Johns Hopkins Hospital Radiology Information Systems 

LungCTD•a.s• 
Jotns Hopkins HOSf:ltal ROOiological 

lnfonnation System 
15,000+ thoracic CT images available 

Pttrs~~~~11~~~:.,.~u'"'m1"=====~1Examined all available images, 206 
Balanced Pq:~ulation s elected or initial lung atlas 

orp n!Ext.mal 25 ~ual measurements made per 
'=~.,.~·~, .. !!:.,.~-~======~·u~bject by trained radiologists 

C17 
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Data Collection 
Medical Image Examples 

Axial V1ew of Lower Lung Slice 

Normal Images 

Abnormal Images 

Metal Artifacts 

Data Collection 
Medical Images 

Collapsed Lung Pneumothorax 

• Population bins primarily based on Army Anthropometric Survey 
(ANSUR88) 

• Good gender, race, and age balance established in dataset 

-------------------------------At 

C18 
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Data Collection 
Medical Images 

• Population bins primarily based on Army Anthropometric Survey 
(ANSUR88) 

• Good gender, race, and age balance established in dataset 
• APL dataset generally representative of military height & weight 

Height and W eight Comparisons for Current Study \IS ANSUR88 

- APL Females - APL Males 
- - ANSUR88 Females - - ANSUR88 Males 

Data Collection 
Anthropometric Measurements 

• Limited anthropometric data available for medical subjects 

• Radiologists manually approximated external skin and skeletal based 
metrics from lung CT scans 

Metric 

ANSUR88 

CT 

Chest Breadth Chest Span Torso Length 1-N Distance 

A ~~ A 
/Rl TP 1~ I ~~~~ 

C19 
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Statistical Atlas Creation 

Statistical Atlas Creation 
Overview 

Session 1, Presentation 2 
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• Goal: Create a statistical shape atlas of the lung to study potential shape 
variations among patient populations 

• Approach: 

(1) Prepare 
Template 

Template 
Mesh 
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Statistical Atlas Creation 
Overview 

• Goal: Create a statistical shape atlas of the lung to study potential shape 
variations among patient populations 

• Approach: 

11 P"epa'e 
T~"~:11~"~1ate 

(2) Mesh 
Individuals 

Statistical Atlas Creation 
Overview 

Individual 
Meshes 

• Goal: Create a statistical shape atlas of the lung to study potential shape 
variations among patient populations 

• Approach: 

(3) Create 
Atlas 

C21 
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Statistical Atlas Creation 
Subject Specific Geometries 
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• Subject-specific lung shapes with consistent mesh topology 

Oblique 
view 

Left view 

Statistical Atlas Creation 
Statistical Analysis 

• Mean shape calculations 

Grand Mean 

X=l_i:x 
NJ· t ; 

Difference rrom 
Mean Shape 

Population Means 

Front view 

Bottom 
view 

Male 

Female 

-----------------------------~ 
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Statistical Atlas Creation 
Statistical Analysis 

• Principal Component Analysis (PCA) captures the shape variations 
in the lung dataset 
i) Decreasing variance captured as mode# increases 

Percent Variance by PCA Mode# 

60% 

40% 

' First 11 mod .. d .. crtb• 80% 
ottottl 'twt•tlon 

0%,~.~~-~.~-~-~ft~-~-~-~~~-~­--

Statistical Atlas Creation 
Statistical Analysis 

Mode1 Mode2 

• Principal Component Analysis (PCA) captures the shape variations 
in the lung dataset 
i) Decreasing variance captured as mode# increases 

• Each subject expressible by summation of modes 

SUbject #of Modes Used to Represent Lungs 
Geometry n=1 n=2 n=11 n=44 n=1 00 

C23 
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Differences in Patient Populations 

Statistical Analysis 
Overview 

• Goal: Determine how lung size and shape relate to 
various patient demographics 

• 2 logistic regression analyses approaches used: 
• Overall Lung Shape~ Trends for lung scaling with anthropometry 
• PCA Mode Weights~ Prediction of subject specific anatomy 

• Effects Model Regression used to determine correlating 
trends and statistical significance 
• Fits a line to actual data by the Least Squares Method 

yij = f.1 + "ZfJxi + "Z&iJ 
Depend. ~~ l Fact}rial \ ~rror 
Variables Coefficients 
Lung s~e, Independent 

Mode We"hls Grand Mean Variable 
of All Data Anthroporretry; 

------------------------~~~=~~~a~ph~~~s---------------------~ 
Predicted Metric 

C24 
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Statistical Analysis 
Overall Lung Dimensions 

Metric 

~ LungWidth 
.... (em) 

n Lung Depth 
W lem) 

~ Lung Height 
W 1em) 

a Lung Volume 
(em') 

Height, weight, & age not 
prominent factors, but are basis 

for most scaling laws 

Gender and Race/Ethnicity 
5 

I 
mattered only for select metric~ 

Statistical Analysis 
Recreation of Individual Lung Geometry 

Chest span important for 
most measurements 

1 
Lung dimensions 

significant in same 
plane as external 

dimension I 

• Coefficient of the computed regression functions for each Mode Weight 

~ =~ + BuX1 + B~_;rXa+6 + B1..X,. 

l.=J4 + B2•1X 1 + Bu X 2 +6 + B2 .... x. 
A.t: mode weights 
X,: measurements 

(external & demographic) 

Predicted mode weights to recreate individual lung geometries 
• Average error for a ll subjects/vertices 10.48 ± 5 .48 mm 

Example Subject 
Female, "Other" Ethnicity 
43y.o. 
Weight: 48 .53 kg 
Height: 152 em 

Predicted shape True shape 

l Lung Geometry Predicted S~ from Demographic and Anthropometric FeatureAk 

C25 
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Summary & Limitations 

s.. ..... 1.P..~2 
llTflOU 

• Multi-disciplinary team of engineers, anthropologists, computer 
scientists, & radiologist successfully collaborated to: 
• Create a lung statistical shape atlas 
• Investigate allometric scaling laws 
• Predict internal organ shape from external features 

• Computational pipeline established and ready 
to deploy for human model development 

• Limitations 
• Increased # subjects for improved 

statistical significance 
• Single posture only 
• External metrics not optimized for 

predicting internal anatomy 
• Current study applied for single organ 

geometry only 

-------------------------------~ 

Future Applications 

• Implementation into accurately scaled 
human computational models 

• Expansion to additional organ systems 
or imaging modalities 

• Understanding injury implications 

• Personalized medicine 

Measured Predicted lnternzf111l01' 
External Anatomt Anatomy 

C26 

12 



 

88 

 
 

Session 1, Presentation 2 
1/7/2014 

WorKshop on Numerical Analysis of Human 
and Surrogate Response to AcceleratiVe Loading 
Aberdeen Proving Ground, MD 
January 7-9, 2014 

Approaches for Predicting Human Anatomical Variations 
Using Anthropometric & Demographic Data 

Catherine Carneal '. Yoshilo Otakel, Dean Kleissas '. Andrew Merkle '. 
Mehran Armand'·'· Manuel Uy1, Gaurav ThawaiP, John Carrino', Brian 
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2 The Johns Hopkins Univflfsty O.peftment of Comput• r Scittnc•, Baltirnr:>rft, MD, USA 
3 The Johns Hopkins Medical fn3ftut. Deparlrmrt d RMdiology, Balimore, MD, USA 
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CT Image Details 

• Indications 
• Trauma 
• Infection 
• To find blood clots in veins 
• Chest Pain 
• Find cancer or spread of cancer 

Method: Ins piration, Single breath hold 

Parameters: 
• 0.75mm slice thickness acquisrtion 
• 3mm reconstruction 
• 512x512 matr ix 
• Isotropic voxels 
• Excellent reconstruction in other planes 
• 120 kV, 300 eft. mAs, pitch 0.65 

11 100 Johns HoJ*ins Road 
MD 20723-6099 

_ _ m.yoclinlc.comlhRitt1medicaiiiM03614 

-------------------------------~ 
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External Measurements 
Chest Breadth 

Comparable AN SUR 

Maximum horizontal breadth of chest 
at level of the right bustpoinvthelion 
landmark. 

External Measurements 
Chest Depth 

. . . . . ~ . 
Horizontal distance between the chest 
and back, at the level of the right 
bustpoint on women or the nipple on 
men 

Session 1, Presentation 2 
1/7/2014 

CT Measurement 

At carina 

Souj,;o 1.Pro<ontoli0<12 
1n12014 

Proper position at the level of nipples 
confirmed on another view (axial 
plane) 

n..-L 

Sou;.,n 1.Prtiont.o!ion2 
1fll2014 

At level of vertebral bodies and 
sternum 
Proper position at level of nipples 
confirmed on another view (axial plane) 

C28 
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External Measurements 
Chest Span (Cranio-Caudal) 

Comparable AN SUR 

Distance between landmark at the 
front of the neck and anterior waist 
landmark (natural indentation) 

External Measurements 
lnternipple distance 

...... ' 

Distance between right and left 
bustpoint on women and the center of 
nipples on men. 

Session 1, Presentation 2 
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CT Measurement 

Souj,;o 1.Pro<ontoli0<12 
1n12014 

Coronal section where posterior part 
of 1st rib is visible 
Vertical distance between highest 
level of first rib to the lower 
costophrenic angle 

Axial view. 

Sou;.,n 1.Prtiont.o!ion2 
1fll2014 

Slide with both nipples visible. 

C29 

-----------------------------~ 

15 



 

91 

 
 

Session 1, Presentation 2 
1/7/2014 

Data Collection 
Comparison w ith Military Population 

• Subject weight and height have similar means 
• More variance in APL population (males especially) 

• Overall chest proportions also similar 
• Chest span discrepancy likely due to CT-based measurement method 

~ --~~~~~~--
"" 

i'" 
1:: 
• 

Lung Atlas for Subject-Specific Models 
Approach 

:>MstOniFT.s.rtolllo!>l 
1171201( 

• Can we predict an individual 's lung shape solely on external 
variables? 

-10 

PCA Modes Expression 

~·A= f (Demographics, Predict lung shape 

-,.1 Anthropometries) -=> f~~ ~!~;~~t;!~~~~ 

Statistical Regression Analysis 

10 

Mode 1 = -84.0 - 1.25*Gender [F) + 0.66 • Chest Breadth 

+ 0.53 • Chest Depth + 1.3 • Chest Span 

+ O.o•Age -1.Q4•Race [BJ - 0.86•Race [HJ- 0.35 • Race [OJ 

+ 0.04*Weight + S.OS*Height + 0.13*1N distance 

Green lndtcates S1gmf1cance {p < 0 05) 

------~M~~~·~1~P-red~ic~t~~~m~m~)----------------------------------------~ 
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Predicting Lung Bounding Box Depth 
Single Factorial 

• Lung Depth is significantly predicted by 3 of 9 external factors: 
• Increases with Chest Depth 
• Decreases if "Other" demographic 
• Decreases if Female Gender 

230,..----------,....,.-., 
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220 
~ 210 
m - 200 
-g ~ 190 
::s - 180 
~ :[ 170 
ftl Q) 160 
-t c 150 
c: 140 

30,----------, 

~! ~~ · ·- -'"~~·~< ....... }Error ± 3cm 
§ -6 10 ~· .:; .. : . • 
~ ~ 20 r • 

1<1"' 30 

130-l"'---r'.-.-.-.-.---.---.---.---1 
13014015016017018019020021 022023( 

Predicted Bound Box 
Depth(mml 

~a. 40 
c: ~ 50 

60 +--r--r-..--.--,,--,---.--f-,----1 
13014015016017018019020021 0220230 

Actual Bound Box Depth 
Predicted (mm) 

Lung Depth = 58.92 +Chest Depth*3 + Race[O)* -4.37 + Gender[F)*-2.91 + ..... 

Internal Lung Measurements 

Atlas-made measurements (30 landmark points, 
17 measurements) 

Lung Breadth 
Right l ung Height 
Left lung Height 
R ight Lung T ransverse width (3-Branch View) 

Right Lung Anterior-Posterior depth (3-Branch V iew) 
Left Lung T ransverse >Nidth (3-Branch View) 
Left Lung A nterior-Posterior depth (3-Branch V iew) 
R ight Lung T ransverse width (Diaphragmati c Peak View) 

R ight Lung A nterior-Posterior depth (Diaphragmatic Pe ak View) 
Left Lung T ransverse width (Diaphragmatic Peak Vievv) 
Left Lung A nterior-Posterior depth (Diaphragmatic Peak View) 

• T ransverse width of Trachea 

• Ant erior-Posterior depth of T rachea 

Sou;.,n 1.Prtiont.o!ion 2 
1fll2014 

17 



 

93 

 
 

Session 1, Presentation 2 
1/7/2014 

Lung Atlas for Subject-Specific Models 
Results 

Souj,;o 1 . Pto<ontoliM2 
1n12014 

• Prediction accuracy of each mode & geometry validated by performing PCA 
& regression analysis with a subject "leave out" test 

• All subjects were left out and validated one at a time 

• Average error for all subjects/vertices: 10.48 ± 5.48 mm 

Plot shows avg dis pi error (mm) for all112,602 lung vertices 
(box plot: 25-75%, whisker plot: max and mif1, dot : m~dian). 

~------------~----------~--------------~----,--, 

50 

451 
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1
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Introduction- ATD Joints 

• In FE dummies a spherical joint is 
used when the physical joint is a ball 
joint (e.g. hip and ankle joints) and 
revolute joint is used when the 
physical joint acts as a hinge (e.g. the 
wrist to hand joint) 

• In FE development, LS-DYNA 

*CONSTRAIN ED _JOINT _REVOLUTE/ 
*CONSTRAINED _JOINT _SPHERICAL/* 
CONSTRAINED _JOINT_ TRANSLATION 
AL is used to define the joint between 
two parts 

li!>201A HumonaticslnnovotiveScluttoruln-!:. -Confidential & Propriatary 

Hond joint·--__;-~ 

Wrist joint----:::3 

lower leg 
joint 

5'"' Percenti le Model 

Introduction- Joint Stops 
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OCioint 
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• The articulating joint motion is stopped by the material compression of joint stops 

• Modeling the physical bumpers in recent FE development 

• Replaces the moment curves/stop angles which had been defined previously 

"""l ..... ,._ ____ Eibow stop 

- r---- Femur 
bumper 

101A 
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Introduction- Nodding Block 

• Nodding block is a small block of rubber placed between the neck bracket and t he upper neck 
load cell and performs the function of the occipital condy le joint in humans 

• Movement of the head along the coronal plane (Y-Z plane) is stopped by the nodding blocks 

• In the physical hardware, the nodding block pin bends and is pressed into the circular slot on 
the nodding block bracket 

Modeling Approach- Nodding Block Hardware 

• Next step is to assembly the head and neck 
together 

• Place the head over the neck assembly and push 
down the upper loadcell into the nodding block 
bracket where the holes coincide (OC joint) and Upper loadcell +-_..:!~~.,-· 
insert the transducer pin Transducer pin+--=S!I!IIId• 

• Bottom surface of the load cell and top surface of _ n->· 
the nodding block are in contact in the assembledNodding bloc~..,.,~~ 
head-neck hardware brocket ~ 

• Nodding block rubber compresses and is in pre ~· 
stressed state , ........ 

~-,.·-·'-·'"~·-·· -·--··' ··~·-- - 0 1 .07.201A 

3 



 

97 

 
 

Session 1, Presentation 3 

1/24/2014 
C36 

Modeling Approach - Nodding Block FE Model 
,~ .......................................... ... 

• CAD drawing has the undeformed geometry 
information 

• FE mesh follows the undeformed geometry 
profile 

• Penetration at the interface of the load cell 
and nodding block 

• Pre simulation is performed to account for 
compression of rubber and pre stress 

li!>201A HumonaticslnnovativeScluttoruln-!:. -Confidential & Propriatary 

OC jo int 

Nodding Block Presimulation: Step 1 

• Solver: LS-DYNA 

• Nodding Block Material: MAT _77 _ 0 
(Ogden Rubber) 

• Pre simulation is done by pushing down 
the loadcell with a boundary 
displacement condition 

• Surface contact is defined at the interface 
of the nodding block and the load cell 

• General contact is defined to take care of 
edge to edge intersections 

• Deformed shape of nodding block 

C2iJJ.4 Humonatk.l;lnnovativeSolutktrulnc. -Confid.ntiol & Propri..tory 

Loading direction 
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Nodding Block Presimulation: Step 1 

li!>201A HumonaticslnnovativeScluttoruln-!:. -Confidential & Propriatary 

Nodding Block Presimulation: Step 2 

• Deformed nodes are output and defined in 
the step 1 input deck under *NODE card :;_:;:h~~= ..... ACJt 

• Initial nodes are defined in * INITIAL_FOAM_ I ::;::: 
REFERENCE GEOMETRY card ,_ 

- ·-
• lnthe *MAT_77_0card,switchREF ·= 

parameter to 1 from Oto use reference 
geometry to initialize the stress tensor 

• Sanity run is done to check if there are 
instabilities and an equilibrium state is 
attained 

• Pre stress is induced at 0 ms ofthe 
simulation 

C2iJJ.4 Humonatk.l;lnnovativeSolutktrulnc. -Confid.ntiol & Propri..tory 
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Neck Pendulum Test 

• In FE dummy development, neck has to be 
modeled as close as possible to the hardware 

> Capture the kinematics 

> Good correlation with respect to 
certification test results 

• Certification Speed 

> Flexion - 7.01 m/s 

> Extension - 6.31 m/ s 

li!>201A HumonaticslnnovativeScluttoruln-!:. -Confidential & Propriatary 

Results - Flexion 

• Certificat ion Speed - 7.01 m/s 

--

~- ---. - no:-... - ..--- - ·.-i. 
C2iJJ.4 Humonatk.l;lnnovativeSolutktrulnc. -Confid.ntiol & Propri..tory 

Flexion 

.. - ..... 
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Extension 

0 1.07.2 0 1.4 

__ ,...,,, 
-- HAV6.1 

0 1.07.201.4 
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Results - Flexion 
1-

Nodding Block v7.0 
~c.rs........-10••-nt~<~MOOI\.Y 

I 

j,_ 

L 

li!>201A HumonaticslnnovotiveScluttoruln-!:. -Confidentia l & Prop 

Joint Stiffness Curve v6.1 
=~~~-------

L 
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Results- Flexion- Nodding Block 

Nodding Block • With Pre Stress 
=""•" MY'IM)III •ntf'liMLIIIIOOII\. V 

0 

--L 

Nodding Block ·Without Pre Stress 
~f:CTS MYMIO . •nt ,.O&.U.E: MOOK Y -·. 

0 

6---
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Results - Extension 

• Certification Speed - 6.31 m/s 

-.-w •••• tlll .. - - .. -. --NK.,.. 

ibcj 
--li!>201A HumonaticslnnovotiveSduttoruln-!:. -Confidential & Propriatary 

Results - Extension 
1-

Nodding Block v7.0 
~~~S_HU51W_V70_53JMM,KG.:c ... :-::-:-:.M:::-S)---

L 

--

Joint St iffness Curve v6.1 

L 

Session 1, Presentation 3 
1/24/2014 

C40 

0 1.07.2 0 1.4 

0 1 .07.20\A 

8 



 

102 

 
 

Session 1, Presentation 3 
1/24/2014 

C41 

WIAMan Application- Neck Model 

llllll!lll!iili!t:'lm~t'l::~-·<i-- Head neck interface plate 

Buller 

---- Neck rubber 

Half spherical screw 

~+-----Neck b ottom p late 

Neck intermediate plate ____ _, 

Neck Buffer is similar to the Nodding blocks 
li!>201A HumonaticslnnovativeScluttoruln-!:. -Confidential & Propriatary 0 1.07.2 0 1.4 

Conclusions 
1-- .............................................. .. 

• Modeling the physical geometry of the nodding block is a better representative of the 
hardware 

• Results are better, captures the moment peak and the D- Plane rotation 

• Force signals are smoother, but further investigation has to be done in the future to 
improve the correlation 

• Based on our experience, a similar pre simulation approach w ill be followed in the 
WIAMan neck model for the neck buffer 

C2iJJ.4 Humonatk.l;lnnovativeSoh..tiorulnc. -Confid.ntiol & Propri..tory 0 1.07.201.4 
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Thank You 

Questions? 

~HUMANETICS-

Session 1, Presentation 3 
1/24/2014 

C42 

Numerical Approach for Modeling Joint Stops in 
Anthropomorphic Test Devices(ATDs) 

Humanetics Innovative Solut ions Inc. 

Renuka )agad ish 

Hyu nsok Pang 

10 



 

104 

 
 

PUBLIC RaEASE-OISTAIBUTION UNLIMITED 

i>.ii ~="~~OM~ • ~~ US. A.IT!ly RMNr<:l\ OIWeiopmentand £~JneerlngCommand 

TECHNOLOGY DRNEN. WARFIGHTER FOOJSED. 

B. Sanborn, C.A. Gunnarsson, M. Foster, P. Moy, T. Weerasoorfya 

Workshop on Numerical Analysis of Human and Surrogate Response to 
Acce lerative Loading 

January 2013 
PUBliC RElEASE·DISTAIBUTION UNliMITED 

·- mur-,., ~ - -T ~ Structure of Bone 

Bone is a organized on multiple length scales 

Smallest elements are collagen fibrils and hydroxyapatite 
crystals 

Long bones have Haversian structure with osteons that 
run along the vertical axis of the bone 

Osteon structure leads to anisotropy 

R.O Rildlie.M.J BuMW. P.-.IIiiN ~-T~in8ont P!lyuolb»y Tf.CHHOLOGYIJI. 
...,.20» PUBliC RElEASE-DISTRIBUTION UNLIMITED 
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-- r.M""lll. ,. - -T R~ Initial Studies on Human Bone 

Studies of rate dependence conducted in 

1966 on embalmed human bone 

Embalming affects stiffness and strength 

- Embalming degrades collagen fibers in 
the bone microstrudure 

Formalin concentration level and length of 
time of embalming process affect mechanical 
properties 

Despite embalming, the bone was rate 
dependent 
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·- mur-,., ,. - -
T ~ Animal Studies· Bovine 

Kolsky bar technique applied to bone as early as 1970 in dynamic compression [1] 

Expanded to compression, tension, torsion, and compression/torsion later (1975) [2] 

Bovine bone studied again in 2006 (along with fracture properties) [3] [4] [5] 

All studies show that the failure strength increases with increasing strain rate 
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-- ,.~ ,. --T R~ Animal Studies- Equine 

Equine results at high rate are similar to bovine results 

Anisotropic 
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Increase in strength and stiffness with increasing strain rate 

Magnitude of strength found in animal studies is 
higher than other preliminary human results ' 
(even embalmed human specimens) 

Studies that use SHPB bar signals to determine 
failure strain are inaccurate 

• "'r--------, 

... 
I· 

•

'J 

-. 
-

.,., 

lknll•("'lo) 

. 
0 

w- R~ ,II'- -
T R~ Expe rimental Setup 

Quasi-static and intermediate rate experiments: Hydraulic Load frame (lnstron) 

High rate experiments: split Hopkinson pressure bar (SHPB) 

Standard compression setup 

High-speed camera at 1M frames per second to measure surface strains using DIC 

T 
Incident 

Bar Striker 

Pulse Resistor 
Shaper Strain Gage 

Specimen 
Semiconductor 

Strain Gage 
Hollow AI 

Transmission 
Bar 
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-- ,.~ ,. --T R~ Materials 

Cortical bone samples extracted from three male cadavers along femur diaphysis 
Ages 36, 43, 50 

Extracted from medial, lateral, anterior, and posterior sides 
Cubes of bone were nominally 3 x 3.25 x 4 mm 

Specimens were oriented transverse and 
longitudinal to the axis of the bone 
Total of 71 experiments conducted 

II 

liigh Rale(-100811) 

·- mur-,., ,. - -
T ~ Experime ntal Results 
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Triangular shaped incident pulse- used for more br~e materials 
w __ ~~~~~~ .. ~,,.---------, Specimen in dynamic equilibrium 

Attained constant strain rate 

After specimen beings to fail, around 90 us, 
the strain rate increases 

'l'lorwl,lnl 
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-- ,.~ ,. --T R~ DIC Results 

Digital Image Correlation (DIC) used to make strain 
and strain rate measurements 
Studies that use SHPB bar signals to determine 
failure strain are inaccurate 
Speckle pattern is applied to the surface of the 
specimen 
Pixel gray level values are tracked throughout 
experiment by software 

Increase in strain rate once specimen reaches max 
load (failure) is seen on DIC 

~~1"12\1~~ 
-. » • M • 1• UI..U: 

PUBLIC RELEASE-DISTRIBUTION UNLIMITED 

~- ·--·~ I . ~--·-. ,.:;_._,.._. 

·- mur-,., ,. - -
T ~ Stress-Strain Response 

Stress-strain results show 
anisotropic behavior of human 
femoral cortical bone 

High amount of scatter as 
expected in bio materials 

- Natural variability 

- Different mineral content 

- Microstructural flaws 
- Variation in osteon size 

Failure strength increases with 
strain rate (both directions) .. 
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-- ,.~ ,. --T R~ Modulus Results 

Stiffness is higher in longitudinal direction 
U.«.tl•-1 This is due to the orientation of specimens WRT 

the osteon axis 

Stiffness was lower compared to other studies 

- Typically 15-18 GPa for femur 

Jil l . ···~ 
- -r- f 

t -Failure strain was higher for transverse specimens 
(cylindrical osteons crushed in transverse 
direction) ' ............. 
At high rate the failure strains were nearly identical 

.... 
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T ·- Comparison with Animal ,II' - -

Studies 

Qualitatively the results agree with other studies on animal bone (shape of S-S) 

Compressive strength results fall in line with results of others 

Results of animal studies poorly represent the response of human bone 

Constitutive models should employ results obtained from human experiments 
only for accurate results 
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" 

'. 
l 

l. ... l lMI U l U I It 1• , ... 1•' --
Tf.CHHOLOGY DRIVEN. WARFIGHTER 10CUS£D.1~ 

PUBLIC RELEASE-DISTRIBUTION UNUMITEO 

C48 

6 



 

110 

 
 

Session 2, Presentation 1 
1/7/2014 

-- ,.~ ,. --T R~ Compa rison to Tibia 

Longitudinal compression results fall in the 
same range as other studies 

Strength and stiffness obtained from femur 
should not be used as typical values for cortical 
bone found in other areas of the body 
For instance. the stiffness of the tibia can be 
twice that of femur 

Statistically significant regional variations in 
stiffness have been found in human femur -
different levels of anisotropy were found along 

femur sh~b]- high anisotro~a·t~~.:s 

l ~ .. ... . 
I .. . .. . .. . 
J·· ·--.or.! 

J . ... ' .... . . .. - . 

·- mur-,., ,. - -
T ~ Summary 

Human femoral cortical bone samples from longitudinal and transverse directions 

Compressive failure strength as a function of strain rate was studied up to high rates 

Utilized DIC methods for strain measurements. achieved constant strain rate and 
dynamic equilibrium- not evident in other SHPB bone work 

The bone was shown to be anisotropic in the two directions 

Failure strengths in the two directions compared well with other studies 

Young's modulus was lower than other studies on human femur 

Recorded failure strengths lower than comparable animal studies 

Strengths and stiffness found from femur results should not be applied to other bones 
in the body for numerical modeling purposes. Regional variations in stiffness within a 
given bone exist Tf.CHHOLOGY DRIVEN. WARFIGHTER IOCUSEDJ4 

PUBLIC RELEASE-DISTRIBUTION UNUMITEO 
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Experimental and Finite Element Analysis of 
Brain Tissue under High Strain Rates 

Lakiesha N. Williams, PhD, Mark F. Horstemeyer, PhD, 
Jun Liao, PhD,and Rajkumar Prabhu, PhD 

Workshop on Numerical Analysis of Human and Surrogate Response to Accelerative Loading 
January 7·9, 2014 
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CENTER FOR ADVANCED VEHICULAR SYSTEMS 

Motivation: Curious Case of 
John Grimsley* 

John Grimsley, a retired NFL linebacker; Vv'ho accidently 
shot himself In the chest Vvtllle cleaning a gun. 

Histology of John Gnmsley's brain (middle). Brain 
sagittal section In the top (/eft) Is healthy, while 

Grlmsleys (Jeff middle) and a professional boxer's 
sagittal section (left bottom) show presence of high 

concentrations of tau protein 
•MtN~. a. (2009}, "A !tnt~ hi I far Pro Fr~rMball Playtr, Sdtnt~. A!lgl/&1 1, 325, pp. 610·612 -- - . "'K"'S- .. ::::'l_'jii ... .......... v. . ,....._ 2 
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Owen Thomas, a junior at the University of 
Pennsylvania, had symptoms of chronic 

t raumatic encephalopathy. Microscopic images show large numbers of tau 
(dark brown spots) in the areas of damage. In 

"hrtp://Www.cnn.com/2010/HEALTH/09/ 14/thomas.jaotba//. brain/indeK. healthy brain tiSSUe, there WOUld be nO SUCh 
nrml?ttpr•C2 protein tangles. 

if~ Ml~~~.~~~.~~ jE ~~~£;,~~a!~ 
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CENTER FOR ADVANCED VEHICULAR SYSTEMS 

Objective 

• Understand the mechanical behavior of the 
porcine brain under high strain rate loading 
conditions. 

• Analyze the stress state using FEA with a 
specific material model (MSU TP Ver.l) that 
captures the physics of tissue deformation, 
under high strain rate loading conditions. 

-- - . "'K"'S- .. ::::'l_'jii ... .......... v. . ....... . 4 
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Experimental Background 

Hopkinson, (1914): 
- First to conduct high rate com pression Lests. 

- Hopkinson studied the impact at various rates (213.36, 377.95 and 609.6 m/s) to quantify 
the pressure experienced by specimens. 

Kolsky, (1949) : 
- Implemented the split ·Hopkinson pressure bar technique. 

- Polythene, rubber, polymethyl-methacrylate, copper and lead were studied to analyze 
dynamic properties in the range 100 -10,000 s·l . 

Fa llenstein eta/. , (1969): 
- Performed a series of dynamic shea r tests (9· 10 s·1) on the human brain. 

Donnelly and Medige, (1997): 
- Conducted the most extensive shear tests on the human brain (125 sa mples), in the range 

0.1·80 s·'-

Gary et al., (1995); Zhao et al., (1996, 1997): 
- Implemented polycarbonate bars fo r high strain rate testing. 

- Used v iscoe last ic d ispersion for the stress waves. 

_.. ~ 6 

ciivs- ., ... ,~!.... s 
CENTER FOR ADVANCED VEHICULAR SYSTEMS 

Experimental Background 
Bain and Meaney, (2000); Geddes eta/., (2001); Pfister eta/., (2003); 
Bayly eta/., (2006): 

- Conducted in-vivo studies on rat brai n specimens and in-v it ro st udies on brain cell cult ure. 
- Traumatic Brain Inju ry (TBI) on at st rai ns > 0 .2, and st raln rat es> 40 s·1. 

Gray and Blumenthal (2001): 
- Specimen aspect rat io (L/D) for soft mat erials < 0.5. 

Prange and Margulies, (2002); Nicole eta/., (2004): 
- Noted that t here was no signiftcant difference existed between t he compress ive mechanical 

properties of the human and porcine brain t issue. 

Tamura eta/., (2007) : 
- Conduct ed compression t est s in the range 1-50 s·1• A lso showed t hat orientat ion and location 

effect s we re negligi ble. 

Song eta/., (2007) : 
- Attribut ed the init ial hardcnl n~ t rend of t he mechanical response of soft biological materials to 

inertial effect s, and asserted that the usage of annu lar specimens (donut specimens) negates t he 
inertial effect s. 

Pervin and Chen (2009) : 
- Cond ucted compression t est s on t he bovine brain i n t he ranee 1000-3000 s·1. 

-- - . "'K"'S- .. ::::'l_'jii ... .......... v. . ....... . 6 
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Experimental Setup Schematic 

Incident/Reflected Transmitted 

t .... 1 . -~ ·~ 
··~ ..... 
.... 

_.. ~ 6 

ciivs- ., ... ,~!.... 1 

CENTER FOR ADVANCED VEHIC ULAR SYSTEMS 

CAVS SHPB Experimental Setup 

Incident 1nd Transmitted 
PolycarbGnat e Bars 

Testlna setup 

Data Prote ulnr : David VIscoela stic Software 

Overview of the Spllt-Hopklnson Pressure Bar (SHPB) used conducting high strain rate test s on porcine 
brain specimens. The strain rates achieved using the SH PB were from 50 to 750 s·1. 

C53 
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... 

Acquisition 

Experimental Protocol 

After test, specimen disposed in 
a bio-disposal waste container 

and returned to ABE. 

MISSISSIPPI S'OO'E fm BAG L E Y 
u M 1 y 1 1 II n COllEGE OF ENGI NfERING 

• - lfo"l""'.l'ATf'I..'O\ •.AWTV 

-- - -.aA.vs- .... ""'~•!.._ 9 

C ENTER FO R ADVAN C ED V EHICULAR SYSTEMS 

Soecimen Dimension 

Diameter (D): 30 mm 
Thickne~s (10) : 15 mm 

ate 

Experimental true streSi-strain behavior with associated 
standard deviation error bands for porcine brain represented by 

the right and Seft hemispheres of the brain at 550 s·1• 

• On an average five samples were used for testing at strain 
rates 750, 450,250, and SO s·1. 

• Eight samples were used for testing a t 550 s·1• 0 .1 0 .2 0 .3 0 .4 
T n ... St~•ln (m m/mm) 

--: --~ . 
O.P.t.VS . -.. 10 
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Porcine Brain's Mechanical Response was Highly Non­
Linear 

True Stress·St ra in plot for porcine brain at a 
of strain rate 750 s·1 , w it h snapshots 

f ro m the e)(periment. 

• The response is marked by init ial hardening effect, followed by a softening trend, 
and then st rain hardening at larger strains. 
• Since 65·80%t of cellular structures in the bra in are comprised of water, part of this 
init ial yielding can be attributed to the water content. 
• Resistance from rapid deformation by cellular structures also contributed to the 
ini tial hardening. 

fNeeb et aJ., {2010) 

MISSISSIPPI S'OO'E 1mB A G L E Y 
u M 1 v n 1 11 v ,. COllEGf OF ENGINEERI NG • ...-n ... Tt.l..,..nt.MrTY 

OAvs- ... .,. . u ,__ 
CENTE5l FOR ADVANCED VEHICULAR SYSTEMS 

FE Simulation Overview 

Frictionless bar­
specimen interface 

BC 

No Sam le FEA of SHPB 

FE: Finite Element 

SHPB: Split -Hopkinson Pressure Bar 
FEA: Fini te Element Analysis 

BC: Boundary Condit io n 

FEA of SHPB witht!J 
the annular 
specimen 

Fixed bar· 
specimen interface 

BC 

~ ._ .. :l..~.. -
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Schematic of the experimental set up SHPB tests and FE simulation, without any 
sample. aR and /3R for the simulations were maintained at 3.0 and 1.2. 

if~ Ml~~~.~~~.~~ jE ~~~£;,~~a!~ 
_.. ~ 6 

ciivs- ., ... ,~!.... 13 
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No Sample Experiment and FE Simulation Correlated Well 

.... 
0.001 

' -.-------..-?""--
1.2SI.03 1.251-03 

.o.oot 

...... 

..... , 
""'" 

Comparison of experiment and Finite Element (FE) simulation a
33 

for porcine brain sample 
compression, at 6.5 ms·1. FE simulation o33 were calculated by post processing the strain 

measurements from FE simulation through DAVID Viscoelastic software. 

-:: - .. ~'iii.. . 
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Schematic of (a) Finite Element (FE) set up for Split-Hopkinson Pressure Bar (SHPB) tests and (b) 

FE simulation sa mple dimensions, with a sample.~ nnd 13n for the simulations were maintained 
at 3.0 and 1.2. 

_.. ~ 6 

ciivs- ., ... ,~!.... 1s 
CENTER FOR ADVAN CED VEHIC ULA R SYSTEM S 

FE Material Model Calibration Procedure 
Experiment Strain 

Gage Data Acquisition 

Analyze Using DAVID 
VIscoelastic Software 

No 
Run FE ~mulation witl'l modified constants for MSU TP 1.1 

Analyze Using DAVID 
VIscoelastic Software 

Compare 
Experiment & FE 
Simulat ion True 

Stress -Stral n 
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Good Correlation Between Experiment and FE Model 

0.003 

0.002 

--n . ....a.c....w .... 
D"plftddentw..,. 

- ·- · - · FE Tr-.mn•w...,. 
hplr_,.ttM w .... 

0 .003 0.004 

Comparison of inciden t and reflected strain 

measurements in a S.plit-Hopkinson Pressure Bar 
(SHPB), for experiment and Finite Element Analysis 

(FEA). The error bands i n t he experimenta l 
incident/reflected waves represented uncertainty. 

Comparison of experiment and Finite Element {FE) 

simulation <131 for porcine brain sample compress ton 

at 750 s·1. FE simulation o 13 ~Here calculated by post 
processing t he strain measurements from FE 

simulation through DAVID Viscoelastic software. 

FE Material Model: Calibration *II 1 &i·M 
1.n 

2S 

Comparison of o-33 for experiment, MATLAB Fitting Routine 
(material point simu lator), FE specimen average data and FE strain 

measures t h rough DAVID Viscoelastic, at 750 s·'-

,,.., 
,_ 100000 

•• L2 .. 
... .. ... 
... 

0.0491197 

L4 

47.2095 

~-. 0..75 

~a- 0.01 

~-. 1..2 

.. 03 

0.4 

0 .4 

-- - -eAvs- ... . "if.. 1s ........__ 
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FE Simulat ion a33 Showed Non-Uniform Stress State 

Cylindrica l Sample Annu lar Sample 

', 

Contour plots o f the loading direction stress (cr33) at different stages of the t rue st ress-stress 
curve at a compressive strain rate of 750 s·1• Com pressive cr33 in the plot ordinate is treated as 

positive, while the contour level compressive o33a re negative . 

_.. ~ 6 

ciivs- ., ... . ~!.... 19 

CENTER FO R A DVANC ED V EHIC ULAR SYSTEMS 

FE Simulation O'Mises Revealed Multiaxial Stress State 

Cylindri ca l Sample Annular Sample 

·. 
Contour plots of crM;,, at different stages o f the true stress-stress plot at a stra in rate of 750 s·1. 

Compressive cr33 in t he plot ordinate is t reated as positive. 

-:: - .. ~'iii.. -
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FE Simulation 1st Invariant of Stress Exposed 
Concentrated Regions of Stress 

Cylindrical Sample Annu lar Sample 

Contour plots of the first invariant of stress (Pressure) at different stages of the true stress-stress 
plot at a st rain rate of 750 s·l Compression in the p lot ordinate is treated as positive, while the 

contour level compressive cr33 are negative. 

_.. ~ 6 

ciivs- ., ... ,~!.._. 21 
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FE Simulation Stress Tensor Revealed Multiaxial Stress 
State 

Cylindrical Sample Annular Sample 

Comparison of Finite Element (FE) simulation crMitl:i' Ow cr221 0';,3, cr12 cr23, Pressure (First Invariant of Stress) 
and cru and experiment during deformation for cylindrical sample, at 750 s·1. Here compressive stresses arc 

negative. 

-:: - .. ~'iii.. -
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Cylind rical Sam le 

. 
IAa UILD UUIUUI --

Annular Sam le 

__ .,··- ··- ··- .. 
. -" ' 

. .. -__ ..., 
Comparison of uniaxial and 3-Dimensional true stress-stra in plots for FE simulation with fixed BC and with 

frictionless BC on a cylindrical sample, at 750 s·l. 

BC: Boundary Condition 
~ ~ . 

.o.Jf,.vs- '":r;:o•:___ 23 
CENTE~ FOil ADVANCED VEHICULAR SYSTEMS 

Experiment and FE Simulation Animation 

SHPB FE animation oft he Von M ises Stress in SHPB test. Upper movie insert is actual experiment and lower 
animation is FE simulation of test, at 550 s·1 . 

.afi.vs- '"••:_ __ - 24 
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Conclusions 

• High strain tests conducted using a SHPB apparatus show that 
the porcine brain is strain rate dependent. The material 
response is marked by an initial (hardening) effect. followed 
by a softening trend and then strain hardening at larger 
strains. 

• Simulations of SHPB t est show that axial st ress, cr33, is 
primarily concentrated in th e central region of the specimen 
during th e initial (hardening) effect, thus uniaxial stress state 
is not maintained. 

• Annular specimens also have the initial harden ing trend; 
implying certain quantity of th e initial hardening trend may be 
intrinsic to the material behavior. Additionally, a frictionless 
bar-sample boundary condition gives the correct uniaxial 
stress ( cr 33). 

if~ Ml~~~.~~~.~~ jE ~~~£;,~~a!~ 
_.. ~ 6 
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Thank you for your attention 

Questions? 
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Workshop on Numerical Analysis of Human and 
Surrogate Response to Accelerative Loading 
Aberdeen Proving Ground, MD 
January 7-9, 2014 

Hierarchical Development of Biomedically 
Validated Human Computational Models 

Robert Armiger, Alexis Wickwire, Kyle Ott, Alex 
lwaskiw, Tim Harrigan, Liming Voo, JiangYue Zhang, 
Catherine Carneal, Jack Roberts, Andrew Merkle 

Human Computational Modeling 

• APL is developing human models for 
understanding blast, ballistic, and 
accelerative loading environments 

• Focused on end-to-end approach for model 
development and hierarchical val idation 

• Collaborative investigations: 

• ATD Modeling ~·rc. 
• Vasculature Modeling CFD=CC 
• Parametric Probabilistic 

Approaches 1 

• Validate and apply models in relevant loading 
environments 
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Modeling Injury: End-to-End Approach 

Load computational models 
for threat scenarios & 
determine in. 

Identity damage 
mechanisms and 
thresholds .... 
Develop computational 
model components 

.... 
Determine critical 
tissue properties for 
modeling injury .... 

.. Validation 

• 
Model-i)redicted •nJUries 
match tissue tests and 

case studies 

Identity injuries fromQ Identity threat 
combat casuany scenarios & related 

databases impact conditions 

Head-Neck Human Model Validation 
Hierarchy 

Scenarios: 
Blast overpressure 
Blunt head impact 

• Head kinematics 

Head Injury Focused 
Intracran ia l Pressure 
Head acceleration 
Skull strain 
Brain strain 
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Model Validation Hierarchy 
Example: 

Head and Neck 
Tissue Characterization 

High Rate Tissue Characterization 
Modified Split Hopkinson Bar Test Technique 

Incident Bar Test Sample 

97.5cm 

Transmitted Bar 

307cm 

Quartz Gauges 

• Adapted from high rate characterization of metals 

• Measure bar displacement (line laser) and force (quartz gauge) 

• Keys to well-characterized soft tissue response: 
• Pulse shaping 

High signal to noise ratio of quartz force transducers 
• Known and uniform tissue geometry 

Before 
Impact 

During 
Impact 

"Troxlor. M W., o t • I. "Vorl'"o< ..tio~ • nd implomont•t ion ol • rnoditod >POl Hopl<in>on pro>>'-"• b.r loot.niquo fo r oh.or•ctorlling bioio~c•l t i .. uo .... d <ot bioli'hul• nl rn.otori•b undor dyn•mio 
ohoor lo<>ding " Joumo/ oftho •octrillf>i<~b.tr•Wor ofbirwKioiilt1iihtilil~4.8 (2011); 111:D-1Q:28 
Ott. ~loA .. oi•L "Ootormiu t ion ~ S ionplo S hur lol.otorl>I P ropoorh o <A t ho Broin • I H~h St • O. R.tu• Dyn1t0ic B.~WorofMftrilll~. ii<W•o I . S prr.goor N..,. York. 2DI3. 1~147 m.. 
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Brain mSHPB Shear Testing 

Cause of Death 

HB01 Myocardial Infarction 37 Caucasian Male 34 Anterior 
Cerebral 
Cortex 

HB02 Cardiac arrhythmia 45 African Male 25 Parietal 
associated 'Nith American Cerebral 
Cardiomegaly Cortex 

HB03 Carbon monoxide 59 Caucasian Male 25 Posterior 
poisoning Cerebral 

Cortex 
HB04 Pulmonary Embolism 29 African Male 24 

Cerebellum 
American 

Fresh Human Brain Shear Sample 
Specimen Preparation Procedure 

Cover Sample m Agarose 
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Brain mSHPB Shear Test Results 
Shear Modulus - Strain Rate 

o HB01 

• Compared results versus • HB02 
• HB03 

calculated moduli (assuming 10' • HB04 

incompressibility) • Prange2002 
" Cheng 2005 

• Only directly measured • Miller2002 
10' • Hrapko 2006 

shear modulus " Tamura2007 
• Tamura2008 

.. 
!'~ determination at 100 strain/s " Zhang2011 

• Average Shear Modulus 
10' 1f 

t t 16.9 kPa ± 9.6 
10-1 
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104 10"

2 
10° 10

2 
10' 

St rain Rate (81's) 

,~-----------------------------------APL 

Falx Cerebri Tissue 
Characterization 
• Specimen preparation 

- Die cut dogbone coupons 
• ASTM 0638 

- Multiple fiber orientations 
- 94 samples from 6 specimen 

• Testing protocol 
- Uniaxial tensile loading 

• TA Instruments: RSA-G2 
- 3 loading rates 

• 0.01, 10, 100 mm/s (fail) 
- Output: elastic modulus 
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Falx I Tentorium Tissue 
Response 
• No difference between falx I tentorium (p=0.95) 

- Combined tension tests 
• Rate dependency (p<0.001) 

• Specimen difference 
(p<0.001) 

• Orientation effects 
(p<0.001) 

10 

o1.-o llllliill=;::;;;;;;;:;~2 :::::~_j 
Stra n (%) 

600 - 600 .. 
IL 
:I 400 

• 300 :1 
-; 

2110 1 
:E 100 

0 
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Component Level: 
Skull Table Bending 

• Prior literature skull bending 

o lto<tr!td o"t~•o•·~~ ~o•o 

c l•.•••••d <lf!e ntot>OnO<IIO- m oueo 

- ReQ•nsoon e"'"' 
- - -loiOICO"'IIh Onc• · f:q.2 
-·-8•ndi "4CCiff<OhOI'Ce•£Q~ 

1 e ---- ..;.,...,,,.; : ..... ohor>eo - Eo Z 
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characterization (Hubbard 1971) 
3-Polnt Bending with Cylinder 
Contact 

.6 (o..,ol ot"""'"'"01MOt>nq c,o"'"''II~CI 

Loaded span 0. 75 to 2.0 Inch In 
0.25 inch increments 

• Varied FEM skull thickness and 
element composition 

• Output 

I 
, I 

II / 
: I 

!J; 
/ 

/ • Skull Compliance Parameter 
--"/'/_: _______ _ 
..... 

tOO 1~') I ~ 

Span ttnqth, L , in. 

~---------------------------~ 

Component Using Average 
Experimental Dimensions 
Solid element diploe, shell elements for outer/inner tables 

Overall Thickness 6.5 mm (including shell thickness) 

Table thickness 1.5 mm, E=11.9 GPa, v=0.3 

Diploe E=700 MPa, v=O 

CompliarKe Parameterwith 5hell~: 

CompN iwn to H~mill"' El.)lerimental Data 

n~~-.. l o•• 
- -"'tl'llrtU 11I 

... t/'11.) •• 1~ .. 
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Component Level - Falx Cerebri 
In-Situ Indentation Tests 

• Specimen preparation 
- Maintained attachment to skull 
- Mark 1x1 em grid onto falx 

• Digitize point location 
- 4 specimen (23-46 points) 

• Testing protocol 
- Fixed skull within lnstron (88218) 

• 2527 Series Dynacell 

- Load control 0-3 N 
• Sub failure loads 

Component Level- Results 
In-Situ Indentation Tests 

• Regional stiffness variation 
- Stiff near skull 
- Compliant near inner edge 

Session 2, Presentation 3 
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Mode I Response Versus 
Experimental Corridor 

Hierarchical Approach: Prior literature values: 
E=36 MPa, t=0.41 mm, s=0.3% E=31.5 MPa, t = 1.0mm s=O.O% 

r------------------------------~ 

Model Validation Hierarchy 
Example: 

Head and Neck 
System Validation 

C71 
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Head and Neck System Validation 

• Shock Tube simulated primary blast overpressure 

• Head-neck system inverted and placed 15 em in front of tube opening 
• High-speed camera positioned at X-ray output 

Head and Neck Specimen 

• Response Metrics 
• Head Kinematics 

• Internal Pressure Response 

• Relative Brain Motion 

• Instrumentation techniques 
• Radio-{)paque brain markers used to 

track brain motion 

• Stereotactic computer assisted 
surgical approach for registering, 
localizing and inserting brain markers 

• Perfused specimen 

C72 
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Brain displacement tracking 

• High speed X-ray images dewarped 
using calibration phantom 

• Skull reference frame established 
using image based co-registration 

• Background removal filters applied 
to highlight marker locations 

• Radial symmetry filter applied to 
segment and track brain markers 

Head Kinematic Response 

• Global head kinematics 
• Loading pressure was consistent 

• Peaks increased with dose 

• Frequency increased with dose 
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Shock Tube FEM 
Results Comparison 

Parametric Neck FEM v s Experimental Head Angle ResUts (100 psi) .. 
10 

Ex, .. rl..,anui T,.. (1111 ~ 

- Ex, e-rtw.ental Awfage (tOO~ 
• I- t S1<iiHIIM~ fiNaMII 

- PM-'<k: M..:I< Ft:M (1 .. ,..., 

0.1)6 0.1 0 .15 0.2 0.25 0.3 o.J6 0.4 
Time (sec) 

Subject specific scaling to 
validate brain motion response 

o Segmentation and marker 
localization from CT 

o Affine co-registration of FEM 
o Nearest neighbor correlation 

of nodal points 

i 161 
163 

0.989 
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Preliminary Brain Motion 
Response using FEM 

HSHMFEM (mm, kg, ms) 
Time:=: 0 

.t , 
,\ 
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Lumbar Spine Model Validation Hierarchy 

Subsystem { 

Compoooo< { 

Subcomponen'J 

Tissue 1 

Integrated sitting lumbar/pelvis model 

Spnw It'd 911911 
S11t111g 

Ll -14.4 " 
L2 -12.8 " 
L3 -5.0° 

u o 
13.2 " 

Pelvis Wit hout Wit h 

acceleration Torso-borne Torso-borne 

mass mass 
Low Ace Case 1 Case3 
High Ace Case 2 case 4 

BBM: 28 kg, 10 em posterior to torso CG 

r------------------------------At 
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Von-Mises stress distribution 

Summary 

• Developing Validated Human Models for blast exposure, ballistic 
impact, and accelerative loading requires an end-to-end approach 

• Understand threat and injury outcomes 

• Translate scenario to model boundary and loading conditions 

Develop and validate using data produced under similar loading 
conditions 

• APL using models to investigate dynamic loading 
Focus on multi-level hierarchical validation 

High rate tissue characterization 
• Component level response validated at injurious rates 

7.0-

6.0 

5.0 

4.0 

3.0 

• Subject-specific scaling and system-level response characterization 

• Research and Development still required for injury mechanisms, 
integration, and system level validation 

~-----------------------------~ 
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• Failure behavior of human tissues and surrogate tissue materials at dynamic loading rates 
• to simulate ballistic and blunt response of human body to develop protection devices and 
injury criteria 

• for the development of anthropomorphic test dummies for protection and vulnerability 
assessment 

• for the development of lethal munitions 
• These responses are also needed for design and synthesis of surrogate materials 
• Many experimental challenges 
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• Relevant Bone Literature -many investigations on various aspects of bones 
• Mechanical behavior 

- Defomlatton behavtor 
· Anisotropic elastic constants (great work at Notre Dame) 
• Age related slud;es (great work by Rob Ritchie et a l at Berkley) 

-Extending to mlcro-lengt~le 

• High Rate - a recent study to obtain compression response longt and transv to osteon axis (by Veccio 
et a l on horse femur Sanborn et al human femur) 
- Rate sensitive. longitudinal deformation response is stronger 

- Fracture behavtOr 
· Age related studies (work by Rob Ritchie et al at Berldey) 

-Extending to micro-length-scales 

· High Rate- recent studies (by Gunnarson et al on Human and Vt:ceio et at on Bovine and Horse) 
femur 
-In general high rate fracture response lower than low rate behavior, but lot of variability 

• Collagen fibril level multi-scale simulation and x-ray microscopy etc 

- Mechanical properties by Markus Buehler, Rob Ritchie et ar 
• Effect of cross-linking of tropocollagen on stress-strain and effect of aging 

-Long (humerus) 
-Short (carpals) 

- Flat (cranial vault) 
-luagular (vartt~bra) 

• Bone tissue: 
- CorticaVcompect hard, brinle I hal makes up soffaoe and struclure of bones 
- CaooeloUSIIrabeculari'Spongy: soft, sponQ'1, where marrow and blood are produoed 

• Cht~mfcal composition 

-Otganic matrix (35%) 

• Strete;hlng & l'.visting, fle~~:iblity, tensile strength, structure 
-Cells 
-Osteon 

- Inorganic: mineral (65%) 

·Hydroxyapatite (Ca. P, S, Mg, Cu) 

• Booo structure remodeling with time 

-Aimost100% in first year to kiss than 10% per year in adult's 
-Cells associated with remodeling process 

• Ostoodasts · rt~moval of old bonGs 

• Osteoblasts - formation of new bones 
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• Unde!''t~Jng of bone mechamcal behaviOf needs wwest~gatlons at 
m uft'I)Jo lcngth:)C(~Jo3 

- Moieallenmno ~'(-1 11m) 
TfOC)OCO!Iagen-ltnpia..hlliX. (JOOnm) -> 
M.neralized-a~Uagenllbrils PeriodK:iiiTil'fS (-Ium) 

aaiotleellitWIII&mtU(3-71Jm) ftKI'D -> 
osteon(-tOOu<fl} n'lioo -> 

- m .aT(ctn} I'MUI).wucttolfl 

• Size of c:onstJiuents.. - 1 rvn (am1no actds) lo - 100 JJfT1 (osteon 
diamet~) 

• Each level of the hterarchical structUfe ll'lfluences lhe response at the 
next ktvel 

~ 

~~iJJ~-~-
-

• Retate tomc o & sut>strueture of theussues 

•Foan 

... ,. ~ , 
fT/ \"' 

~ II · Hard TISSUeS 

• Human TtUUes 

•H~f. ueformlltiOnOf~ 

•Lo.d'f!Vr:ut.~ ... _. 
·~(-A.Al.) 
• Pofone (peou wort With Purdue) ...... _ 
• Con>cai (hal"d} 
• C.'Ia (IC)Ongy) 

• lypeol Bones ..... ....... 
· Tibia 
• Fibull ·­• SW(next.ep) 
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• Six cadaveric specimens ( from legs) were used 
from three donors 
-01: Donor 12-111: 36 y.o .. male. 5'10" - 1801b 
-02: Donor 12-114: 50 y.o., male, 5'10. -2101b 

-03: Donor 12·184: 43 y.o .• mate, s·o~ -1701b 
• Cadaveric Specimens 

-Extract femur from thigh 
• Disarticulate distal femur 
• Dissect away soft tissues to isolate femur 
• Sand to remove most of soft tissues attacl1ed to 
femur 
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Foa.o 

• Hard Ht.man Tissues 
Bone Mechal'll(;:al Re$pOI"IIIe 

• Age - no1 a good crn.enon 
• Bone Elemerul Con~:ent 

c:.<W:_ ...... '" 

~ • . 
l. 

1 : .... , ••• " ,. " ,. " 
1 ... _.'1 

·:·*____ =·· . '-7~:::: i " ' .. 
• • ~--- 1 .. ! .. : ~"', , . ' '. 

u + .. . . 
,=.~-~~~~~ . 
~ 

" •• u ,. .. ... .. •• •• " ...... " ... ,, •• " -- -- ·~ '"" u , ...... ,. •• " --
:[jjjj.-.:::::.:. .:g-----·· 

I • \ !,. ;::~;: 
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Thank You 
Questions? 

• Primary methani&tns related 10 loss of bone IOugllrleA: 
• Miftaoutlni<Wigdcol~molec:U!Mdunng~~g~:ngwppri!IR&plnlclty l:l rw1011C8111)I!velb)'resttlctlngf!bnllilding 

med'lanllm hiS st!lltt~~ng tnem and rMJc~~:g toughr'M'!M 
· AI;JoO~crowllnkareWcarvlhe5tralncarryng<::apilbil~yd~m~Chem~lfler wtuctlleattlto 

n::ruw .. ma~~n ~Qclure 

· lncrnwdCIIeonaldenlillylmllsootenc)'dcntekbrt<Qong•~IDIIJWI!$$CfXttgtOM/\also~ydmore 
WMkr.ypefii'II'M!falaed~llnel lorl'1ad:utel)alhandlractute .rutl<lbOOMe& 

. ~.,bone~andi'IMoeJfGJc:tlonlnmiCIO-Oadt~ 

• \llo\111 "Q8decr-ln<*IOCy•~..-denatyWJI\I::II()(:Qgol~• tohyper_.,,.one.~•~., the 

eanaiNM""drJOwa'!dr.o:.c.lhe~dtiiiC~Ioo~·maklng~ffl9l• 

• Bone MinofV!I Oeosily {BMO) et>oe is noc" good prodictor or f~ure riel< ,----
1"­... ---~~~'9 
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Recent Developments in a Computational Shock 
Physics Tool for Modeling Fluid-Structure 

Interaction 

Shane Schumacher 
Sandia National Laboratories 

scschu~andiagov 

Sandia National La'ooratories is a multi-program laboratory operated by Sandia Corporatkln, 
a whOlly owned subsidiary of Lockheed Martin company, for the U.S. Department of 
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Energy's National Nuclear Security Administration under contract OE-AC04-94AL85000 r.i:\ Serda 

N•~SA \!!!1 =:'...., 

Project Summary 

Capitalize on the strengths of Eulerian and Lagrangian numerical 
methods 

- Model fluids Eulerian 
- Model strength bearing material Lagrangian 

Mixed frame computations 
- Mixed Lagrangian and Eulerian numerical methods 
- Numerical method types 

Massively parallel computations for system analysis 
- 1000's , 100,000's of cores 

Interface existing constitutive models 
- Equation of state (shock mechanics) 
- Strength 
- Failure 

Verification and val"ldation 
- Comparison to experiments 
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Project Path 

Research and information from Sandia, LANL 
and DoD 
SN L-LAN L Cross laboratory collaborations 
Implement marker methods into CTH for 
Lagrangian material behavior 
- Lagrangian marker method 

• Nonlinear elasticity 
• Advanced mechanics of materials 

- CFDLib fonmulation 
• Interpolation algorithms and schemes 

Multifield interaction of n materials 
- Tensor of interactions between matelials 
- Constraints on interactions based on physics 
- Separate material velocities (mixed cell computation s) 

Implicit Continuous-fluid Eulerian methods to 
address time scale 

CTH 

.... 
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CTH is a massively-parallel shock-physics code. 

• Eulerian shock wave physics computer code solving 
conservation equations of mass, momentum, and 
energy for up to 98 simultaneous materials including 
gases, fluids, solids, and reactive materials 

Analytic & Tabular Equation-of-State models 
- Advanced Stren~ & Fracture models 
- Adaptive Mesh Refinement 

Wdely used for the simulation of complex high strain 
rate, large deformation and strong shock mechanics 
Applications (partial list) : 

Armor, Anti-Armor, Munitions Design, Blast Effects 
- Planetary Science, Asteroid Impact & Planetary 

Defense 
CTH license 

-BOO+ users 
32,000 processor Cielo 
calculation showing 
nearby blast on aluminum 
and steel structure 
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10, 20 and 30 
Solid object insertion of Marker fields 

- No meshrng needed, directly from primitrve object. 
CAD. geometric scans. etc 

Numerical techniques 
- Fluid Implicit Partrcle 

• Brackbill, J.U. and Ruppel, H.M. 

- Material Point Method 
• Sulsk\1, Deborah, Chen Z., and Schreyer, Howard L 

- Integration of Convective Particle Domain 
Interpolation (CPDI) 

• University of Utah collaborati on (Rebecca B-annon) 

Equation of State, strength and failure 
Massively parallel Marker capability 
with/without AMR 
- Vertex communication 
- CurrrtJir rir ry c:u rU ::if.Jiillir ry 

Plate and shell-type theories on Marker 

Multifield 

Second order accurate finite volume numerical method 
N number of fields with separate velocities 
Field interactions 
- No surface desrgnatron needed 
- Simple and easy to use interface 
- Describe (n x n- nY2 interactions (similar to contact) 

X (Crn) 

Material interaction models (mass, momentum and/or energy) 
- Slip 
- V'klded 
- Fnct10n models ("gripping" rebar in concrete. etc ) 
- Turbulence models (particle in gas or fluid) 
- Viscous models (fluid-sol id, ftuid- ftuid, etc ) 

Hydrodynamics 
- Vertex pressure acceleration with TVO limiting 
- Vertex momentum exchange 
- Cell centered velocity, energy, density and pressure 

Remapping 
- Unsplit 1 ~ and 2"' order remapping techniques with TVD limiting 
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Continuous Eulerian 

High demand from users 
Address time scales in CTH 

Accuracy 

- Adds capability to have simulation time 
out to seconds 

- Accuracy vs. cycles 
ICE methods 

Frank Harlow, LANL 
- Routinely used in shock and non­

shock physics codes 
Time step modification 
- Bound by shock and velocity courant 

time steps 
Adaptive 
- Scales time step by "sensing" when 

simulation 
Numerical Method 
- Semi-implicit 
-Implicit 

SOD 1 D, Single Field 

• 1 D Reimann problem 
• 2000 cells used 
• Tests hydrodynamics with 

analytical 
• Compares well with standard 

CTH solution 
- \11/ave speeds and interactions 

correct 

Sod, G. A. (1978). "A Sut~~ey of Several Finite Difference 
Methods for Sy stems of Nonlinear HyperboliC Conservation 
Laws" J c omput. Pfw!3. 21: 1 3 1. 

(\ 
Cycles 

10 em 
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(f) 

rn 
0 

en z w 
0 

1 D, Single Eulerian Field 

Time "' 0.00 us 

0.8 

0.6 

0.4 

02 

0 2 4 6 8 

X 

SOD 1 D, 2 Eulerian Fields 
Time"' 0.00 us 

0.8 

0.6 

0.4 

02 

X 

10 
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SOD 1 D, 2 Marker Fields 

Time= 0.00 us 

0.8 

0.6 
rJ) 

z 
w 
0 

0.4 

02 

0 
0 2 6 8 

X 

SOD 1 D, Mixed 2 Fields 

Time = 0.00 us 

0 .8 

"' 
0.6 

z w 
0 

0.4 

02 

0 
0 2 6 8 

X 

10 

10 
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Bullet Interactions 

45 ACP bullet 
- 260 m/s {850 ft/s) 

Ballistic Gellatin 
- EOS - water 

- Mooney-Rtvlin strength 

- Strarn to failure 

-500,000 Markers 
- - 200MB memory 

16,000 cells 
- -27 MB memory 

Typical runtime -25 min. 

45 ACP bullet 
- 260 m/s { 850 ft/s) 

Ballistic Gellatin 
- EOS-water 

- Mooney-Rtvlin strength 

- Strmn to failure 

8 

6 

Materials at o.ooe+OO seconds 
10 ,---~~~~~~~~~ 

·4 ·2 

X (cm) 

Materials at 0.00e+00 seconds 

·4 ·2 

X(cm) 
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45ACP bullet 
- 260 mls (850 ftls) 

Ballistic Gellatin 
- EOS - water 

Mooney-Rivl1n strength 

- Strain to failure 

10 
Damage al O.Oile+OO SeconCIS 

T"""~ 

X (cm) 

Lagrangian Markers 

45ACP bullet 
- 260 mls (850 ftls ) 

Ballistic Gellatin 
- Mooney-R1vl1n strength 

- Strain to failure 

NoEOS 

8 

6 

2 

·4 

Materials at o.ooe. oo seconds 

·2 0 

X (cm) 
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Lagrangian Markers 

45ACP bullet 
- 260 mls (850 ftls) 

Ballistic Gellatin 
- Mooney-Rivl1n strength 

- Strain to failure 

NoEOS 

X (cm) 

with Lagrangian Markers 

45ACP bullet 
- 260 mls (850 ftls) 

Ballistic Gellatin 
- EOS - water 

- Mooney-Rivl1n strength :[ 

- Strain to failure >-

·4 

Materials at 0.00e+00 seconds 

·2 0 

X (em) 
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45ACP bullet 
- 260 mls (850 ftls ) 

Ballistic Gellatin 
- EOS - water 

Mooney-Rivl1n strength :[ 

Strain to failure >-

10 
Domage tit O.OOe+-00 seconds 

X(cm) 
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Damage 

0.9 

0.8 

0.7 

0.6 

0.5 

o.• 

0.3 

0.2 

0! 

Multiple Materia/Interactions 

Rod penetrating two plates 

Bimetallic plates 
- No bonding 

-220,000 Markers 
- - 95 MB memory 

30,000 cells 
- - 76 MB memory 

Typical runtime -20 min. 

" 
>0 

-10 

10 15 20 25 30 50 

X (cm) 

10 
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15 

10 

~ 
5 

>- 0 

-5 

-10 

0 

Copper 

4 markers per cell 

CPDI used 

100 m/s block 

2DR 

5 

v ... at o.ooe.oo seconds 

10 15 20 25 30 

X(cm) 

Necking example 

10 

0 
0 

X (cm) 

Time o.o ~..s 

10 

v,..I<(J (mJSJ 

500 

450 

400 

350 

300 

250 

200 

150 

100 
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Current Directions 

Parallelization of Multifield 
Advection (Euler) 
- Investigate and implement methods to reduce diffusion at 

material interfaces/contact surfaces 
- Anti-diffusion method 

Thin structure mechanics 
- Shock support method for membranes/shells 

Implicit Continuous Eulerian (ICE++) 

Marker insertion 
- Techmques to "randomize" insertion 

New material models 
- Fracture and failure 
- Non-linear elasticity in shock 

• Rate dependent, anisotropic, etc. 

- Stochastic fields 

Conclusion 

tool will provide a means to accurately predict 
strategic structural response to terminal ballistics 
and/or blast 

- Uti lizing the correct mathematics and physics to meet project 
goals 

- Enhanced strength and fracture capabilit ies 
• Damage and failure evolution 

- Integrated (t<ght) coupling for enhanced ftuid/structure 
capabilities 

- Immersed boundary method uti l<z ing the strengths of 
Lagrangian and Eulerian numerical techmques 

Solid object insertion 
Field based interactions 
Development in progress 
- Marker beta release January 2014 

Training added as part of CTH regular CTH class 

./ 

/ • • • 
/. : •• •• , .. •• •• •• 
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215WynnDr. , Huntsville, AL 35805 (25S)726-4800 FAX: (256)7264006 www.cfdrc.cum 

Human Body Models and Computational Tools for 
Human Response to Blast and Accelerative Loadings 

Andrzej Przekwas, X.G. Tan and Alex Zhou 

Computational Medicine and Biology Div. 
CFD Research Corp., Huntsville AL 

Workshop on Numerical Analysis of Human and Surrogate 
Response to Accelerative Loading 

USAARLAberdeen, MD, January 7-9, 2014 

Our Goal and Outline 

-------------------------------- cr~ Goal 
Develop multiscale simulation framework, CoBi, for modeling 
soldier performance, injury and protection. 
Integrate: human body anatomy/geometry generator & models, 
material databases, exposure scenarios, GUI & post-processing 

CoBi tools and Body M odels a r·e DoD Open Som·ce 

CMB & CoBi Tools 
Human anatomy/geometry model generator 
Blast wave and loading model ~ human & vehicle 
Accelerative loading on seated occupants 
Human biodynamic response models 
Ongoing Work and Plans 

C117 
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CMBCoreR&D 

PioneHing MuUiscale Modeling for Human Body Physiology, Injury and 
Tnterventionai!Pharmacological To·entment 

goal is lo provide avatarsfo,. disease prevention and personalized medicine 

Phann a Labs 
PBPKIPD-Tox 

CoBi Multiphysics Tools 

Organ/Human-on-Chip Modeling ---
Human Body Dynamics Leonardo: ~" 

Performance & Protection Chr · o· Mod l ( ( 0 8 rJ ~ ,{j ~~~ -· --
. "" 
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CoBi- Multiscale and Metaphysics Capabilisties 

Multiscale: 
- 30/21>111)/0ll POE Solvers - for all disciplines 

-User Defined ODE Syslems for all disciplines 
-Coupled POEs-OOEs- for all disciplines 

Multiphysics: 
CFO Auid Mechanics - rornpressibleiinrompressible flows, porous media, reactivt fl ows, biomechanics, tighl 

link to olhcr disciplines: s tructures. e lectrochemistry. biology: physiology :tnd immunology ... 

FEM Structure Mechanics- linear/nonlinear problems, user defined rnaterinl models, tight link to other 
disciplines (flow, the rmal , elec1roslatics, biochemistry. physiology, systems biology) 

Thermal - convection, diffusion, sources, conjugate heat transfer, ... 

C hemist ry - chemical kinelics in fluid/solid, surface chcmislry, user defined models. biochemistry 

Eledrostatics- electric field and current continuityeq. 

Electrochemistry - cou1JICd chemis try + flow + thermal 

Optimization, Inver se Problems, and Parameter Estimation 

Human Body Anatomy/Geometry for Physiology & Physics Models 

Anatomic Templates Joint Manipulation Framework Gi):l( ~ 

C119 
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Realistic Human Joint F1·amework and Consh·aints 

Q peMs_tilt 
O Pt'MtJtSI 
0 peMt_rohltJOn 

• peM~_tx 
Cf peMs_ty 
Q pems_tz 
• hlp_fi~IOOfU' 

Cf hlp_adducbOI\.r 
O IIIP_fOUihOI'IJ 
Cf hlp_~l 

Cf hlp~ 
0 hlpJOtatlonJ 

0 ll.Wl'lbar_cxtmsio 

· ·UITibaf~tr'l!il 
O k.~rnbM_rotatiOfl 
O knee.•I'IQie.r 
O a:r-_angle_l 
O tono_e:o;temion 
0 tono_b«tdono 

0 tono_rot.tt.oon 
• riW_ang~J 
• riSe_angleJ 

0 -
o -
0 -. .,.~, 
o -J'I<J 
o -J«J ........ 
0 .....-J . ,..10(,.1 
• ......__....J 
·~Jt<OMJ o .... _ 
0 ....,.. 
o ........ . ...... _"-./ 

o --""-' 
0 -J 
. .... "9fl · -.)4/0J 
O P"0-..1 
o -."'V 
0 -J o ...... ...., 
0 -J 

(OOfO. v ...... 
· ~t,)t 

· ~liS* 0 0 Pf'-'f()WoOn 0 

·~b 0 
o -..~ o ....... . o ... ...,_. 
O Mt~.o.»t!IOS 
O "'D-~..o.lt.MOf 
0 ... )lrooiV 0 

·~~·· • .... fCWIOftJ 0 
. ...... _.,.._~l9 . ......,~. . ...... ~. 
0 ftotM9rr •1DI01 
. ... __,~, 0 

Gill panel for user 
manipulation of joint 
angles (within limits) 
(no more arbitrary 
rotation of joints) 

VH Voxel Model for Real-time Linear Blending & Posturing 

., 
---- -, ~-,_ 

I( ~-·. l ~-0 ~ 
\, __ / ' '-......... __ ... ~ 

G~ 
With computed weights on the voxels, anatomical surfaces 
embedded in the voxel model can also be deformed. 

-------..... . ... , , ... ., 

Voxel Model Mm·phing Posturing 
Volume Conservation Challenge 
- mass-spring deformation 
- lattice shape matching defonnation 
- FEM physics based, incompressibility 

constrain 

Select 
j o int: 

Rotation 

Scaling 
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Landmarks oo CAESAR DB (Allen, 2005) 

t ;t." -~ : :· : 

' 

' ' . . 

CAESAR Model VHMadel Reposed VHM cdel 
Not enough Jandmarlts 

Blast Wave, Shock Wave and Detonation Simulation 

ill · ·~=: __ .._,_ -· 
-.---~ u - · --·---- , . ~ 
- -- 'i !" 

I .. -~ 
-... u 

ta u ~ « • • ~ - "" 
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Human CFD-Biomechanical-Vascular Response to Blast Loading 

~----- Gi)ll( 
~:=::] 

~: Reflected P. 

·-
·1 

• Vascular pathway for JBI 

11 

Body/Head Blast Dynamics and Impact Loading 
------------------------------- Gi)ll( ~ 

Blast Loads and 
body biodynamic 
response 

! i 1ft ~ A ! ~ ~-~_;":; 
li1t1f1f.K~~ ~~ ~,~~ 
- ;=::- brr.e I Sl<k·VIew 

l A ~ 't. 'Q ... _ ~.-
1_11. Lr. 1:. e ~d-t:>?>~~ 
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Pilot Body, Neck & Head Biodynamics in Accelerative Loading 

~~~~~~~-------------- ~~ 
I • Idealized F18 ACM aocel. Profile 

1 with max. 7.5G and 300s duration 

J f 
• HGU~IP helmet on the head 1 ~l I ., • Min-max effort optiDi:zat ion for 

~ ~. ~-• •-_~t_ .... A,_ r;!';.:,~~uscle f<r<:e/activation 
-:. • Muscle fatigue model inccrpcrating 

loci<: ahead check-6 

activaticn-fatigue-recovery mechanism 

Pilot Ejection Seat Skeletal Loa ding and Lumbar Injury 

---------------~~ 

-~··" ~ 
1-··-·- --· ... -·- - ........ _. ·- -
·-~ . = 

~:: = 
. .. ... . .. u • .... -) 

14 
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Validation: Bertholon's Sled Data For Rear Impact 

Short impulse 
Max. ace-e. = 12G 
Max:. Vel. < 3mls 
Rigid seat 

Good fit with test data in tenns of magnitude and timing 
- Both acceleration and Angul. Acceler. peak around 0.17 sec.; 

soo,------, 

-20--
0 O.M O. IS 

Ph.D. 1hesi.s by 
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torso 
fixed 
on seat 
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0.1 
tmefl] 

0.05 0.1 O. IS 
Dme lt.l 

02 
Horst. \IQJI der Mcuike J., 2002 

Blast Vehicle - Occupant Response Model 

Body 
positionin! 
And 
outfling w 
PPE 

15 

16 
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Validation: Human Surrogate Head Undet· Shock Tube Loading 

Simulate A RA 18" diameter shock tube: 
94 in, about 5abn in 4'\0 driver chamber 

a .. 

Diaphragms 

·­·­·­··-·­·-

.. 
Shock Direction 

Ellipsoid Head: Skin+CSF+Gel 

~ ........ _, "f e.! y-~~ -­~-· ' 

100 

•• 
:: 60 

E ncar txit 
Frer-r.el.i 

~ :: ....... ···::::::::::t::::::r::::r::::::~:::::::l 

~·~. ---+,--~.---r-,----.----.~--.-.--~ .. 
Small neg. p~·~';;'6ver to ambient 
Exact probe location is not known 

Shock lube opparatus ond test see : Goeller er ai., 1011, J. Jokurotranma Driver Ruprure is not modeled 
llll'estigalionojCm'ilallon as a Possible Troumallc Brain Injury (lBJ) Damage Nkchanismfrom Blast 17 

Qualitative comparable 

Experiments: GoeiJer ec 
a/., 1012, J. 1\'eurotrauma 

Time delay ofO.lmsec between coup and contrecoup 
Coup site: 

lower positive peak than contrecoup 
Contrecoup site: 
1) In tension first, 
2) Three positive peak in weakening, 
3) Three negative dip, 4) Cavitation does happen 
Justify one-way coupling for milliseconds event 
Simi Ia> observations in human model 

... ... ,.. 
,.. 

.,.. 

~.~.--~~~-,.~--~,.~~~~,--~u --· Sharp spike probably caused by 
cavitation colla se •• 
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Ongoing Work and Plans 
--~~~----------------------- cr~ 

• Continuous improvements of numeric and Physics in CoBi 
• Development ofQtCoBi GUI tools 
• Anatomic/Geometry of Human Body Models for: soldier 

performance (Anny Natick), Bio-effects in RF Exposure (AFRL HEPA) 

• Experiment/Modeling of helmet protection ofTBI (USAARL) 

• Experiment!Multiscale model ofneuroaxnal injury (MRMC) 

• Validation of primary /secondary TBI animal models (WRAIR) 

Spinal injury and chronic pain in naval aviators (NAVAIR) 

• Physics/physiology based human body model of blast injury 
of mounted & dismounted soldier (MRMC) 

• Physical surrogate and virtual human for non-lethal weapons 
(Navy) 

• Neck and shoulder injury models, extra-skeletal support, ... 

19 
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.·::- l!il~ OUTLINE ~ 
. --~ 

Mechanical and Injury Models for DRI 

Mechanical and Injury Models for Lumbar Load 

DRI and LL: Temporal Behavior 

M&S Model Descriptions 

Behavior of Peak Compressive LL vs. DRI Cross-plots 

Proposal for Mechanical Model for Encumbered DRI 

Known Issues with DRI 

Summary I Conclusions 



 

189 

 
 

Session 3, Presentation 1 
1/8/2014 

(single spring-mass-damper) to simulate the 
biomechanical response of the human upper 
body/vertebral column/pelvis [2,3] 

Values of m , k, c (and thus "'"' Q were 
derived by oompressive strengths of 
indiv idual vertebrae [1], and load-deflection 
curves (4] 

Values established for a representative 

x(r) = J 1 U,ro} 1 w;o 

population of Air Force pilots with a mean E 
age of 27.9 years [3] <(I)= 
m =34.51 kg __ 

~Is the relative displacement 
b.etweenthe upper body am! 
peNis (&=A1-A,) 
~ Is the damping coefficient" 
(0.224) t;= 

k = 9.66E04 Nlm 
c = 818.1 Nseclm 

"'" = 52.9 rad/s, and t; = 0.224 

Lumbar Force= k*& 

Maximum Lumbar Force = k .. 3m•• 

,. ~I~ Dynamic Response Index (DRI) - /\ 

.. ~. · \! ~~- Injury Risk Model ~ 
--- - -~- ~ -- - ~--

During World War I I, Geertz generated data 
on compressive vertebral strengths either with 
individual vertebrae or vertebral complexes of 
PMHS between 19 and 46 years old [1] 

Stech and Payne [3] used the above to relate 
the DRiz to an injury risk of 50% vs age, and 
for an average age of 27.9 of Air Force pi lots, 
estimated a DRiz of 21.3 (7220N/16221bf). 
Brinkley used a normal distribution around 
this to set up the laboratory d ata curve (5] 

DRI value of 17.7 leads to a 10% risk of 
spinal injury (corresponds to 5992 N/1346 lbf) 

Injury model based on the laboratory data 
curve has the pelvis as point of in~iation, so 
as far as possible, the pelvic acceleration 
rather than the seat acceleration should be 
used to calculate the DRI [13] 

Comp• n"fi tfl~ U~c of Oyn~m1c R.,.;pcn~o lmi<Jx lf'Jf'ifl ~nd 

... 

I 

J I ilbo..,.ltt• 

• I "'-._ ..,..,,."".,.,.,.. ,. 
!• 

' ' . 
. ;).' 

· ~.1 ! 
I I 

I ! 
.. ll' I~ , .. 

DRJ 

·­,. ... . ...... ,.,.,. ..... ~ 

17 .7 

~ .. 
0 .:' .. -

Spinal Injury Risk Calculated from 
Laboratory and Operational Data 
valid for AIS 2+ Injuries [ 3, 5 ] . 

lllmb;Jt(O«! on R!ll!.:V.tntSptMI!"}Il"f .Ut#"ICJ U~ClA!SIFlEO OlltnOuUOn St•trn•rC A ApprO""d forP ... hc R•l41:11• 
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1 test devices (A TD) 
and subsequent addition of load transducers in them 
represents a revolutionary increase in capability [20[ 

Curved lumbar spine is incorporated to replicate 
typical seated automotive occupant positions, also 
used in military vehicle applications 

Three-Axis Lumbar Spine Load Cell measures time­
dependent forces/moment at desired sampling rates 
during blast/crash 

Lumbar load cell did not adversely affect 
measured accelerations and forces, nor 
modify the spinal flexural characteristics [17[ 
ATDs capable of producing reproducible 
results in greater detail under controlled 
testing conditions 

Biofidelic enhancements to the Hybrid Ill 
design were made which support its use in 
predicting human injury during high-speed 
dynamic events [20) Part 572 Hybrid- Ill lower Torso Auembly (23 ] 

• Companng U.. VSI" at Dyr~ilffllc !ksponsr I OOf!o:.-(ORI) and 

l...umbal L.oadi!S Rrftanf SpiMIInJUty f.t>-trial UNClASSIREO [llstrlbt.llon Slalemenl A ApprovedfOI Pl.bltc ReWase 

,_, ~~MAR.-.o Compressive Lumbar Load (LL) - /\ 
.... > \!! ~ Injury Risk Model ~ 
~---------

Source 

Approach 

ATO 

Peak LL 
Criterion (C) 

Chandler [7,10] 

• Proposed fcx aircraft seats 
• O.lved a COf'll)reHion f ore. crbrion 

by con elating the DRI end maximum 
oompressfon force measured on a H-11 
llftlb.- load spin. etoll in 121e $ts 

• 1500 1bJ 6675peN!~ueeomt$p()rlds 

toa0Riof~1 9 
• Adopted by FAA Regu&•ions in Tide 

49/CFR572 

H-11 Straight Lumbar Spine 

"Eij .. 
• • j-2. .. 0 .4 ,. . 
I ,. . . 
. . . .. . . . 

15001b /6675 N 

Tremblay [24] , Ripple [25] 

• P'roposed by Trermlay based on 
Ripple and Mundie's p~r, buc thai 
~doesn't specify IW'rW' toleranee 
values, so not d e« on origin 

• NATO RTO-TR~FM-OIIO s~ststh& 
the5e criteria ariw from Mertl criteria 
(19} lor a 5<:aling f~tor of 3.4-3.8, 
whieh,..50does notm<Jtdlttt.~. 

• P~sT~I80J m.ant to ref« to 
Al.m (61, who ,.so fefen to a factOf 3.4 
thai. was used on MertZ's neck deu in 
estiml!lling 6875 N for peak tl.lriDar load 

Unknown 

IA.RY fo r Compr-lon Fon:11 

• V 6673N 

• ~~800~ 

_k oms 
1500 lb l 6673 N 

Mertz [18 ,21 ,22,12] 

• Tolerenee euves for corrp ... ssive 
nKk loading In tW"" seho~ football 
players lind the a<kJt popl.ltaee U$lng 
a H-Ill ATD outfitted with a football 
~mM impact.t by a t aclding bloek 

• Seaing fillet« ftom neck to Mnbao­
bawd on waist iliOd neck dimensiOI'l$ 

• Limiting f«n r•ionot~e tratio ifiPPlied 
to terge-<kntion val~): more 
conserv• i.,. ln mitigillting ~~ 
spinl inj...-i .. 

H-Ill Curved Lumbar Spine 

IA.RY for Compreulon Force 

1•--woc.----~ 

~~i~~ 
f I I J «r S f D lll I 4 I 

~-of-·"11-glveo)fon:•l ..... l( .... ) 

1258 1b I 5598 N 

• Com;:~Dtrng l1tf> u~ ot Oynarm~ ~spomt !l'l(ltY{ORI} llltd 

Lumbar lJ:ldd as Rt~ilfll Spln.dllnJVry fA-tries UNClASSIFIED Oistr1f)t.(lon St.-emenl A Approved for PW~c Relea5e 
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.: .. ~~~ 0~-~~~ --~~·;··;:~·;:·;~;--;~;~:~~~---···.·.·.···.·:·.·.·.···.· ·.-.... · 
- - - - __ ____....hiiiiii -

Same pulse applied to tv.<> slightly different (both rigid) seat configurations in M&S 

Direct value of LL for C1 is 10.5 KN, indirect value (from DRI) is 8.5 KN; In addition, t ime of 
occurrence of the peak is quite different (8.7 ms after table peak for LL vs. 35.9 ms for DRI) 

The larger shift means that later changes in Pelvic accel will still affect DRI, but not peak LL 

Peak LL for C2 shifted by 2.8 ms vs. C1 , and value higher by 13% 

Pelv ic acceleration peak for C2 shifted by 2.8 ms, only 1% less, but wider (based on 7 ms cl ip) 

DRI for C2, calculated from pelvis acceleration, is shifted by 1.8 ms, value higher by only 8% 

DRI do_e_s_11_ot_tr~c~ d~_rec.!_ LL Y/elll_n_ tl1_e t1me doma~n a11_d can be aff~ed_by m1nor late da~ 

Comp;rn"1jjlhc Vsc or Oyn;rm,r, Response !r>Of;;r PRt) ~na 
.tumbJt(OH u Rclev• MSplrnlllf!JU"f McrTICS UNCLA6SIFlEO O"Uibutlo" St•ame ... ,. Approw.,tor P~ltc Rete-~1• 

r:~lAl-
.. IAl 
< 
i 0 

~ 0 0.1 0.2 0.3 1 
EA s~tetn strob, m . 

. =--· ·-- -· 
:: 'jfJ ~ 1!':1~ ~~ 

/.:._-··-·- ··--
1 ".:.~: I :CD: :m: : 0: 

a: 'El: -0-

MADYMO Dyn amic: I n a ddit io n to Rigid Seat, two 230 T riangu lar blast i nputs w ere 
simulation m od el i ncluding other EA seats (4 and 8 KN u sed for each of the J seats 

Q-version of AMSO H-1'11 ATO limiting force) w ere a lso included 

A triangular blast wave pulse was applied to the vertical d rop tower/sled. 

For unencumbered occupant: A total of eleven duration levels are studied; from 2 ms to 60 ms. 
At each ll T, peak deceleration was varied from 1 Og to 1200g in 1 Og increments up to the point 
when 8V reached - 15mls, where 8V =o.5• Peak acceleration•llT (230 runs for each seat type) 

-30 kg of encumbered PPE mass on the typical AMSO soldier was lumped on the upper torso, 
and 31 simulations were run ccvenng Peak acceleration between 10-380g, ,n between 5-15 
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.. : .. ~IMfQMr M&~ -~~-~~·; ·~~~~;i·~·~;:~ .. ~ --~~~~-~~ .......................... . 
- _______hiiiiiii- . 

Un-Encumbered AMSO H~lll 

Occupant 

Helmet 
1.4 kg 

Upr Body 
PPE 

29.4 kg 

AM50ATD 
78.1 kg 

Boots 
2.3 kg 

Encumbered AMSO H-Ill 
Occupant 

~ 
I 

Triangular pulse applied to table of 
magnitude Ap and time duration AT 

A triangular blast wave pulse was applied to the vertical drop tower/sled. 

Only rigid seats were used in the LS-DYNA simulatiOns, and the Humanetics version [23] of the 
LS-DYNA ATD (military version) were used 

For encumbered occupant studies, the vest and helmet 'M!re modeled in FEA using fintte 
e lements. The remain ing PPE mass on the upper body of a typical AM50 encumbered soldier 
(-30kg · mass of vest) was lumped on the vest 

31 simulations 'M!re run covering Peak acceleration between 1 0-360g, !J. T between 5-15 ms 
correseondin9..!Q...aM between 1.5- 12 m/s for both unencumbered and encumbered occu,Eants 

A reduced set of s1mulat1ons were erformed on LS-DYNA ATD setu 
c;.,mp.t"~ r~us~ rJ'Dyn•mot:Res.p.ms~l,..,~x(ORfJ 1m~ 

l!.lmb.Jt lolrd n Rclc<itnf Spuwll~ry Mctna UNCI.A551FIE0 OlStlii>UtiO<l StU~ en! A ._pproved t or Pl.l>hc fl;@l~iiU 

. ~.· ~~~ Behavior of Peak Compressive LL vs. DRI ~ 
~---------

-
Data from underbody mine tests ( "'"1200 samples) Data f rom MAOYMO M&S ("'700 samples) 

DRI and LL test data have been obtained for restrained occupants (usually encumbered) from 
a multitude of vehicles of different sizes and ...veights subjected to underbody mines of different 
sizes, posttioned in different seats in different vehicle positions and configurations. 

Wnile amount of scatter is reduced for M&S data, it is clear that there is a lack of a general 
overall governing relationship between DRI and Peak LL 

Wnen some other f actors are also included, for example, only data for a seat type and a 
reduced range of OT, some patterns can be discerned in the M&S data. 

One interesting observation is that based on previously described IARVs, for 94% of the 
samples in test and 89% in M&S, DRI and LL both predict the same outcome (incapacitation, 
o r no inca acitat ion 

CDmpanng the usc o f Dyn.:.m.c Rc<opcmc / fltl cx (DRJ) lind 

L umb.Jt L O<l'" H Rf!I#Nilnt $ {>J!III If>}UiyMetra UNCI..A!Is.Jr iii:O Olltnl>u~OI'I Stlttn'lln!A ~pp~v.,;l forP.a>lo~ ~ .... U 
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,;, ~~- Mechanic:i>l Model f~i." oiu of E;:;cumber~d ·.···.··.·.·.·.· ·.·.·· . 

... :.· \!J ~ Occupant (DRI'} 

-- ~ 
0 0 0 

g g g 

.1' ,.,~- DRI for Encumbe red Occupants (DRI')- /\ 
,._ .. \!1 ~-- Example ~ 
--- .. ,., -------

1,_ -~.I----=Lu=m::.b::c .. ::.::L::.oad=.l,_•.::kli.:cl,_,N:.;,,.. Let's calculate DRI for unencumbered (m=34.51 
kg) and encumbered (m=64.91 kg) occupants 
based on the SDOF system, i.e, assuming that 
an added mass of 30.4 kg to the upper body 
tully affects lumbar load and DR/. 

The analysis is being done for t riangular pelvic 
accelerations all of fixed duration 5 ms, but the 
amplitude is allowed to vary from 25-300g 

From the max allowable lumbar load of 5992 N, 
it can be seen that a max pelvic acceleration of 
188g and 131 g can be withstood, for the 
unencumbered and encumbered occupants. 

Depending on the normalization constant used 
in determination of the encumbered DR I, the 
correct corresponding IARV must be used to get 
consistent and accurate results. 

Because the lumbar load (k•o) is uniquely 
defined, it is a good idea to verify that DRI 
results are consistent wrth lumbar load. 

... 
- -=~~---p::....~:::.._ __ ·­lOU +-~~=--+' 

0 

Lumbar lJ:ldd iiS Fle/Jellaflt SplnallnJVry f.+triCS UNClASSIFIED OistnDt.(lon St.-emerll A Approved for P~ltc Rele<l'ie 

---vi/OPP£ 

VI/ PP£ 

---11,..,.., 
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.. : .. ~~--- Behavi~~- ~~·;;~-~ -~-~:;;;~·~;~-; -~~--~~~ -~-;;··-... ·.·-·-·-·-·-· ..... ·. 

----- --~------------------------ -

,. _ _. ...... - . . ' -­·-~ t 
~., __ ~ 

.. ·· .......... ~ 

... 7;1 I :tt.;.:o.: .. 

I
. ~ .. ~ . ~ 

: -~ -
1» /· .. 

.. ~ ·: ;;:;;~ ~·I 
~10 , F / . " ... " -

Ll vs DRI behavior from drop tower t est s ( left), LSDYNA M&S ( middle) and MAOYMO ( ri ght) M&S 

Peak Ac:c:e l e l""a t:lon, Dura tio n , rn s A.V , m s 
tvi&S 10 - 360 s - 15 1.5 - 12 
T4illst: 3 - 285 s . 2 0 3 - 7 

For a specific seat and limited 11 T range, DRI-LL relationship is linear in both tests and M&S 

For the LS-DYNA resu~s. when the pelvic accels from increased upper body weights are run 
through the DRI calculator without changing the mass, the ORis are seen to drop (red curve), 
which is not realistic, since the lumbar loads increased. Using DRI calculations as per #1 , shifts 
to green curve, indicating h~her ORis as expected. 

'II _~~~ DRI- Applicability to Ejection Seats /\ , __ '--" I ~ 

- ---~----------------

Stech and Payne also presented the InJury 
risk for operationally experienced non-fata l 
spinal injuries in ejection seat tests, shO'Nn 
as operational dat a curve [3, 5?] 

F-4 operational data [5] does not match the 
injury trend. For the F-4 DRI value of -1 9, 
the operational data curve yields 9% risk of 
injury, not the observed 34% in reality. 

DRI-Injury Rate Relationship is only valid for 
misalignments of the seat with respect to the 
catapu~ direction < 5 degrees, which was not 
true for the F-4 seat 

In a survey of 223 ejections by British aircraft 
pilots over 1968-83, Anton [8] found a poor 
agreement between the incidence of spinal 
fracture and the DRI for ejections from 5 out 
of 6 ejector seats and concluded that 
predictors such as DRI "have no apparent 
practical util ity" [11 ] 

r.tt. • ..,-. 

._ / "'--- ~··~c&llll ! ,. ! .. ------~-- --:(. . 
t · • / !" 
t· · .; ~ F.~ .. ·~ . ~:.:· :; 
;1-.. / EF" " .. ... 

.. , 
DR! 

r··-· -
' ... u 

lt ll lf 

Spinal Injury Risk Calculated from 
Laboratory and Operational Data 
valid for AIS 2+ Injuries [3,5] . 

C133 

7 



 

195 

 
 

Session 3, Presentation 1 
1/8/2014 

.~· ~~--- ~~;··:··~;:;···;~~:~··;~:·:;~·-·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.· -.·.·.·. 

------~- -. .. p rp p yp p 
posilions 1n military veh1de appl1c>11ons Th1s results 1n a m1sal1gnment of the accelerometer axes a1d 
the lumbar spine by aboot 21° The CRI. wh1ch by dafin ition. assumes a stnight lumbar spine. 
deviates in th is case from its intent to be an indcator of lumbar force 

The DRI represents a whole body motion cnterlon which represents a load criterion mstead ct an 
injury criterion. Load criteria are based oo physical parameters which specify an external load oo the 
human body (e.g. footplae intrusion). whereas inJury criler1a are established with physical parameters 
which describe the biomechanical response of the human body or its surrogae [14]. Neck and 
Lumbar loads are examples of injury criteria 

The DRI model is based on unconstrained motioo of a single coostant reaction lumped mass. 
Restraint systems 1mpede the vertical motion. espeCially for mine blast seats which extend the loading 
duration. The reaction mass is increasingly constrained during the duration of blast response. 
Because the model treats the whole body as a lumped mass. the seat geomeny and restrants used in 
the test data are critical to achi...,e the same results [9] 

As noted in [13]. the physical parameter which alfects fractiure is always fcrce. Usmg a modal whioh is 
based on another physical parameter causes less accuracy a1d can lead to contradict cry results. 

Even thoogh the CRI modal is based on single-dagree-of-freedoon vitx-atioo. it has been foond [11] 
that f!tlen for continuous vibration. at frequencies> 8.4 t-tz. the response tends to decrease in 
proportion to freq' , so the predcted stress on the spine decreases at 12 dB per octave. Consequent~. 
when the DRI model is used for continuous sinusoidal mction, it erroneously indicates that excessively 
hig, accelerations CJ"e permissible at high frequencies 

The DRI model lacks fidality 1n regards to gender. waght. fflthropom~e""tr:=ic;:.s.::;a:.:.nd"-"""'======---1 

.'::. ~~~ DRI- Ot~er Known Issues (contd) ~ 
- ./.Oiii - ----- ------

~ ~ 
lack of reproducibility [13]. AI thou~ the CRI SOOF system is comparatje to a filter a1d tends to 
smooth out the input acceleretion . the varict:ton of the seat acceleration input has a negative impact on 
the re~oduc1 txlity of the CRI data An epparent advantage that the CRI measure has. 1n that it can still 
be computed when ONLY the seat acceleraion daa is available. tends to get neutralized by the 
above finding 

Additional helmeted and vest masses may cause the natural frequency a1d damping charactenstics of 
the human to change, invalidating the modal [9] 

The assumptron of linearity of the CRI model is h i~ly unrealistic. It has been shewn [16] tha the 
frequency cha-acterlstics of the upper human body are disfmcflydifferent a lew and high amplitude 
accelera ions. Furthermore, the same paper also points out that in vitro compressioo testing of L 1-L2 
spina units have inclcated a non-linear force-displocement curve. Such non-linear characteristics 
have been and can be easi~ inccrpcra ed into the ATD models and hardware fcr determination of 
more accurate lumbCJ" loads. 

The simpl~ied assum!C(ion of a single mass, stiffness, and damping value, and reliance on pelvic or 
seat accelera ion over the full time dura ion . leads to the undesired behavior of the DRI bang affected 
!))'late peaks a1d valleys in the input acceleration. significantly after the effect of the blast load has 
already occurred 
The CRI. !))' the naure of its very dafinition. has l imited number of variables that ca1 be changed to 
account for a1y new research findings on lumbar spine behavior. In contrast, the continued 
davelopment of end-to. end, full system undE<body blast tools [15] and the determination of the LL 
from an detailed ATD ~ovides a much better "upgrade path" to accommodate new emerging data and 
~ . 

"'""~.-gt·~ ~~"''['!''~ ' R~ '-""" ... u • .,.., [E. ~7ci 

LJ:U L<>~""' ~ ~~ · .,. J , .... , ~k>l •ra u,.. .~ ~ <,f'f( c .. t., t•.Jt r-tm~-.m ~ .""" ... 0\1 ~-:lf :rP.Jtj R~-.--~ 
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------~- -

DRI has the attr.action of being an apparently simple, tangible modet which clearly had high utility 
before the advent of detailed A TDs that could produce reproducible results in controlled testing. 

While DRI can be calculated when only seat accelerations are available and indeed may be the onty 
injury measure that can be calculated in such a case (like when an ATO is not used), the consistency 
and usefulness of such data is highly questionable due to the variability in the seat accelerations. 

Human responses are highty nonlinear, and to expect a simple linear model such as ORI to be capable 
of responding accurately to a w ide range of shock amplitudes is highly unrealistic. 

DRI and~~ re•pon•eo are both dynamic, and the peak value• may even be in the ball-park, but DRl 
lags far behind as to w hen the peak occurs due to the use of only one frequency characteristic. This 
can lead to unrealistic consequences where later changes in pelvic acceleration can affect the DRI. 

There is a lack of any kind of overall general correlation between DRI and LL. 

Requiring pelvic accelerations for accurate DRI calculations means ATD is required. In w hich case, 
the lumbar load can be directly measured and compared against its IARV. 

Calculating ORI for encumbered occupants can be tricky in that while it is clear that the increased 
mass increases the lumbar load, what factor to use on the actual physical mass is still not clear. Also, 
it is recommended that if ORI is used at all, that it be detenn ined using the standard nonnalization 
constant so that the familiarORI values are still preserved. 

The of force-based IARV 

::::. . ~~~ GL~SSARY / ACRONYMS ~ 
--- - ___ _.hiiii - ---- -----., .,, . 

American MaiJ~ Percentile 
Aberdeen Proving Grounds, Maryland 
Army Research laboratory 
Anthropomorphic Test Device 

AM50 
APG 
ARL 
ATD 
ATEC 
COTS 
DOF 
FEME Ill 
g 
H-11 / H-11 
kg 
IMbf 
IARV 
l l 
LSDYNA 
LSTC 
ms 
IUS 
MADYMO 
H 
OCP 
PMHS 
R&D 
RDECOIII 
Rl 
SimBRS 
SDOF 
SlAD 
TARDEC 
T&E 
UBM 

Army Test and Evaluation Center 
Commercial-off-the-Shef 
Degree-of-Freedom 
Finite Element AnalysisJMethod 
acceleration due t o gravity 
Hybrid-1 or Hybrid-DI ATD 
kilogram, unit of mass; 1kg - 2204 lb 
pounds, pounds of force; 11bf - 4A5 N 
Injury Assessment Reference Value 
l umbar load 
COTS structural dynamics software from lSTC. CA 
Livermore Software Technology Corporation, CA 
msec, miDiseconds, unit of time (1 ms • 0.001 seconct 
Modeling & Simulation 
MAthematical DYnamic MOdels (COTS software from THO) 
Newtons, unit of fo rce, 1 N- 022472 lbf 
Occupant-Centric Platform 
Post-mortem Human Specimens 
Research & Development 
Research, Development and Engineering Convnand 
Relative Injury Index• Injury Value / IARV 
Simulation-Based Reliability and Safety 
SingleD ewee-of..freedom 
Survivability and Lethality Analysis Directorate in ARl 
Tank Automotive Research, Development'211ld Engineering Center 
Test & Evaluation 
Underbody Blast Modeling!Methodology 

! • • • " • • ! - ' • .. '" •• ! 

L:;~;::~~:.:::'~'I':~.,.·JR~o~::~ :~·fE, '"cJ u" .~ ~ 'f'H [,.t.,t•.Jt r-tm~-.m ~ •""'"0\/~':lf :rP.Jtj R~-..,~ I 
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T iiiiEI:Dwl Introduction ARL 

Issue/background 

Under-body blast (UBB) can induce lower extremity fractures to seated 
occupants. 

The test and evaluation community currently lacks reduced-order (RO) tools 
capable of accurately and efficiently estimating these injuries. 

Assessing occupant injury from data from anthropomorphic test dev ices (ATDs) 
in live-fire (LF) tests is the most common method of evaluating occupant injury. 

But it is also important to interpret the vehicle's structural response in terms of 
injury-causing potential. 

Objective 

Can empirical models be developed to estimate lo'Mlr-leg injuries based on 
structural response data? 

T ~Approach: Test Data ARL 

Overall approach: Perform a 
correlation analysis between floor 
accelerometer data and lower-leg 
responses of associated ATDs 
from LF test events. 

Fifty-two predictor metrics were 
associated with two response 
metrics 

Focused on the cases with the 
most complete data sets: 
accelerometer mounted on a floor 
panel within approximately six 
inches of one or more of an A TO's 
feet where the A TD is fitted with 
combat boots and seated with 
normal hip and knee angles. 
Test data was taken from over 
two hundred UBB events against 
vehicles. 

f'our.;..t_,..,n,.;,n., 

2 . Filoorod 
3. R•w~ 

•· n•.....:~a..., .. e.~ 
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T iiiiEI:Dwl Approach: Correlation Analysis ARL 

Simple linear regression analyses conducted 
for one- (linear) and two-predictor (quadratic) 
models as a function of each response 
- Coefficient of determination, R2, was 

calculated for each model 

- Prediction intervals (Pis) calculated around 
the models using a student !-distribution of 
the data 

- Response plots (actual versus model) 
generated 

Logistic regression analyses performed to 
identify the probability of exceeding the injury 
threshold value (confidence intervals 
calculated as w ell). 

·-v··;;:~: -·- . 

·- :/·:.::: · 

·--·-,--

fl: 
T ~ Results: Predicting Force and RTI ARL 

Quadratic models with predictors, raw peak velocity and adjusted local 
displacement, were found to yield the best relationship wrth lower tibia 
compressive force and RTI. 

The model to estimate lower tibia force and RTI is described by: 

z = vTb ± ys.Jl + vruv 

- v is a vector of model terms (combination of x =raw peak velocity and y =local 
displacement) 

- b is a coefficient vector 
- U is a matrix of variance components 
- The form of the equation is consistent between the two injury types and the model 

terms, v are the same, but the values of band U depend on the injury type (the 
specific values for each injury type are in the back-up) 

- The term fc>lowing the+/- symbol represents the prediction interval where y is the 
critical value for a /-distribution given the degrees of freedom equal to 104. 
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T iiiiEI:Dwl Results: Predicting Tibia Force ARL 

The best !IMJ-predictor model for loiMlr tibia compressive force resulted in an R2 

value of 0.82 on a set of 109 data points. 

The 90% Pis yield a variation in model results of about+/- 3500 N. 

Tibia force as a function of local displacem ent 
and peak velocity 

respCflse:z = B.1-~bia_IM'Jz_peak 

y = CH_86.AdjJstBd.LocalDi'f!l11terrert __ m 

003 

10 15 
x = Z26_R<M~Peak.Velocity'_ms 

Response plot: model versus actu al 

zh2:z -x• y •x2+1:f 

R2 O_B2(0.81) 
s1070 

"'"' 
·. 

15£l00 20000 25000 
z:B.2.1ibiat.r.trz eak 

T ~ Results: Predicting Tibia RTI ARL 

The best !IMJ-predictor model for loiMlr tibia RTI resulted in an R2 value of 0.81 
on a set of 109 data points. 

The 90% Pis on this model yield a variation of about +/-0.54. 

Tibia RTI as a function of local displacement and 
peak velocity 

response: z = C.3.RTI_Mf_peak 

y=CH86.AdjJsted_LocaiDis>llacemmL m 

10 15 
x:Z26R11WPe 8kVelocly .. ms 

Response plot: model versus actual 

zh2 : z - x •y• x2• y2 

R2 0.81 (0.81) 
sll319 
n 109 

·. 
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T iiiiEI:Dwl Results: Logistic Regression ARL 

The logistic regression analysis for the best tv..o predictors was performed based 
on the compressive force and RTI values relative to their appropriate injury 
threshold. 
- Tibia force: {no-injury < 7980 N s injury} 
- Tibia RTI: {no-injury < 0.75 s injury} 

The model to estimate the probability of exceeding the injury threshold is 
described by: 

- 1 

P(z > Z
0

) = ( 1 + e-vTb±yJ;;i'Uv) 

- v is a vector of modellerms (combinalion of x =raw peak velocity and y =local 
displacement) 

- B is a coefficient vector 
- U is a matrix of variance components 

- The form of the equation is consistent between the two injury types and the model 
terms, v, are the same, but the values of band U depend on the injury type (the 
specific values for each injury type are in the back-up) 

- The lerm following the+/- symbol represents the prediction inlerval where y is the 
crilical value for a t-distribulion given the degrees of freedom equal to 104. 

1l!CHNOl.OGY DIIIVEN. ~ RXLISfD. 

T ·- Results: Predicting Probability of ARL 
Tibia Force Injury 

Probability of exceeding tibia force threshold as a 
function of local displacement and peak velocity 

Pr [ B .2.t ibia_twr_fz_peak >= 7980 ] 

y = CH.86Adj usted .Locai .Displacement .m 

10 15 
x = Z .26.Raw.Peak.Velocity .. m.s 
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T ·- Results: Predicting Probability of ARL 
Tibia RTI Injury 

Probability of exceeding tibia RTI threshold as a 
function of local displacement and peak velocity 

Pr [ C_3_Rn_twr_peak ;.: 0_75] 

y = CH.86Adjusted.Locai.Displacerrent .. m 

10 15 
x = Z.2S.Raw.PeakVelocity .. ms 

P~• C.a.Rn)or__..,;lk<• oo] 

10 ,~ 

• • l::ZilJU•-""*'-:;:m~ 

10 ·~ 
• • Z:Zil.Rool.""*'-:;:m~ 

T ~Discussion ARL 

Models with greater than two predictors vvere not pursued because there is a 
diminishing return on R2 relative to model complexity, the number of data points 
decreases, the domain of data becomes more sparse, and the quality of the 
model is hard to visually assess. 

Raw and fi~ered peak velocities were nearly identical; raw, filtered, and adjusted 
local displacements v.ere nearly identical. 

Lov.er tibia compressive force and lower RTI are closely correlated with an R2 

value of 0.90. 

Force and RTI increases as velocity increases and local displacement decreases 
(i.e. , a short duration velocity pulse is more severe than a longer duration 
velocity) 
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T iiiiEI:Dwl Caveats ARL 

In order to utilize the empirical models, predictor data should be comparable to 
that obtained from floor-mounted accelerometers placed in armored ground 
vehicles subjected to an under-body blast. 

- The velocity and local displacement should lie vvthin the dashed boundary 
lines shown in many of the earlier plots. 

- Using these models vvth predictor data different than this v.ould be 
considered extrapolation. 

The results of these models provide estimates of lower leg injury responses for 
ATDs vvth booted feet placed flat on the same floor panel as the accelerometer, 
vvthin about six inches of the accelerometer, and vvth the ATD hip and knee 
angles in normal positions. 

T ~Conclusion ARL 

Empirical models v.ere developed to estimate lov.er tibia compressive force and 
RTI injuries as a function of floor accelerometers' peak velocity and local 
displacement. 

These models can also serve as methods to assess severity of floor response 
from an under-body blast in terms of lower-leg injury potential and, at the very 
least, indicate the significance of peak velocity and local displacement to lower­
leg injury assessed using ATDs. 

Future work vvll consist of performing controlled laboratory tests to further refine 
this correlation. 
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T ·- Back-up: Variables for Empirical ARL 
Models 

VaMblcs for PredJcting Lower Ti&a Compre$5'i'Vf! Forr:e 
b = (137.64 771.25 - 127940 63.27 - 12767.2) 

~] [ 

0.06677 - 0.0288 1.958 0.00176 - 0.203 l 
--o.0288 0.0157 - 3.485 - 0.00116 0.3382 

v= U= 1 .958 - 3.434 1767.4 0.3125 -165.07 
0.00176 -0.00116 0.3125 0.0001 --<1.0349 
- 0.203 0.3382 - 165.07 - 0.0349 18.095 

.s = 2074.28 d = 104 

VarUlbles for Predlcting Lower Tl&a Fm 
b = (O.Q208 0.09719 - 17.961 0.00944 - 588.26] 

[ 

' ] [ 0.0845 - 0.02542 0.3422 0.00139 - 6.852 l 
X --().02542 0.0118 - 1.957 - 0.000664 44.659 

v = y;,' u = 0 .3422 - 1.957 1245.06 0.09033 - 28194.7 
~ 0.00139 - 0.000664 0.09033 0.000436 - 2.767 

-6.852 44.659 - 0.000282 - 2.767 808332.9 
.s = 0.318642 d=104 

Vartables for ProbabifityofLcwer Tit'ta Compressiw ll'ljwy 

b = (- 15. 297 834.75 0.2119 - 0.00043) 

·=8] 
Varlables for Probabilityoflctww 1lbta Compressiw lnjwy 

b = [-6.1534 1.2949 - 212.03] 

~] [

1.3389 - 0.302 49.076 ] 
v = u = - 0.302 0.08134 - 16.592 

49.076 - 16.592 4787.09 
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PENN STATE 
~ 

Towards a Micr'!lechanics-Based 
Simulation of Calcaneus Fracture and 
Fragmentation Due to Impact Loading 

ABERDEEN PROVING GROUND, MD 

JANUARY 7-9, 2014 

But could be improved by the inclusion of 
high resolution, multiscale descriptions of 

fracture and fragmentation for hard and 
soft tissues that enable accelerative injury 
protection design at the organ, tissue and 

even cellular levels 
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The calcaneus is a commonly fractured bone for 
both military and civilian populations. 

Military 

HtM-4'l. 
Ned:l)tyotd) -•1"' 

faco-K ...., _,. 
u,,•EI1tffnllJ-IO.. 

s.­
Certc M-S" 
n.~-ta 
t..N•-18Y. 

fii'I'U-7Yt 
T•Wft.w-IK 
FooiiMNI-26" 

COL J OfYl Aua~ez. NATO 
PTO HFM :01 (:011 

Civilian 
Calcaneal fractures represent 60% of 
fractures involving the tarsal bones. 

Bad1llo Ket al. Pad1ograph1cs ~0 11.31 81 -9~ 

29 39 49 59 69 79 89 

Ag&-gender groups 

M tche1,M J McKJnley, J C,t. Pobtnson. C M 
(:009) The ep1dem1®gy d cak:aneal fractu"&s 

The Foot. 19<4l, 197-:oo 

The calcaneus is structurally and 
functionally unique. 

External Features 

Parekh. S G 
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The calcaneus is structurally and 
functionally unique. 

Predominare/y cancellous in srr:.1c rure & enveloped in a 
shell of rhin corrical bone 

The calcaneus is structurally and 
functionally unique. 

Predominare/y cancellous in sri'Jcrure & enveloped in a 
shell of rhin corrical bone 
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Preliminary simulations (previously conducted) of lower 
extremity impact suggested calcaneus comminution. 

"Lower" Rate Impact 

No Dynam1c Crack Branching 

"Higher" Rate Impact 

Dynamic Crack Branching 

Simulations included: 
• a cortical shell with differing material 

properties 

Simulat ions lacked: 
Rigorous validation 
microstructural ' link" in 
constrtutive description 

The human bone models of Johnson, Socrate & Boyce (2010) 
worked to incorporate "microstructural features" 

Did not include: 
Effect of material orientation 
Incorporation of material behavior that 
distinguishes between tensile and 
compressive loading modes 
Bone marrow 
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Dynamic Fracture Studies of Pi no & 
Radovitzky {2013) 

(f) T ime = 0.000129923 s 

Pno,W (:013) ComP~JtalionalmoQelingof 
trllbeo..~l!lrbo,.,nl-•>1r...,ftyl11""1"d...,. 

!oimpact(Mas•'•dl....,et.:Jn.M....:t~ueens 
lnslltlft-oi T.nDog, 

Dynamic 
Trabecular 

Fracture 

Definitions of Various Microstructural Indices 
Should be Included in Damage Models 

MICrostructura l Measure Oeft01t1on 

Bone mineral density (MD) 

Bo ne volume fraction (BV/TV) 

Connectivity density (ComO) 

Structural model index (SMI) 

Trabecular numbe r (TbN) 

Trabecular thickness (TbTh) 

Trabecular separation (TbSp) 

Mean intercept length (MIL) 

De1ree of anisotropy (DA) 

2-D derivation of m ineral d ensity (g/cm2) as derived by DEXA 

Relative percentage of bone within 3-D Region of Interest (ROI) 

Quantification of relative connectedness of one trabeculae to the next 

Quantification of relative shape of trabeculae from rod-like to plate-like 

Quantification of relative number of individual trabeculae within 3-D ROI 

Quantification of relative t hickness of individual trabeculae within 3 -D 
RDI 

Quantification of relative spacing bet ween individual trabecul ae within 

3·0 ROI 

Quantification of t he three-d imensional anisotropy of a 3-D ROI. These 
numbers provides eigenvectors based on the fabric tensor that defines 
the principal direction of t he ROI 

Ratio of t he largest to the sma llest MIL value. It p.-ovides another way to 
quantify the relative anisotropy of the ROI 
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Universal HD-EOO scanner: 
• dual X.;ay S01Jrces 
• 1 0~4 x 1 0::!4-pixel area detedorwth image intensifier 
• continuously tiltable gantry for horizontal or vertical sample orientation 
• The micro-torus source is an X-tek 225 kV, 2::!5 watt tube Wth a ninimum focal spot size of about 5 rricrons at8watts 
• The higher-poy.ersource is a Pantak 1600 watt sealed N ay bJbe capable of 320 kV Wttl the min imum focal spot of 

about 100 niaons. 
• capable of conbnuously vari able magnlficaticln with p1xel sizes approximately 111000 of the sa~le diameter. 

Our measured cortical shell measurements are 
smaller then what is reported in literature 

Coronal Plane@ ~ide 255 
(Avg. Shell size .408rrvn ) 

.~f' ~:·:-~~ 
\ ' 

-~ ln voxels 

... ~. ··z·", 
. "W!t'-'·.. . . ... 

~··· ~ -~ . - ~ 
~-~ ' _. ~.,.~ 

r In voxels ~ ...... __. __ _ 

Distribut ion of Widt h Measurements 

Average Overall 
Shell Width: 
0.512mm 

I 
Cortical T'hid<ness Measurements On the C8lcaneus 

( ............ ) 
M ... ....... ,..., 

AnteftotSurlac. 2.2•0.3 2.1 +0.2 2.15+0.1 

PosteriorSUtf.ce ] .6•0.1 3.0•0.3 ) .3•0.2 ....... ...._ 2..4•0.6 2.2•0.4 2.3•0.3 

latHaiSUrface ).1•0..2 2 .. •0.1 2.95•0.1 

Average measured thickness: 2.675 mm 
Sabry, Ebrotleim, M ehalik, Rezca llah (2000) 
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Segmentation was performed to 
obtain a surface mesh of the calcaneus 

This looks like what Sabry et al. measured 

The influence of bone marrow on 
dynamic loading of bone is unclear 

• Bone marrow mechanical environment can 
be completely defined by quantifying and 
characterizing the hydrostatic pressure, flu 
flow induced shear and viscosity in natural 
and altered conditions. 
Gurkan and Akkus . (2:008). 8 The MechaniC~' Envlfonmentol Bone 
MarlOw A Rtw 9W~Annats of Biomedical Engneenng. Vol36, No. t:! 

Three ways in which the marrow could function to strengthen the 
bone: 

By pressing on the wal ls of the bone the marrow could prevent 
the bone from buckling. 
By acting as a column in compression the marrow could support 
part of the load. 
By viscous interaction with the trabeculae, the marrow could 
strengthen the trabecular bone. 

Bryant,J 0 'The effect Of •mpact >nthe mar-r1.1Wpre-ss.n )f lorJ.J bones n ~>ItO Jouma1 of b1omM:t'anics 16 B (1983) 65!J-665 fiij 
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The 3D model is difficult to obtain, so in 
the mean time we examined a 20 model 

Calcaneus" 

Plane strain 
Approximation 

Quadratic triangular 
elements 

Our ultimate goal is to model fracture so we must 
consider important length and time scales 

I Time scaln I 
( Average longitudinal wave speed Cavg ;::;: 3000 m/ s 

Duration for wave to propagate across calcaneus= 15 ~ts 

Viscoelastic and viscoplastic time scales > 3.2 ~,s 

I Lff!a!l! """ I 
l f"tcl 3.5 em 

ltrd Lmm 

lwrl 0.5 - 2 mm 

911" E Gc ? . 
l, = 32 (1 - v2) u; = 2.-1 nun 

[...,_.,_ = lz/5 = 0.44 mm 

To resolve physics associated with dynamics fracture 
Llt < 1 ms and lme,• < 0.44 mm, but this neglects 
microfractures that exist in bone: 

lmi r,.0 = 50 - tOO Jlnl 

00 

" 

Fracture is toughness 
controlled! 
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The mesh size requi red for toughness 
controlled fracture is achieved 

6 • 

>. 
u 

s -

c 4 • 
CD 
:I .,. 3 • 

! 2· &I. 
1 • 

0 
40 50 60 70 80 90 100 110 120 130 

Element Edge Length (JAm) 

Our boundary cond ition s are very simple now, but we 
hope to introduce additional anatomy in the future 

50 IJ.m in 50 j.lS 

estimating the 
nominal strain 
rate of f_ = 28 s- 1 
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So far we have examined three cases ... 

Isotropic materia l, all with t he same properties 

Heterogeneous material properties, but no cort ical shel 

Heterogeneous material properties, with a cortical shell 

Cortica I bone 

Trabecular bone 

Bone Marrow 

Cortical 
p = 1810 kg/m3 

E = 15 GPa 
v=0.4 
o, = 100 MPa 
K,, = 5 MPa m' " "I 

Trabecular 
p - 1400 kg/m3 

E = 200 MPa 
v=0.45 
o, = 10 MPa (41 
K,, = 0.5 MPa m110 I 

MarTow 
Den s~y = 1000 kg/m3 

K = 2.2 GPa [31 
v = 0.49 

111 Cook. P B. and P. Zioupos "TI'Itfr.eturetoughnessofet nceiiOYS bone• Joum1l of blcmlehtnics 42.13 f.!OOi) :.'051-Z060 
[:?] Urtl. Ant. e1 al "TI'Ie effect of Sl.-.n rate on fracture tOYr/lness of ht.11nan cortical bon1: A fir'lltl element study· Joumtl of t l'le meetltric81 
bel'lavtOr ofbiomed~eal matena1t 47{:201 1): 1021-103:2. 
[3] GurXan . Um.Jt Atilkan, and Oun Akkus. "The meehanu;al envtronment of bor1e marro.or a revtew.• AnnalS of biomedical engineering 315.12 
{2008)· 197&-191l1 
{4] Harriton, Noel M , et a1 ' f atL!re model.ng of trabecular bone us.ng a non- in ear combined damage and fracture ¥oxe1 f inte element 
approach." B•omectllmtt and mode~ng n mechal'lObrology (:::013): 1· 17. 

Including the Heterogeneous Structure 
Matters 
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Case with no cortical shell resulted in 
crushing fracture near the impact 

Time = 0.000000 von M•ses (Pa) 
1 8008• 06 
1.350e•06 
9.000e+05 
4 5008+05 
O.OOOe+OO 
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Including the cortical shell"shifts" stress 
diagonally to common fracture path 

Time = 0.000000 

von M1ses (Pa) 

2 000e+06 
1.501e+06 
1 002e+06 
5.032e+05 
4.25Se+03 

Including the cortical shell "shifts" stress 
diagonally to common fracture path 

The weakest plane of resistance to stress is parallel to these 
organized trabeculae or through areas lacking trabeculae. 

Sabry FF, Ebraheim NA, Mehalik JN , Rezcallah AT. 

C159 

13 



 

221 

 
 

Session 3 , Presentation 3 
1/8/2014 

In the near future, we will focus on the 
following areas ... 

Continue to build 
3D Model 

X-Ray 
Nanotomography 

Anisotropic 
Measurements 

Additional 
Anatomy 

Fracture and 
Fragmentation 

Modeling 

!'NO strategies: "pore-by-pore" 
and "mathematical calcaneus· 

an anatomical study to examine 
critical calcaneal features 

measure and integrate anisotropic 
descriptions 

include additional anatomy that will 
improve our boundary conditions 

improve our fracture modeling 
approaches 

First things last: what do we hope to 
learn? 

Some of our research questions include: 
How does the inclusion of anisotropic properties influence calcaneus 
fracture and fragmentation? Is the most important microstructural feature 
to include? 
What is t he influence/importance of bone marrow in modeling the 
dynamic fracture of the calcaneus? 

Our technical objectives include: 
Develop a high resolution model of calcaneus that other models could use 
or benefit from 
Capture qualitat ive fracture surfaces for lower rates of impact 
Could be used for injury and non-injury 
Could be used to study foot and ankle positioning and resulting fracture 
Could be used to understand and improve accelerative impact calcaneal 
fracture reconstruction. For example, how does t he fracture surfaces and 
predicted reconstruction interfere with maintain ing Bohler's angle. 
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Workshop on Numerical Analysis of Human 
and Surrogate Response to Accelerative Loading 
Aberdeen Proving Ground, MD 
January 1·9, 2014 

Pelvis Response Effects on Whole 
Body Under-Body Blast Simulations 

Adam Golman, Kyle Ott, Robert Armiger, 
Tim Harrigan, Catherine Carneal, Andrew Merkle 

Motivation 
• Investigation of whole body (WB) 

sensitivity to loading conditions 
- Threat environment 

- Physical simulations 
• APL Vertica lly Accelerated Load Transfer System (VALTS) 

- Finite element model (FEM) simulations 

Session 3, Presentat ion 4 
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Motivation 

• Pelvic response, due to seat 
loading, s ignificantly 
influences WB response 

- Mechanical linkage to body 

- Compliance 

- Loading conditions 

• Hill pelvis not developed for 
nor durable in vertical loading ~ - . . . 

..4~ 
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• Understanding effect of pelvis 
response important for ATD & 
human model development 

~-----------------------------~ 

Objectives 

• Use Hill FEM to characterize 
effects of pelvis-seat interaction 
on WB response 

Inputs 

• Pelv is foa m material properties 

• Floor & seat velocity pulses 

Outputs 

• Kinematics 

• Pelv is acceleration & lumbar force 

• Identify areas for ATD pelvis 
design improvement 

~-----------------------------~ 
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Methods 
Model set up 

• LSTC Hill FEM 

• Rigid floor I seat 

• 5 point belt (100 N preload) 

• Varied pelvis material properties 
- Original LSTC Hill: *Mat_Viscous_Foam 

- Modification: *Mat_Low_Density_Foam 

• From LSTC ES-2re 

-;; 
Q. 1 

Compliant 1/4 ~ .. 
Nominal ~ 0.5 

;;; 
Stiff 5 

Results 
UBB relevant exposure conditions 

Case 1: F-Lo, S-Lo Case 2: F-Hi, S-Hi Case 3: F-Hi, S-Lo 

10 

i 1 o~ fob 
~ 5 ~ 5 ·o ·o 
0 0 
4i 4i 

lo<L.-- ---'--50,.---------10 > 0o 50 - --100 > 0o 50 10 

Time (m s) Time (ms) Time (m s) 

C N 
Floor Vz TTP Seat Vz TTP 

ase arne (m/s) (ms) (m/s) (ms) 
F =Floor F-Lo, S-Lo s = Seat 

3 9 3 13 

2 F-Hi, S-Hi 10 7 5 20 

3 F-Hi S-Lo 10 7 3 32 
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Methods 
Positioning and initialization 

• Positioned to reach target 
angles 

• Simulation time= 500 ms 
- KE reaches steady state 

1. Gravity load 
• Vertical loading 

• Pre-compress pelvis foam & spine 

2. Belt pretension 
• 100 N 

• Pretensions lumbar spine 

3. Raise floo r 
• Positions legs & avoids penetration 

Methods 

Angle(deg) 

Heel 

Knee 

Hip 
Frankfort 

Positioning and initialization 

• Positioned to reach target 
angles 

• Simulation time= 500 ms 
- KE reaches steady state 

1. Gravity load 
• Vertical loading 

• Pre-compress pelvis foam & spine 

2. Belt pretension 
• 100 N 

• Pretensions lumbar spine 

3. Raise floor 
• Positions legs & avoids penetration 

Angle (deg) 

Heel 

Knee 
Hip 

Frankfort 

Target 

90 

80 

80 
20 

Target FEM 

90 89 

80 80 

80 82 

20 16 

Diff 

-1 

0 

2 

-4 
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Results 
Kinematics 

Session 3, Presentation 4 
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Case 1: F-Lo, S-Lo Case 2: F-Hi, S-Hi Case 3: F-Hi, S-Lo 

UBB ·Low (sec) UBB ·High {sec) UBB • CM {sec) 
llone• 0~ ,..... '·' n..• o.s 

Results 
Pelvis acceleration & lower lumbar force 

40 60 20 40 20 40 
Tine (ms) Trne(ms) Ti"ne (ms) API.. 
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Results: Exposure conditions effects 
Pelvis acceleration & lower lumbar force 

20 40 
Ti'ne (ms) API.. 

Results: Exposure conditions effects 
Pelvis acceleration & lower lumbar force 

Pelvis Az (Up) 

~60m sso 
§ 40 
"; 30 
; 20 
~ 10 
~ 0 

F-Lo F-Hi F-Hi 
S-Lo S-Hi S-Lo 

Lumbar Fz (Compression) 

~6 +----
-;4 
:::! 
~2 

0 
F-Lo F-Hi F-Hi 

~--------------------------~5-L~o~~S-~Hi~~S~-L~o API.. 
12 
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Results: Exposure conditions effects 
Pelvis acceleration & lower lumbar force 

• Increase seat & floor velocity 
- +Pelvis acceleration 

- tLumbar force 

Pelvis Az (Up) 
~60 ,_ __ 

.950 tt--­
§40 -H--­
'; 30 
; 20 
tj10 
~ 0 

8 

Results: Exposure conditions effects 
Pelvis acceleration & lower lumbar force 

• Increase seat & floor velocity 
- +Pelvis acceleration 

-tLumbarforce 

• Decrease seat velocity 
-+Pelvis acceleration 

- +Lumbarforce 

8 

~6 t----t­
-;4 
:::! 
~2 

0 
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Results: Exposure conditions effects 
Pelvis acceleration & lower lumbar force 

• Increase seat & floor velocity 
- +Pelvis acceleration 

- tLumbar force 

• Decrease seat velocity 
-+Pelvis acceleration 

-+Lumbarforce 

• Increase floor velocity 
-+Pelvis acceleration ? 
- +Lumbarforce • 

Pelvis Az (Up) 
~60~-------.----
.9 50 -1---+­
§ 40 +------+­
'; 30 
; 20 
tj10 
~ 0 

8 
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Discussion: Exposure conditions effects 
Forced posterior pelvis rotation 
• Early (relative to seat) & significant 

loading to lower extremity 

1 Pulls pelvis down & forward 

2. Rotates the pelvis around belt 

3. Pulls the torso downward 

16 

Case 3: F-Hi, S-Lo 
overlay with 

Case 1: F-Lo, S-Lo 
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Discussion: Exposure conditions effects 
Forced posterior pelvis rotation 
• Early (relative to seat) & significant 

loading to lower extremity 

1. Pulls pelvis down & forward 

2. Rotates the pelvis around belt 

3. Pulls the torso downward 

• +lumbar Fz tension 

• +lumbar y-moment 

• .lumbar Fz compression 
spine loads & head-roof 

impact incidence 

- 5 e 6 x 1 

~ o _L~~::=::: t 4 ('-v/.-------, 
~ -5 ·"---/ ~ • 
E -····-·Case 1: F-Lo, S.Lo :0 2 / ..... - -.. -~ .• , 
3 ----·Case 3: F-Hi, S-lo ~ 

0 
__ ./.., _ _,.--~,./ --.. 

...J '
10o 20 40 60 :::l 0 20 40 60 

~--------T-im_e_(~m_s~) ----------------~T~im~e~(~m~s)~ ___ AN 
11 Mn. 

Results: Exposure conditions effects 
Pelvis acceleration & lower lumbar force 
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Results: Pelvis foam mat. properties effects 
Pelvis acceleration & lower lumbar force 

20 40 
Ti'ne (ms) API.. 

Results: Pelvis foam mat. properties effects 
Pelvis acceleration & lower lumbar force 

Pelvis Az (Up) 

t~~ w • compliant 
:U 40 • Nominal 
"iJ 20 • Stiff 
.:£ 0 

F-Lo F-Hi F-Hi 
S-Lo S-Hi S-Lo 

Lumbar Fz (Compression) 

-~~tw ~ 8 
., 6 • Compliant 

~ 4 • Nominal 
LL 2 • Stiff 

0 
F-Lo F-l-ii F-Hi 

~----------------------------~S~-L~o--S~-~Hi~~S-L~o~--APL. 
20 

C171 

10 



 

233 

 
 

Session 3, Presentation 4 
1/8/2014 

Results: Pelvis foam mat. properties effects 
Pelvis acceleration & lower lumbar force 

• Stiff vs nominal foam 
-+Pelvis accel 
- tLumbarforce 

Pelvis Az (Up) 

t~~- • Compliant 
iii 40 • Nominal 
"iJ 20 • Stiff 
~ 0 

F-Lo F-Hi F-Hi 
S-Lo S-Hi S-Lo 

Lumbar Fz (Compression) 

~~~ ~~ • Compliant 
~ 4 • Nominal 

LL 2 • Stiff 

O o 1 F-Hi 

~------------------------------S~-~Lo~~S~-H~i~S~-L~o~---~ 
21 

Results: Pelvis foam mat. properties effects 
Pelvis acceleration & lower lumbar force 

• Stiff vs nominal foam 
-+Pelvis accel 

-tLumbar force 

• Compliant vs nominal foam 
in high case 

-+Pelvis accel 

-tLumbarforce 
? • 

Pelvis Az (Up) 

t~~ a • compliant 
iii 40 • Nominal 
"iJ 20 • Stiff 
~ 0 

F-Lo F-Hi F-Hi 
S-Lo S-Hi S-Lo 

Lumbar Fz (Compression) 

-~~tE ~ 8 
., 6 • Compliant 

~ 4 • Nominal 
LL 2 • Stiff 

0 
F-lo F-l-ii F-Hi 

~------------------------------S~-~Lo~~S~-H~i--S~-L~o~---~ 
22 
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Discussion: Pelvis foam mat. properties effects 
Pelvis bottoming out 

23 

Discussion: Pelvis foam mat. properties effects 
Pelvis bottoming out 

• Compliant foam w/ F-Hi, S-Hi causes 
bottoming out at pelvis accel mount 

24 

Case 2: F-Hi, S-Hi 
50 
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Discussion: Pelvis foam mat. properties effects 
Pelvis bottoming out 

• Compliant foam w/ F-Hi, S-Hi causes 
bottoming out at pelvis accel mount 

Shows another area for stress 
concentrations to occur ~ 

Case 2: F-Hi, S-Hi 
50 

-s -50 

: -100 

Discussion: Pelvis foam mat. properties effects 
Pelvis bottoming out 

• Compliant foam w/ F-Hi, S-Hi causes 
bottoming out at pelvis accel mount 

Shows another area for stress 
concentrations to occur 

• Ischium stress concentration 

- When seat & floor velocities are similar 
• less pelvis rotation occurs 

t 

J . '..) " . 
A~ 

_ ...-::::: ~ -

~ 

Case 2 : F-Hi, S-Hi 
50 

Ill -50 
> 
: -100 

- 150ol---7:21lc-'=4~0 ==s:;-:'o 
Tlme (ms) 

~26~--------------------------------------APL 
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Summary 

• FEM application to characterize 
kinematics & pelvis-seat interaction 

- Response dependent on severity & timing 

- Pelvis accel & lumbar loads are sensitive to 
pelvis foam mat properties 

• Hill FEM has helped attribute non 
biofidelic response to design features 

- Hip constraint influences WB response 

- Stress concentrations at ischium & accel mount 

27 

Limitations & Next Steps 

• Trends only confirmed for these loading conditions 

• Is forced posterior pelvis 
rotation biofidelic? 

- Investigate hip constraint effects 

• FEM s imulation 

• PMHS test ing 

• Currently investigating these 
effects on lumbar & pelvis 
injury with human body model 
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BACK UP 
SLIDES 

Exposure conditions effects 
Forced posterior pelvis rotation 

32 

LS..OYNA keyword deck by LS·PrePost 
Ttme• 0.415 
Contours of Etfectiv• Str .. s (v-m) 
m~~xiP.value 
mln•0,00140212, at e1eml 51&05361 
mnii'0.122273, at eleml 51605310 

Frln~Le.,.la 

1.000..00 

1.000...01 

8.000.-tl1 

7.000.~1 

e.ooo.-01 
5.000..01 

4.000.-01 

3.ooo.-D1 

Z.000.-41 

1.000..01 

0.000..00 
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Pelvis foam MPs effects 
Pelvis bottoming out 

Two pelvis foam stress concentration locations 

1. Pelvis accel mount 

- Difference in seat & floor velocity 
• Pelvis rotation 

2. Ischium 

33 

- Similar seat & f loor velocity 
• Less pelvis rotation 

LSTC ES-2RE Pelvis Validation 
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Comparison to Experiments 
Pelvis accel and lower lumbar force 

- c..p 
- Co!Tl'ion --· -100 
- sur 

20 40 eo 20 40 
Thtn>l 1'111t t1\>J 

eo 

-15o~-----=2'oco----:4'oco---=so "15o:--------::2'="o---;;40';;-- ----;:eo 
~35~----------r-m_• _<m-•)------------L------------Tio--•I_M_•------~ 

Vertically Accelerated Load Transfer System 
Underbody Blast Simulator 

• Unique laboratory device designed to 
be an UBB simulator 
- Controlled accelerative impulse (simulate 

global rigid body motion), and deceleration 
impulse (simulate slam-down impact of the 
vehicle) 

- 50 inch x 60 inch high-strength aluminum 
table 

Threaded inserts on a 4 inch grid 
pattem 

High level iiTf>act energies achieved 
by propelling precision guided 
ballistic masses 
- Programming materials produce the desired 

pulse duration 

- Pressure level controlling the impact speed 
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Vertically Accelerated Load Transfer System 
Underbody Blast Simulator 

• Impact velocity range from 2 to 10 m/s with 

durations of 8 to 40 ms for the carriage 

- 7 to 16 m/s with durations of 2 to 10 ms for the 
lower leg 

• Able to match loading profiles recorded 

during live fire testing 

-~ 

1011 - ---••rv=oc-
¢ 1: 

Charge o Velocity Elastomerso Pulse Duration 

-I > II ll H » " -.... 
Ht lxid/!1 VAI.1"f""ivi"i11Cc.IOK..tiorr ,.w h - t""'d-~ 

tw.tsoO<ipllt*llo ~0111irrlli W8£p«W~r.SJ)on>9 

------------------------------------R~ 
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WARFARE CENTERS 

Numerical methods for large-scale 
simulation of tissue and tissue simulant 
response to blast, model validation and 

limitations 
Presenter: Raul Radovitzky 

Collaborators: Aurelie Jean, Martin Hautefeuille (MIT) 
Marina Carboni , Barry Decristofano, Michael Maffeo (NSRDEC) 

James Zheng, Virginia Halls (PEO Soldier) 
Phil Dudt, Alyssa Littlestone, Roshdy Barsoum (ONR) 

Workshop on Numerical Analysis of Human and Surrogate 
Response to Accelerative Loading 

Army Research Laboratory 
January 7..g, 2014 

II Iii ~ 
~·~·:·; 

Outline 

• Previous and ongoing work using low (2nd) order coupled 
Eulerian-Lagrangian methods for blast TBI analysis: 

- Hybrid Ill dummy blast tests (collaboration with NSRDEC) 
- ONR/Carderock manikin blast tests 
- Exploration of bTBI mitigation strategies (mask) 

• Limitations: 
- Gel stiffness vs brain tissue 
- Numerical methods: 

• Wave dispersion for low-order methods 
• A solution: High-order discontinuous Galerkin methods 

II Iii 
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A simulation study to assist the development of a 
standard blast test for head protection equipment 

• NSRDEC collaborators: Marina 
Carboni, Barry Decristofano, 
Michael Maffeo 

• Objective: use ISN simulation 
tools to: 

- Optimize sensor locations 
- Inform design of laboratory-

scale blast test using shock 
tubes 

• Status: 
- preliminary comparisons of 

simulation results with tests (no 
helmet) 

- CAVEATS! 

II Iii 

Hybrid Ill: Headform and Mounting 

Pencil 
gauge 

• 9 surface pressure gauges, PCB 
102806 

• 3 linear accelerometers Endevco 
7270a 6kg 

• 3 angular rate DTS 12k deg/sec 

~ 
~·~·:·; 

1/8/2014 
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From CAD model to FE mesh 

• Hybrid Ill without "flesh" 
• Collaboration with Navneet Sharma (Humanetics) 

5 

Blast Hybrid-Ill Manikin head 
interaction simulation 

Pressure (Pal-) ----, 
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;q;;., 
~·~,:·r 

distance (m) 

;, II• ti. I ~ •• I . J 12 Ill. JA , ... 

6 ;q;;., 
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Blast Hybrid-Ill Manikin head 
interaction simulation 

Session 3, Presenta ion 5 
1/8 2014 

• Front-facing blast with initial energy of 10 MJ at 2.3m 
standoff computed with ISN blast estimator and validated 
with CONWEP 

• Free-field pressure comparison 

Pressure (Po) 
, ,l,e+5 2e,+5 ~~y 2e+5 3e;t5 , 

o.'OOOo o.ooo1 o.ooo2 o.oooJ 
Tlme (s) 

7 ;q;;., 
~·~,:·r 

Sensor locations 

8 ;q;;., 
~·~·:·; 
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Comparison of test and simulation 

IOOOOOH 

00015 
Tlme (s) 

-
9 

1
- N"m 
- Shot-6 
- Shot-7 

•. ~ •• ---o= ----c= ;;--;;,;;:;'"""----c= ;;-=x---;;;/ 
Trn~(~) 

.~ •• ---;;= - = ;;--;;,;;:;.,,.,.----,= ;;-=,-----;;;/ 
TOne (~) 

~ 
~·~·~ .. 

Comparison of test and simulation 

o.Booo 0.0015 
l1me(sl 

- Num 
- Shot-fi 

o.Sooo 

10 

0.0015 
Tine (s ) 

- Num 
Shot-6 

~ 
~·~·~·; 
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Comparison of test and simulation 

11 

g 
~ J JOOOO 

o.Sooo 0.0015 o.oo:10 

~0000 

l 
~J»>DO 

l 

Probe I) 

0.0010 0.0015 0.0020 
Th'ot 41) 

Model validation against Carderock Dummy 
Blast Tests (Barsoum, Dudt, Littlestone) 

c 86 
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Pressure sensor locations 

I 
I 
I 

I I 

' ~2.5" ----.: 
I 0 I 

:-..- 4.0"-.: 
I I 

4. 75. ------.1 
~--------~~~ 

Top View 
------------~·~~ew 

II Iii 

Experimental findings 

• Side blast: 1/81b explosive , 3.5ft standoff 

Experimental Data, No Helmet 

25 r-----;---;-.---Fi-"-"'T--;=_=u:::=~.g:::::::e <>::::;]~ 

~~ 

1.0 1.5 
nme (msJ 

- Gage E 
- Gage N 

Experiment al Data, Helm et 

For side blast, the ACH noticeably 
reduces intracranial stresses 
II Iii 

~ 
~·.,:T 

~ 
~· .. ~., 
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MIT/DVBIC Full Head Model with ACH 11812014 

II Iii ~ 
~·~·:·; 

Model Modifications for validation 
tests: 

• Replaced tissue with simulants: 

II Iii 

- CSF, eyes, venous cavities, 
ventricles, GM, WM, glia, and 
sinus cavities replaced with 
Sylgard gel 

- Skull replaced with PVC 
- Skin, fat, muscle replaced with 

DragonS kin 

• Constitutive models for tissue 
simulants 

- Sylgard gel, DragonSkin: 
linear viscoelastic with Tait 
EOS 

- PVC: linear viscoelastic with 
Mie-Gruneisen EOS 

(188 
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Simulations of Carderock test: 3.5ft 11812014 

standoff (189 

• Approximate geometry: MIT/DVBIC FHM different from 
Carderock dummies 

• Approximate material properties for tissue simulants: 
Sylgard gel (brain tissue), PVC (skull bone) 

lllii ~i 

Comparison: Free-field pressure 
histories for different stand-offs 

r=-;;;1 
~ 

So u-., -,,--,,;...--, --n-..,--.J 
r-1"'"1 

r=-;;;1 
~ 

.~-.,,. 

"""'"'". 

II Iii 

[ k!- IS-enw lOOft 
"""'""""vs. romot 

II 
So ... 01 o) o• ,·,-,. 

~ ...... 

_ .,, --
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Comparison of simulation and 
experiment (3.5ft stand-off test) 

Session 3, Presenta ion 5 
1/8 2014 

,~ - Slfn Heild 

- Slrn tWmet 
ut • • bPI KHcl 

-- fJql( .....,.,... 

,,. 
i 

Semor f.) !I ft -·-

~G. lS ft 

------•• f:JcpcHe.td 
-·bpt_~ 

-- fllpt.""'* 

=~:: --·~r:::::=o::s===:;=;] 

1
-... ,. . . . . . ". 

-o) oJi •• o·a ,_,_, 

Limitations in geometry: Construction of 
actual manikin mesh 
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Limitation: Wave dispersion issues 
in low-order discretization methods: 

High-order discontinuous Galerkin 
formulations for accurate wave 
propagation in solid mechanics 

A. Rosolen , M. Hautefeuille, A. Jean, G. Becker 
R. Radovitzky 

High-order DG methods 

• FE revisited: 
- New nodal positions 
- New discontinuous basis functions 
- New quadrature rules 

P=8 

~ 
~·J•rr 

c 91 
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Basis functions and node positions 
... ,_ ..... , ~ .. ,_ .... ,, A ... -...... 
. . .. . . . . . . . . . . . . \} \}~ ~ 

·~-.. !liJ ·6-htp .. J .,,_,.QOI ·---~., 

~1 11 
_.,_,_...,.. plO-Nplllli) IPH-... lioll pU-Np~J 

"f111 
CP-Il-~ rH-~ tpoiS-.... lC-1 rK-~ 

1111 

Wave dispersion: h vs p refinement 

• Uniaxial stress and strain wave propagation in bi-material 
plate: PU, Kevlar 

non-uniform h-refinement (p=2) uniform p-refinement (p=9) 

c 92 
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'2 
~ 
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2 
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~ 

~ 
2 
c.. 
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Relevance of dummy tests to human 1182014 

injury: biomimicry of tissue simulants c 93 

• Explore differences of synthetic vs biological materials: 
- Sylgard gel vs brain tissue 
- PVC vs bone 

• Use Brain tissue nonlinear visco-hyperelastic model 
(Prevost et al, 2011) calibrated for pig brain tissue test 
data (Chen) 

Current (deformed) 
~ 

Sylgard gel stiffer than brain 
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100 
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; ~Ianikin head expetiment .. 
l i ~Manikin head sinmlarion -­
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Manikin head expeliment .... 
Manikin head simulation -­

with human brain --
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~ 
" c.. 

150 
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50 

0 

-50 

-100 

-150 

Sensor F 

Mati.ikin head expeliment ... · 
M anikin head simulation -­

with human brain --
-200 L__~~~~~~~~"----' 

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 

time (msec) 
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Mitigating brain tissue exposure levels 11812014 

with a face mask c194 

II Iii ~ 
~·~·:·; 

27 
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o· MIT Completed Test Articles 
AEROASTRO 

• Two helmet configurations tested 

Standard ACH ACHwith 
MTek FASTG-Series 

16.622 Final Presentation 6 15 
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16.622 Final Presentation 

L2 .. tl ..., II !I 

Pressure to Helmet Only Values 
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I 60[ 
__._ 

~ 401 

] 20l ~ 
----
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Lessons Learned 
Dictum! 

• BMP (Bone Morphogenetic Protein) 
Pros: Successful for segmental detects 

• Lovvcr t1 of operations 

• Probable ,J, intcction rate 

Cons: 
• Exc~ss bon~ t~mnation (HO) 

•? with V/\C 
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Introduction 
• Transforaminallumbar interbody fusion (TLIF): 

Posterior-only approach 
- Harms and Jcs;ensk~ . Orthop Traumatol I <NX . 

• Bone morphogenetic protein (BMP) 
- gained popularity 

- "idcly utilized inside I BD in ALl Fs 

• Reports - osteolysis w/ BMP use in TLIFs 
- McClellan ct al J Spinal Disord Tech. 200(, 

• No study has quantified the amount of osteolysis 
present at various time points and compared this 
to fusion rates 

C215 
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Objectives 

1. To determine the incidence and resolution 
of osteolvsis associated \vith the use of 
rhBMP-2 during transforaminallumbar 
interbody fusions (TLIF) at various time 
points 

2. Correlate the presence of osteolysis to 
fusion rates 
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College of Engineering 

WAYNE STATE 
UNIVERSITY 

SCHOOL OF MEDICINE 

Development & Validation of the Wayne State 
University Human Body Model (WSUHBM) 

Alan Goertz, David Viano 
Wayne State University 

WAYNE STATE 
UNIVERSITY 

Overview 

• Development & Validation (automotive) 

• Model Overview 

• Underbody Blast Application 

• Flexion Injuries & Posture 

• Conclusions 

WAYNE STATE 
UNIVERSITY 
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WSUHBM - Torso 

Thorax- Wang, H, 1995 & Shah et al, 2001 

1st version w/organs -lungs, heart and 
associated major arteries/veins 
(including aorta hemodynamic pressure 

effects) 

Anthropometry from Visual Human Project 

Validation- pendulum impacts lateral & 
sternum (Krull, 1974 & Viano, 1989) 

Shoulder- Iwamoto et al, 2000 

Anthropometry from Viewpoint Data labs® 

Validation- Lateral impacts: pendulum 
(Bendjellal, 1984), sled (Cavanaugh, 1993), 
side airbag (WSUfTRW) 

WAYNE STATE 
UNIVERSITY ~~ 

/cont 

tc ont WSUHBM - Torso 

Abdomen- Lee/Yang, 2001 & Lee, 2002 

Human Abdomen Model (WSUHAM) 

Anthropometry from Visual Human Project 

Validation- seat be~ loading (Hardy, 2001) 
and impacts: pendulum (Viano, 1989), 
armrest (Walfisch, 1980), & bar (steering 
wheel) (Cavanaugh, 1986) 

WAYNE STATE 
UNIVERSITY 

/cont 
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lcont WSHM04-1 -Whole Body 

Shah, 2002-2004, Integration of 
Shoulder (Iwamoto et al) 

Thorax (Shah et al) 

Abdomen (Lee and Yang) 

Modifications-
Improved mesh 

Extended abdominal skin 

Truncated arms to avoid validation contacts 

Added "blood" to the aorta 
Validation -Impacts: pendulum oblique chest, oblique 
abdomen, and frontal chest, armrest, bar (steering 
wheel) and mid abdominal seatbelt and airbag 

1c ont WSHM06-1 - Aorta 

Shah el al, 2005, Shah, 2007, Siegel el al, 2006, Siegel el 
al, 2010, Belwadi el al, 2011, Belwadi el al, 2012, 
Refined WSHM04-1 leg joints, respiratory & cardiovascular 
system & reintroduced :V. arm 

Validation- Aortic stress, aortic arch haemostatic pressure, 
and average maximum principal strain (AMPS) 

Vehicle-to-vehicle impacts into driver side door 

Indy race car lateral impact (Begeman and Melvin, 2002 -
MADYMO) 

Session 4, Presentation 2 
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WSU LLMS-Lower Extremity 

Beillas et al, 1999, 2001, 2004, 2007 

• Lower Limb Model for Safety (LLMS) from CT & MRI of subject 

llaut R.C. na1.(!99S) 
90" ... knn: lla ie1al.l 
90"knttan k Ban Jmaicrctal. 1?99 
90"lnoxan It Viall0tta1.(1978 

Standin 'tion Ka'~eret al. 1?90 
Standin ilion Ka·~eret al. 1993 

·~ 

WSUHBM V3- Lower Extremity 

·~· 

Session 4, Presentation 2 
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Suresh et al, 2012, "Finite element evaluation of human body response to 
vertical loading," WCCM 2012 

• Re-meshed lower extremities in higher detail 

'v'lmole body vertical drop test w ith varied lower 
leg flexion/extension 

• 120g for 1 Omsec 

• Validation - n/a 

• Comparison w ith Hybrid-Ill lower extremity response 

Femur shear force and bending moment 500-1 OOON 
& 200-300N*m (ATD 2.6-6.7kN & 400-1000N*m) 

Upper tibia axial force 2.3-3.4kN (ATD 8-10kN) 

Lower tibia ax ial force 3.9-4.5kN (ATD 10-12kN) 

WAYNE STATE 
UNIVERSilY 
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Overview 

• Development & Validation (automotive) 

I· Model Overview 

• Underbody BlastApplication 

• Flexion Injuries & Posture 

• Conclusions 

WAYNE STATE 
UNIVERSITY 

WSUHBM - Statistics 

LS-DYNA 

Whole Body 

Part Count - 432 
Nodes - 275,000 

Shells - 110,000 
Solids- 200,000 

Upper- Lower Body Distribution 

Upper Body (to Distal Femur) 
Nodes - 180,000 

• Shells - 70,000 
• Solids - 130,000 

Session 4, Presentation 2 
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Lower Extremities (from Distal Femur) 

Nodes - 95,000 
Shells - 40,000 

Solids- 70,000 
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WSUHBM - Hierarchy 
Model Numbering & Naming Protocol 

10 8odyRq;ion Abb e 10 Structure Abbr 10 ""'"" I' ~t1.1sed fbo:t~re "' I Whole Area w' I Righ 
2 ' 'NholeBooy w' 2 llesscli v. 2 left/CervaiSpine 
J' He~(l, foilce, & Nl!('.k llo J Nerves "' J 8ila1f:f,)i 

4 Thora- {diaphragm & above) ,, 4 Organs!lrdmt.scle/tencon) O• 4 C!!ntr.JV'fhoro~cic. Spine 

5 Abdomen (mcludinf: pl!lvicregion) Ab 5 Skeleul (inclc.o~rtildge) Ski 5 M terior/front/ventral 
6 S9•ne Sp 6 Joirt(lnclligaments) "' 6 Posterior/bac.k/dorsaVl umbarSpil'le 

7 UpperErtrem•ty UE 7 Instrumentation lnst 7 Superior/upper 

8 lowerhtremiry " 8 ""'" O<h 8 lrferiorflower{Sdcr<JISpil'le 

9 UnspeCified (ertem.Jito .an.1to mv Uf"SP 9 Skin(inclsubcL·Uneous "" ' Unk11own/multipleregions 
i .e.dmhirg) tissue) 0 Whok!regiort(ll'\clud lns wholespinoi~l 

· ·varies fran AIS coding cord) 

Based on Body Regions for AIS Coding 

Number Protocol - Nodes, Elements, Parts, Materials, . 
- [Body Region][Structure][Aspect][Sequential Numbering #] = BSA##### 

Name Protocol [Body Region]-[Structure]-[Aspect]-Description 

Examples: 

- Number: 85200021 Name: LE-Ski-L-Tibea 

Avoids ID conflicts when updating body regions 

WAYNE STATE 
UNIVERSITY 

/cont 

WSUHBM - Hierarchy 

Flexible configuration 
Vary posture with alternate NODE file 

Ut ilize symmetry 

WAYNE STATE 
UNIVERSITY 
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WSUHBM- Performance 

WAYNE STATE 
UNIVERSITY 

•U . 

Overview 

Optimization 

Full: 6-7 minims 
• 24-cores 
1x 
Half : 3-4 minims 
• 24-cores 

2x 
Quarter: 1-2 
• 8-cores 
5x (8-<:ores) 
(3 x 8-cores) 

15x ---

• 24-core Opteron 61xx 
server, single precision 

• Development & Validation (automotive) 

• Model Overview 

I· Underbody Blast Application 

• Flexion Injuries & Posture 

• Conclusions 

WAYNE STATE 
UNIVERSITY 
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UBB Application - Lower Leg 

Dong, Zhu et al, 2013, "Blast effect on the lower extremities and its 
mitigation: a computational study," Journal of the Mechanical Behavior 
of Biomedical Materials 

WAYNE STATE 
UNIVERSITY 

/cont 

lcont UBB Application - Lower Leg 

Validation - tibia axial force and accelerat ion 

- Impactor 7.2-11 .6m/s, F = 5-7kN (McKay, 2009) 

- Vtoot = 20m/s, Accel = 450g, w/fracture (Jin, 2013 submitted) 

: .. :::::;: ·:~ 
;: ,_ ........,.., ·- J 

• • • • 0 • 0 

i~Lt;J 
WAYNE STATE 

UNIVERSITY 
/cont 

4 • f ~ ll W M 1f ~ .......... 
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UBB Application - Spine 

WSUHBM spine validation target 
• Axial load L3-L4. 9g vertical acceleration test (Prasad. 1974) 

Prasad, P . .(1974),"The c:t,narnic response of the ~ine dLfi'lg +Gz acceleration·, 
Ph.D. ThesCs,Wayrrest<i:eUniversly, Detrol. 

l<ing,AJ ., Wlcan, P .,(1971 ),"Eiastic deformation 
d'laracteristics of the spile•, J Bomecharics, 
(4), 413-29 

WAYNE STATE 
UNIVERSilY 

Ieoni UBB Application- Spine 

Validation of WSUH BM under vertical acceleration - work-in-progress 
Target: PMHS spine loads from Prasad ejection seat tests (WSU,1973) 

Fz (L3-L4) vs. Time 
Run 304, 9g, Upright Mode, PII'HS (Wt 1001b) 

c 
~ 400 
'ii 
u 
~ ~ 

.3 
- PMHS -WtNomlllized 

- WSUHB MSirnNion 
u .goo .... 
<: 

- (PJrlliS -IVLC) 

-1000 

-1200 
0 50 100 150 200 250 

WAYNE STATE 
Time (ms) 

UNIVERSilY 
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Overview 

• Development & Validation (automotive) 

• Model Overview 

• Underbody BlastApplication 

I· Flexion Injuries & Posture 

• Conclusions 

WAYNE STATE 
UNIVERSITY 

Posture Tolerance 

Comparison of fracture tolerance with other 
postures under +Gz impact acceleration 

Spinal Posture 
(seated) 

Hyperextended 

Upright (Normal) 

Flexed 

Fracture 
G-level 

17.8 ±5.6 

10.4 ±3.8 5 

9.0 ±2.0 3 

61.0 

54.3 
EINing C.L., King, A .l., Prasad, P.,(1973),"Structural considerations of the human vertebral column under 

+Gz impact acceleration". ONR N0001 4-69-A-0235 

WAYNE STATE 
UNIVERSITY 
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Flexion Injuries 

Thoracolumbar spine fractures 
• OEF Theater, NATO, Mounted, lED attacks, Jan-May(2008) 

Fracture Type Spine 
Posture I Distribution 

Chance 

Compression 

Burst 

Hyperflexion 5 

Flexion 

Upright 

5 

3 

42% 

42% 

25% 

Ragel , B .T. , Allred, C .O., Brevard, S., Oa...;s, R.T., Frank, E.H., 2009. Fractures of the thoracolumbar spine 
sustained by soldiers in vehides attacked by improvised explosive devices. Spine 34, 2400-2405 

WAYNE STATE 
UNIVERSITY 

Flexion Injuries 
Denis Three-column Spine 

~' ·· · ~ 
Fracture loading (primary) 

( 

} . ( '}l ~'I 
enls. F., 1983. The three column spine and Its 

slgnftleanee In the classlneatlon of aciie 
thoracolumbar spine injlrtes. Spine 8. 817·31 

WAYNE STATE 
UNIVERSITY 

Compression 
Anterior 

Chance 
Posterior 

Burst 
Anterior 
& Middle 
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Flexion Injuries 
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Avulsion Fracture Compression Fracture 

ION 

COMPRESSIO 

• F Net Compression = F"Nutcracker" + F inertial 

•Failure Mode 
• Compression Fx - "nut cracked" 
• Avulsion(i.e. Chance) Fx - hinge fai ls 

WAYNE STATE 
UNIVERSITY 

Overview 

LIGATURE 
..&'-'~ .. TENSION 

IAR 

• Development & Validation (automotive) 

• Model Overview 

• Underbody BlastApplication 

• Flexion Injuries & Posture 

I· Conclusions 

WAYNE STATE 
UNIVERSITY 
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Conclusions 

Observations and Conclusions 

Three-column spine characteristics are important to Theater injuries 

- High prevalence of flexion-related fractures 

Three-column "#Single-column spine 

- Flexion/"Nutcracker" force may increase spine compression 
beyond accelerative inertial loading 

Path forward, physical surrogate will be challenge 

- Numerical models best near term 

- WSUHBM single/double-column to three-column 

1. Flexion 

2. Extension 

Session 4, Presentation 2 
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WAYNE STATE 
UNIVERSITY 

:.- ~ r Accelerative inertial loading 

~~~~~~~~ Flexionf'Nutcracker'' ,J 
~-+-L~4~~~~~--4 

WAYNE STATE 
UNIVERSITY 

Tirre(ms) 

The End 
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• Human Anatomic Variability 

II .,.~.~~i;:6·;~t> 
loii~THORACICP£DICUS 

u·u6 o~o 6-6 ro 6 
l ,~ t>DDD Ca~6 ...... ~ 0 ~ 0 Q G Q 6 
I l l I i I I 
I "·~ OQDD~()©O ..... on fi .1_q o ~ o 
"""' l> 0 i) 0 0 c 0 c n '"~ D Q ~ Q 0 ~ 0 

., .... Q)t»>O O©©(Q ""'t D D D 0 0 C ~ 
Panjabi et al 1997 

WAYNE STATE 
UNIVERSilY 

• Human Anatomic Variability 

.. 

.. 
20 

10 

0 15 30 45 60 15 w 

41~ I ' : 
fiQLI~l.4 TMOtl(fllahCIIIOflwmbarzY91~aljoln" 
wrttlr«p«ttotllc~rUalplar!f:ll!ciclef!UbyiNoelUia~d011 
HorwrU and Srrutll t94()1tl, .. 1:"-'S.. or~latiOIIIdtgrtn fr0111 

wgrttal plane). yur\, proportoon of ~ens ihowrng 
poot1w:u'arootntatron. 

WAYNE STATE UNIVERSilY Bogd"k 1985 
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LOWEA THORACICPEDICLES 

... ,. t£nrfoaac 

..... ;DDDG 1~QO~, 
...... Th~~~~~~~ 
, ... DDDOQ~~G 
... m 0000 GOG() 

" ,--------­
" +------1 

12 t--1- ----.--
10 t--1--~---1 

L1!L2 l 21l3 L3!\.4 L41L5 L51'S1 

Segment FtexJExt Range-of -Motion 

25 ,_-------

:: I I ! I 
i 1 + I i 

10 I , 

L11L2 L2/L3 L3!L4 L41L5 LSIS1 
• Mean (±sd) 

Pearcy, 1984 
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MCW- PMHS vs. Hill 
Pintar, F.A. , Hallman, J.J., Yoganandan, N.,"Medical College of 

Wisconsin: Comments Baseline," WIAMan Briefing 06-DEC-2011 

Compare Sacrum, T1 , & Head Accelerations 

- PMHS 

- Hybrid-Ill ATD (curved lumbar spine) 

- SID-HIII ATD (straight lumbar spine) 
:~ - '41~ . == 

·f 

~~ . -. . - -. . . . . 

;~ . -. -:--
-. 

'•""' MCW- PMHS vs. Hill 
MCW PMHS & Hil l Physical Test Accelerations- Seatpan 

MCW Lumbar Spine Biofidelity Study· PMHS vs. Hill 
20 

0 

§ -20 

r: 
~ -40 

!! .. 
Qi 

-60 
t..> 
t..> 
< -80 

-100 

-120 
0 10 

WAYNE STATE 
UNIVERSITY 

/c ont 

20 30 40 50 

Time(ms) 
60 

- SiedPMHS 

- Seatpan PM HS 

··- Sled Hill 

--- Seatpan Hill 
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MCW- PMHS vs. Hill 
MCW PMHS & Hill Physical Test Accelerations 

MCW Lumbar Spine Blofidellty Study · PlllliS vs. Hill 

- SiedPMHS 

Session 4, Presentation 2 
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§ -20 -seatpan PMHS 

c 
0 40 
~ 
"' -60 o; .., 

- Sacrum PMHS 

- T1 PMHS 

- HeadPMHS 

- -- Sled HIl l .., 
C( .so --- Seatpan Hill 

- - - t;acrum Hill 
-100 - -- T1 Hill 

-120 --- Head HIll 

0 10 20 30 40 so 60 

WAYNE STATE 
llme (ms) 

UNIVERSITY 
/cont 

Appendices 

WAYNE STATE 
UNIVERSITY 
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WSUHBM • Thorax 
Wang, H, 1995, "Development of a side impact finite element human 

thoracic model ," Ph.D. thesis, Wayne State University, Detroit, Ml 

• 1st version w/organs -lungs, heart and associated major arteries/veins 

• Anthropometry from Visual Human Project 

Validation -lateral pendulum impacts (Viano ,1989) 

Shah et al , 2001 , "Development of a computer model to predict aortic 
rupture due to impact loading," Stapp Car Crash Journal Vol45, SAE 
Paper No.: 2001-22-0007 

• Modified aorta to include hemodynamic pressure effects 

• Validation - side impact 
Sternum pendulum impact (Kroell, 1974) : 
-20kg @ 4-1 Ornls producing F = SkN 

Lateral pendulum impact (Viano, 1989) : 
23.4kg producing F=3.5kN 

WAYNE STATE 
UNIVERSITY 

WSUHBM · Shoulder 

Iwamoto et al, 2000, "Development of a finite element model of the human 
shoulder," Stapp Car Crash Journal Vol. 44, SAE Paper No .: 2000-01-
SC19 

• Model scaled from CAD (Viewpoint Data labs®) 

• Integrated with Wang (1995) WSU thorax, WSU simple head & simple 
abdomen, WSU pelvis, and Hybrid Ill hands & lower extremities 

• Validation - side impact 
Pendulum impact: 23kg@ 4.5m/s producing F=3kN (Bendjellal, 1984) 

Lateral impact: sled@ 6.2-8.6m/s producing F = 2-4kN (Cavanaugh, 1993) 

Side airbag: 1 00-250g peak shoulder acceleration (WSUfTR'N) 

WAYNE STATE 
UNIVERSITY ,.,. ... __ ..__ 
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WSUHAM • Abdomen 
Lee/Yang, 2001 , "Development of a finite element model of 

the human abdomen," Stapp Car Crash Journal Vol . 45, 
SAE Paper No.: 2001-22-0004 

Human Abdomen Model (WSUHAM) 

Derived from scaled Visible Human Male Project 
Validation- side impact & narrow frontal impact (steerin 

23.4kg pendulum 3" below sternum 5-10m/s producing F = 2-7kN (Viano, 1989) 

1 or 2m lateral freefall to armrest 4-9m/s producing 30-90g T12 peak acceleration 
(Wa~isch , 1980) 

Bar fronta l impact@ T1 producing 2-15kN (steering wheel rim) (Cavanaugh, 1986) 

lcont WSUHAM • Abdomen 
Lee, 2002, "Development of a finite element model of 

the human abdomen," PhD Thesis, Wayne State University, Detroit 

Validation side impact & narrow frontal impact (steering wheel/belt) 
As Lee/Yang (200 1) 

UNIVERSITY 

C236 
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WSHM02-1 -Whole Body 

Wayne State Human Model Version 2002-1 (WSHM02-1) 

Integration of 

• Shoulder (Iwamoto et al, 2000)- PAM-CRASH 
• Thorax (Shah et al, 2001) - LS-DYNA 

• Abdomen (Lee and Yang, 2001)- PAM-CRASH 
By Shah- A.K.A Wayne State Human Body Model (WSUHBM) 

Validations- none (relied upon component level) 

WAY I 
UNI 

/coni 

/cont WSHM04-1 -Whole Body 
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Shah, 2004, "A partially validated finite element whole-body human model 
for organ level injury prediction," Proceedings of IMECE04, 2004 
ASME International Mechanical Engineering Congress 

• Modified- version of WSHM02-1 
Improved mesh 

Extended abdominal skin 

Truncated arms to avoid validation contacts 

Added "blood" to the aorta 

Validation - frontal !belt. airbag. steering wheel) 
Mid-abdominal seatbelt & airbag: 2-20msec, F = 3.5-4.5kN. 
Abdominal penetration= 3-4in, (Hardy, 2001) 

19 
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/cont WSHM04-1 -Whole Body 

Shah, 2004, "User's manual whole-body human finite element model," 
Bioengineering Center, Wayne State University, Detroit, MI . 

• Validation- frontal/oblique (pendulum impacts, loading 30-50msec) 
Oblique chest: 23.4kg@ 6.5mls, F = 5kN peak, 100mm deflection (Viano, 1989) 

- Frontal chest: 23.1kg@ 6.5mls, F=4kN peak, 60mm deflection (Kroell, 1974) 

- Oblique abdomen: 23.4kg@ 6.5mls, F=4kN, 75mm deflection (Viano, 1989) 

Validation- abdomen !steering wheel. side arm rest! 
Abdomen bar impact: 32kg@ 6.1mls, F=4kN,120mm deflection (Cavanaugh, 1986) 

- Vl.1-lole body drop: 1m drop (4.4mls), F=5kN (Walfisch, 1980 IRCOBI) 

/cont WSHMOG-1 -Whole Body 

Shah el al, 2005, "Analysis of a real-world crash using finite element 
modeling to examine traumatic rupture of the aorta", SAE Paper No. : 
2005-01 -1293 

• Refined WSHM04-1 leg joints, respiratory & cardiovascular system 

Validation - side impact !aortic stress! 
Vehicle-to-vehicle impact into driver side door 

PDOF 240 degrees, Impact velocity 14m ph 

Metric: Aortic stress 

C238 
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Ie oni WSHM06-1 -Whole Body 

Shah, 2007, "Investigation of traumatic rupture of the aorta (TRA) by 
obtaining aorta material and failure properties and simulating real-world 
aortic injury crashes using the whole-body finite element (FE) human 
model," PhD. Thesis, Wayne State University, Detrort 

A KA Wayne State Human Body Model-l I (WSUHBM) 

Refined WSHM04-1 (Validation follows) 
Aortic injury investigation 

Reintroduced 314 arm 
refined abdomen, respiratory & cardiovascular system 

Added kinematic joints for hip , knee, and ankle 

J, .. 

I 
.J.. ' J ' - Sphenc:al Jomta 
~--

Ie oni WSHM06-1 - Whole Body 

Siegel el al, 2006, "Computer simulation and validation of the Archimedes 
Lever hypothesis as mechanism for aortic isthmus d isruption in a case 
of later impact motor vehicle crash: a Crash Inju ry Research 
Engineering Network (CIREN) study", J Trauma Injury, Infection, and 
Critical Care, 1072-82. 

Va lidation- side impact lhaemostatic pressure! 
Vehicle-to-vehicle impact into driver side door 

PDOF 260 degrees, Delta-V 46kph 

Metric: Aortic arch haem astatic pressure 

C239 
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Ieoni WSHM06-1- Whole Body 

Siegel el al , 2010, "Analysis of the mechanism of lateral impact aortic 
isthmus disruption in real-life motor vehid e crashes using a computer­
based finite element numeric model: with simulation of prevention 
strategies", J Trauma Injury, Infection, and Critical Care. 

Investigate efficacy of side impact mitigation schemes (i.e. airbag) 

Validation - side impact (haemostatic pressure) 
Veh1cle-to-veh1cle a-ashes [CIREN) 

Delta-V: 59 and 45kph (37 and 28mph) 

Metri c: Aortic arch haemostatic pressure 

J. 
v · .. ·~·~··~ 

/cont 

Ieoni WSHBM-11 -Whole Body 
Belwadi el al, 2011 , "Finite element reconstruction of real world aortic 

injury in near-side lateral automotive crashes with conceptual 
countermeasures," PhD Thesis, Wayne State University, Detroit. 

Belwadi el al , 2012, "Finite element aortic injury reconstruction of near 
side lateral impacts using real world crash data," J of Biomech Eng. 

Validation - side impact (aortic pressure & strain) 

- compared metrics to real-world crash outcomes 
Average max1mum pnnc!pal stra1n [AMPS) 

- Maximum pressures in the aorta 

C240 
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/cont WSHBM-11 -Whole Body 

Belwadi el al, 2012, "Aortic mechanics in high-speed racing crashes", SAE 
Paper No. 201 2-01-0101 

Evaluate 6-point harness and shoulder pad 

• Validation- side impact !aortic pressure . strain. & kinematics. 
thoracic deformation) 

WAY I 
UNI 

Indy race car lateral impact (Begeman and Melvin, 2002- MADYMO) 

Delta-V 86.9-104.6kph (54-65mph) 

Metric: Aortic haemostatic pressure, ave max principal strain (AMPS) (vs Belwadi, 
2011 ), aortic motion and deformation of the thorax. 

WSU LLMS-Lower Extremity 

Lower Limb Model for Safety (LLMS) from CT & MRI of subject 

Beillas et al, 1999, "Foot and ankle finite element modeling using CT -scan 
data," 43"d Stapp Car Crash Conference, SAE Paper No .. 99SC11 
[affiliated with Wayne state University] 

Beillas et al, 2001 ,"Lower limb: advanced FE model and new experimental 
data," 451h stapp Car Crash Conference, SAE Paper No .. 2001-22-
00022 

WAYNE STATE 
UNIVERSITY 

/cont 
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lcont WSU LLMS-Lower Extremity 

Beillas et al, 2004,"A new method to investigate in vivo knee behavior 
using a finite element model of the lower limb," 451h Stapp Car Crash 
Conference, J Biomech, 37, 1019-30 

Hopping on one leg, flexed knee 

Validation- kinematics during hop 
Joint angle 

- Joint displacement 

WAYNE S 
UNJVE~ro 1 

/cont 

/cont WSU LLMS-Lower Extremity 

Beillas et al, 2007,"Sensitivity of the tibio-femoral response to finite 
element modeling parameters," Computer Methods in Biomechanics 
and Biomedical Engineering, 209-21 I 

Hopping on one leg, flexed knee 
- Prescribed femur motion 
- Prescribed ground motion -peak 2500N 

Simulated muscle forces 

Validation- joint angles 

WAYNE STATE 
UNIVERSITY 
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Overview 

• Development & Validation (automotive) 

• Model Overview 

• Underbody Blast Application 

• Flexion Injuries & Posture 

• Conclusions 

WAYNE STATE 
UNIVERSITY 

'=•• MCW - Baseline Pulse 

MCW PMHS Physical Test Accelerations 

20 

-20 

-40 

-60 

-80 

- n 
-100 

-120 

10 20 30 

Note: Subject sustained a pelvic ring fracture 

WAYNE STATE 
UNIVERSITY 

- He ;ad 

40 50 
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/cant MCW- PMHS vs. Hill 

MCW PMHS & Hill Physical Test Accelerations- Sled 
MCW Lumbar Spine Biofidellty Study · PMHS vs. Hill 

20 ,----

0 

~ / § -20 

c: \. / 0 -40 
i 

._ 
.... .. -60 o; 
<..> 

- SiedPMHS 

--- Sled H Ill 
<..> 
o4: .so 

-100 

-120 
0 10 20 30 40 so 60 

WAYNE STATE 
Time(ms) 

UNIVERSITY 
/cont 

/cant MCW- PMHS vs. Hill 
MCW PMHS & Hill Physical Test Accelerations- Seatpan 

MCW Lumbar Spine Blofidellty Study · PMHS vs. Hill 

§ -20 

c: 
0 -40 

~ .. -60 o; 
<..> 
<..> .so o4: 

-100 

-120 
0 10 

WAYNE STATE 
UNIVERSITY 

/cont 

- Sied PMHS 

-seatpan PMHS 

--- Sled Hill 

--- Seatpan HIll 

20 30 40 so 60 

llme (ms) 
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/cant MCW- PMHS vs. Hill 
MCW PMHS & Hill Physical Test Accelerations- Sacrum 

MCW Lumbar Spine Biofidelity study - PMHS vs. Hill 

§ -20 

c: 
0 -40 

~ ., 
~ o; 

(.) 
(.) .so ct 

-100 

-120 
0 10 

WAYNE STATE 
UNIVERSITY 

/cont 

zo 30 

Tlme (ms) 
40 so 

-seatpan PMHS 

- Sacrum PMHS 

--- Seatpan Hil l 
--- Sacrum HIll 

60 

/cant MCW- PMHS vs. Hill 
MCW PMHS & Hill Physical Test Accelerations- T1 

MCW Lumbar Spine Blofldellty Study - PMHS vs. Hill 

····---v.,., ~~I -... ~---w--~ . :~-~-~'!An . ,. .,---. 
+------t~:~,TP· ~~~~~~w~--------

: I ~ 
o Jo 

20 

0 

§-20 
c: 
0 -40 

~ ., 
~0 o; 

(.) 
(.) .so ct 

- Sacrum PMHS 

- T1 PMHS 

-~-----PeakTl --- Sacrum HIII 
r---------'\Irt1;t:::;;;;;;;;;;;;ii--"""":::::..,"<ccelteration -- T1 HIll 

-100 

-1 20 
0 10 zo 30 40 50 60 

WAYNE STATE 
UNIVERSITY 

Tlme(ms) 

/co nt 
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Ieoni MCW- PMHS VS. Hill 
MCW PMHS & Hill Physical Test Accelerations- Head 

MCW Lumbar Spine Biofidelity Study- PMiS vs. Hill 

§ -~ ~------~~~~~~~:_ __ __ 
1: 
0 40 +----------r~~--~~-----------

~ - T1 PMHS 

~ ~ +---------~~1#-------~~------- - Head PMHS 

--T1 Hi ll u 

~ ~0 +----------4~~~~------------- --- Head Hill 

0 10 

WAYNE STATE 
UNIVERSilY 

20 30 40 so 60 

Time(ms) 

WSUHBM -Simulations 

Solid- Posture 1 
(Upright pelvis) 

Wire- Posture_2 
(Reclined pelvis) 
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/cont WSUHBM- Simulations 
~CWSeatPan 

JL..MCW T1 

S -'Jliii-Tl acrum DWSUTlPosture_l 
.,L.WSU Tl Posture_2 

Tlrrwi C-1 
PMHS sustained a pelVIc ring fracture 

WAYNE STATE 
UNIVERSITY 

/cont 

,•w--•·-

.. ---··--

1-­
L 

/cont WSU HAM - Simulations 

T1 

-100 

-no 
0 

WAYNE STATE 
UNIVERSITY 

/cont 

.£J4CW Seat Pan 
JL..MCWTl 
-'Jliii-Tl 
D WSU Tl Posture 1 

.,L.WSU Tl Posture) 

Tlmotl-.cl 
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Head 

-20 

... 

lc••• WSUHBM- Simulations 
~CWSeatPan 

JL..MCW T1 
-'Jliii-Tl 
D WSU Tl Posture 1 

.,L.WSU Tl Posture) 

I . 

' 
~ . .. -.--.1·-

1-·-
.4:-_._-±-~-:l:--''--,:I:-.......J ;_,_ 

JO 40 SO 

WAYNE )TATt 
UNIVERSITY 

/cont 

-0 

leo•• WSUHBM- Simulations 

WAYNE STATE (in failure range for cortical bone - 125-175 MPa) 

UNIVERSITY 
/cont 
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• WSUHBM Posterior Spine 
& Ligature 
- Human highly variable 

- Rigid beams/belts 

- Parametrically defined 

T.W.:t..Y ... ,f.,.___.._.. ____ __ ---
'?' 
t .. .. .. 
~ ~ .. ., ... .. 
t 
t: :: " ~ !ill = .. --·---·- .. _____ .... ----..-· ----.. -· 

Gilad & Nissan, 1985 
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Adapting Automotive-based Finite Element 
Models of Lower Extremity for High-Rate 

Impact Simulation of Occupants Subject to 
Under-Vehicle Blasts 

Matthew B. Panzer, PhD 

RobertS. Salzar, PhD 

Introduction 

• Roadside IEDs are a threat to military vehicles and their 
occupants 

• Under-vehicle blast or under-body blast (UBB) 

• Severe fractures to the foot-ankle-lower leg account for 
over 80% of all UBB skeletal injuries (Ramasamy, 2011) 

• Severe foot and ankle injuries are also prevalent in frontal 
automotive impacts (crandall, 1994) 

• Axial loading is the hypothesized injury mechanism 
• How are these impacts different? 

(250 
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Introduction 

• Automotive occupant foot-ankle-leg loading in crash 
• Large stroke, moderate rate 

Acceleration (G's) 

-·200 Tocpan4e>-Vchlcle 57 kph 
GO • "40GTocpon4e>-Vehlcle 40g (35 mph) 

40 
- 25G Vehlcle4~~ 

....... 
20 

-20 

-40 

50 100 
Tme(ms) 

Crandall et al.,1995 

Introduction 

• Occupant foot-ankle-leg loading in UBB? 
• Short stroke, high rate 

Displ = 3.0 em 

Salzar et . 2013 

( 2 51 
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Questions 

• Can we use experience with automotive injury 
biomechanics to better understand military injuries? 

• Many human body models (HBM) developed for automotive 
injury biomechanics 

• How well do automotive-based models perform in 
military environment? 

• can these models be modified for a loading regime that they 
were not initially designed for? 

Objectives 

• Evaluation of existing automotive-based finite element 
(FE) models of the human and Hybrid-Ill lower leg for 
predicting the response and injury caused by UBB 

• Modifications made to the model to improve their 
response for UBB loading 

•Identification of areas of future research on model 
development and testing 

( 252 
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FE Lower Leg Models 

• Human model 
• Phase 1 GHBMC lower extremity FE model developed by UVa 

(UVA is Center of Expertise for the lower extremity and thorax) 
• SQth percentile male (175 em, 77 kg) (Gayzik et a l., 2009) 

• Shin et al., 2012. ABME 

• Hybrid-Ill model 
• Hybrid-Ill (soth percentile male) lower extremity FE model 

developed by NCAC (GWU) and LSTC 
• Hybrid-Ill is a commonly used ATD in current UBB testing 
•Included with LS-Dyna license 

FE Lower Leg Models 

12 

•• 

OA 

~ 
j 

-- A~RmrT*'LINHAm 
• PooucriorTN!tui!PTTI 
• C~t<T•• 
• A.,.,...TM!bubfrATV'I 

_....,_ 1\llokr...- Talo(ibuW !PT.t=) 
• Cal..~nllr!Cfl 

-- "*'-roNof,tuJariA1if.) 
.-- 1\Nm.xTibKII'illllbf!Pllfl 

! ;_ . ...;-. -:?--
~,;J-"' Dcflo."1JOO fmml 

.~~--~--------~~~~ 
0 !i 10 

(253 

4 



 

315 

 
 

Session 3, Presentation 3 
1/8/2014 

FE Lower Leg Models 

• Human model 
• Skeletal model 

Elastic-plastic constitutive models 

Mesh resolutions 
Tibia -3.8mm 
Fibula - 2.2 mm 
Calcaneus- 4. 7 mm 
Talus-4.1 mm 

, .......................................................................................................................... , . . 
: Tibia & Fibula modeling Solid cortic.~l shaft : 

I SoUd cancellous { I 
i -- I l ..... :~::.~.~:~:: .................................................................................................... .J 

FE Lower Leg Models 

• Human model 
• Validation of lower leg 

• Quasi-static (Range of motion) 

• Dynamic 
• Injury Model ass essments 

Validation 

Forefoot 1mpact 

Axial rotabon 

Ax•alrotation 
• preload 

Ax1al 1mpact 

Axial impact 
• Ach1Des 

X version 

xve ..... 
+preload 

UVA~HBMC 

X 

X 

X 

X 

X 

X 

X 

X 

1 nJury Bony fracrure x 

predi<:tions Ligament fa1lure X 

Mass: 4.1 7 kg 
Parts: 115 
Nodes: 38,172 
Elemen1S: 44,548 
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FE Lower Leg Models 

• Hybrid-Ill model 
Mass: 5.02 kg 
Parts: 15 
Nodes: 17,293 
Elements: 18,411 

Structural members (steel 
components) are linear 
elastic. 

Leg flesh and foot ts modeSed 
as a composite of foam and 
rubber (skin). 

Spherical joint at ankle 
between foot and tibia. 

xperimental UBB Injury Model 

• UVa UBB lower leg injury model 
• Drop height 

• 1 to 2 m (4.4 to 5.9 m/s) 

• Impact hammer mass 
• 38.5 to 61.2 kg 

• Stroke limited, pulse shaper 
• 25 mm (1") 

• EPS and AI honeycomb 

• Up to 600 g impact 
• Less than 2 ms duration 

Impact 
Hammer 

Impact 
Plate 

Leg 

Load Cell 
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xperimental UBB Injury Model 

• PMHS UBB testing 
• 18 fresh-frozen PMHS lower legs 

• Henderson et al., 2013. IRCOBI. 

~0,1§§5$\I,·MW,·11HW*~ S3A :t 6.9 181.7 ± 3.6 %.1 i: 20.6 387.3 t 21.6 

•18 tests with Hybrid-Ill SQ1h leg 
• Bailey et al., 2013. IRCOBI. 

• Proximal tibia potted with plantar 

surface facing up 
• Preloaded impact plate (10.2 kg) 
• Reaction mass (7.2 kg) at proximal 

tibia unconstrained in vertical 

U>a! .-osltv 
D I A2, M2 

2" I 
2' 

IW.- Dl .tJ., Ml 

2" 

r 

r--~l 
rO 

- 8C l ·6 

.,..,.....,", I ~ __ ...,.....,. 

latolalm-.s~ 

-----

xperimental UBB Injury Model 

• Example impact t ime-history 
• PMHS data 

400 

.000 
0.000 0 .005 0.015 

4000 

2000 

·2000 

-4000 

-6000 
,., 

·8000 
0.020 
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Simulation Setup 

• FE Model setup 
• Preload 100 N 
•Impact plate prescribed test acceleration pulse 
• Simulation time: 

• 20 ms 

• Output focus: 
• Load cell force(s) 

• Distal tibia strain (PMHS) 

Results- Original Models 

• Human lower leg model 
• Substantial under-estimation of force, loading rate 

_,.., 
.. ,... 

0 

34 kg@ 4.7 m/s ~ 

f- 61 kg@ 5.4 m/s 

.. ,.., 
0 " flfn• {n'll ) " 
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Results- Original Models 

• Human lower leg model 
• Substantial under-estimation of anterior tibia strain 

~ 61 kg@ 5.4 m/s 

.... 
1000 

.,. 
0 " 

·2000 
0 " 34kg@4.7m/s ~ 

Results- Original Models 

• Human lower leg model 
• Under-estimation of posterior tibia strain 

-E~ ~ 61 kg@ 5.4 m/s 

1000 

"" · 1000 

..... 
0 " 20 

·1000 

" 34 kg@ 4.7 m/s ~ 
2000 

0 
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Results- Original Models 

• Hybrid-Ill lower leg model 
• Under-estimation of tibia forces 

- ·5000 z 
i 
:2 ·10000 

·1>000 

·20000 

Unmodified Hybrld~lllles Model 

IS 

-Upetimt-ntiiL~tibi•FI 

-[kpttlmtntaiU~t .. rz 

Tlme(ms) 

IS 

Results- Original Models 

•Summary 
• Original lower legs models, developed for automotive 

applications, were not accurate for UBB loading 
• Slower loading rates, lower peak forces 

• Key areas for improving model response 
• Material properties for the foot/heel 

• Both human and Hybrid-Ill models used non-rate sensitive material properties 

• Mesh refinement for bony tissues in human model 
• Fracture sensitivity, contact continuity issue for poorly meshed areas 
• Single-layer solid elements in tibia/fibula cortical bone affect bending 

• Geometry refinement in Hybrid-Ill foot model 
• Incorrect ankle 

(259 
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• Human model 
• Increased mesh density 

• Tibia: 3.8 mm to 1.9 mm 

• Fibula: 2.2 mm to 1.1 mm 

• Calcaneus: 4.7 mm to 3.2 mm 

• Talus: 4.1 mm to 2.3 mm 

Modifications 

} 
Increased to 2 through· 
thickness elements in shaft 

: ........................................... : r .. ;;;~-~~-~~~ ........................... 1 
1 =•I ~ : Mill : 

! 1~1 I 
: ............................................ : ;. ........................................... : 

Modifications 

• Human model 
• Incorporated a visco-hyperelastic model for dynamic heel-pad 

mechanics (Natali et al., 2010) 

-o.1 1/s 
35 - 11fs 

- 1011& 
30 -100 1/s 

- 10001/s 
25 

20 

15 

10 

Compressive Strain 
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• Hybrid-Il l model 
• Foot geometry correction 

............................................................... . . : : . . . . . . . . . . . . . . . . . . 
~ ~ . . 
: : . . : : . . 
: : . . . . . . . . 

' 
. . '····························································' 

• Hybrid-Ill model 
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Modifications 

:················· .. ········································~ . . 
~ ~ 

... i I . . 
: : . . . . 
~ ~ 

! --- - ---·-- ' ·~: l 

Modifications 

• Incorporated a visco-hyperelastic model for foot rubber 
(Wood et al., 2010) 

30 

--o 11/s 

25 - 1 1/s 

- 10 1/s 

- 100 1/s 
20 - 10001/s 

""' Compmsslve Strain 
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Results- Improved Models 

• Human model 
• Improved loading rate, peak force, and phasing 

-
-12000 

0 10 
nm.(, l) 

34kg@4.7m/s ~ 

~ 61 kg@ 5.4 m/s 

_,.., --
·10000 

·12000 
0 

Results- Improved Models 

• Human model 
• Under-estimation of peak anterior tibia strain persists 

-
.,.. 
1000 

.,., 
0 10 

n~ne(ma) 

34 kg@ 4.7 m/s ~ 

~ 61 kg@ 5.4 m/s 

1000 

_,.,. 
0 10 

Tl!M(ma) 
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Results- Improved Models 

• Human model 
• Under-estimation of peak posterior tibia strain persists 

~ 61 kg@ 5.4 m/s 

""' 

""' 34kg@4.7m/s ~ 
0 " 

Results- Improved Models 

• Human model 
• Summary of peak load cell force [mean R2 = 0.85 for all traces] 

14000 

I 
u Worst T-Score Cases 
;: aooo 
3 
~ 6000 
I= 
E 
~ 4000 

~ 
2000 

• Experiment 

• Simula6on -Original Modet 
• Simulation - Modified Model 

Case 1.13 and 
1.19 were the 
example traces 
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• Human model 
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Results- Improved Models 

• Summary of peak anterior strain [mean R2 = 0.44 for all traces] 

5000 

• Experiment 

• SrmAation - Origmal Model 

4000 • Simulation - Modi[ed Mod~ 

3000 

2000 

~ 11 1 1 1 1 ~ 1000 I I Case 1.13 and 
._ 
~ ~ ""' ~":: CoN .... 'i"ri e.. Cow c- 1.19 were the ... '" '" '" "' '" 

,,. 
example traces 

Results- Improved Models 

• Human model 
• Summary of peak posterior strain [mean R2 = 0.52 for all traces] 

5000 

4000 

3000 

2000 

1000 I 
c- c-c- c.wc­,.tll 110 111 , , 1 14 

• Experiment 

• Simulation • Original Model 

• Simu*ation - Modified Mode! 

~ 
c- - c- ""' '" " ' "' ,., 

Case 1.13 and 
1.19 were the 
example t races 
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• Human model 
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Results- Improved Models 

• Similarfracture patterns between experimenta l and model 
• Calcaneal fractures initiating at the subtalar joint 

Case: 61 kg @ 5.4 m/s 

Results- Improved Models 

• Human model 

1.08 61.2 5.73 Cakaneus: fx lin. into one joinc surfan~ Cakaneusfx 

1.10 61.2 4.09 Oisul Tibia: fx. partial articuh1r C.kaneusfx 

1.11 61.2 5.57 Tai!A: fltNFS Cakaneusfx 
C.lc:aneut.: fx NFS 

1.13 61.2 5.35 
DistaiTibia:fl(.partial artlcular 

Ctkaneusfx 
Ca luneus: fx,extra articula r 

1.14 34.2 5.46 
CakaMut: fx line into one joint surt.ca 

Calea,.usfx 
Talw:fxNFS 

1.15 34.2 5.46 C.kanew.: fx NFS Cakaneusfx 

1.16 34.2 4.98 C.kanoeus: fx. axtta articular C.kaMusfl(, Wllonly 

1.17 34.2 4.44 Cakaneus: fx. awtta artkular Ctkanous f~<o U..ll only 

1.18 34.2 4.93 Non< C.kaiWus fK. shell only 

1.19 34.2 4.66 .... C.kaMusfw. shell only 

1.20 34.2 4.70 .... Calcaneusf~<. Wllonly 
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Results- Improved Models 

• Hybrid-Ill model 
• Improved loading rate, peak force, and phase response 
• Good differentiation between upper and lower tibia forces 

Unmodifled Hybrid·llll~ Mock! Modltied Hybrld-lllltC Mod«l 

-~~~-r. 

Modoll~'lltllllft _..,...._.,...,, 

Summary 

• Validating high-rate load transmission through a complex 
anatomical structure like the ankle is a challenge! 

• Results are encouraging 

• External load response is representative for modified 
human and Hybrid-Ill lower leg models 

•Internal load response in human needs improvement 

•Very close to matching injury/no-injury in human model 

• Model response is sensitive to soft material properties 

(266 
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Discussion 

• Differences between human model and PMHS data 
• PMHS specific parameters (i.e., geometry, age, sex) were not 

accounted for in the model 

• Sensitivity of response to bone fracture thresholds 

• GHBMC ankle geometry may not be sufficient for UBB loading 

• No articular cartilage makes ankle lax, may alter kinematics 

Ankle model tends to "'roll" on 
impact, causing some tibia 
bending ~ experimenta l data 
suggests mainly axial t ibia loading 
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Current Research and Development 
Activities of the Full Body Model Center 
of Expertise of the Global Human Body 

Models Consortium Project 

F. Scott Gayzik & Joel Stitzel 

Co-PI's FBM COE 

Wake Forest University 
January 8th. 2014 

~~Wake Forest 
School of Medicine 

, lech 
COLLEGE of 

ENGINEERING 

Global Human Body Models Consortium (GHBMC) 

o An international consortium of auto makers & suppliers working 
with research institutes and government agencies to advance 
human body modeling (HBM) technologies for crash simulations 

o OBJECTIVE: To 
consolidate world­
wide HBM R&D 
effort into a single 
global effort 

C H RYSLER 

•••** HONDA 
·~ 

NISSAN HYUnDRI 

PSAPEUGECITCITRO~ 

. TAKAT A 

• MISSION: To 
develop and 
maintain high 
fidelity FE human 
body models for 
crash simulations 
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GHBMC: A Research Project with Global Reach 

Full Body Model Center of Expertise 

CAD Development 

"X,X). Wake Forest 
School of Medicine 

NURBS (CAD), 400+ components, G l continuous 
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""~ Wake Forest 
School of Medicine 
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Recent GHBMC Enhancement 
Project Timeline 

Phase II model development begins 
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Element and Volume Distribution ofMSO FBM v. 4.1 
Based on Body Region Models 

Thousands of Elements, % Volume of Region,% 5% 

• Head • Neck • Thorax • Abdomen 

Selected Model Mesh Detail 

CAD Development: ~~ Wake Forest 
School of Medicine 

Mesh and Regional Validation: 

4'l6 

Session 4, Presentation 4 
1/8/2014 

C2 72 

• Plex 
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Selected Model Mesh Detail 

Cartilage (3D) 

Ligament (lD) 
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CAD Development: ""'X)- Wake Forest Mesh and Regional Validation: Vlfa~OI!3] 
School of Medicine W 

Selected Model Mesh Detail 

Pancreas (3D) 

Abdominal Fat (3D) 

lungs 

Heart 

Liver 

Stomach 

Gallbladder 
(2D/3D) 

M esh and Regional Validation: 

CAD Development: ""'X)- Wake Forest 
School of Medicine 

IFSTIAR 

,~ 
COLLEGE of 

ENGINEERING 

'\(,"\:). Wake Forest 
School of Med 
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Selected Model Mesh Detail 

Selected Model Mesh Detail 

Quad. Tendon (2D) 
Patella (2D/3D) 

Knee Capsule (2D) 

Cartilage(2D) 

MCL (3D) 

Sessio n 4, Presentation 4 

1/8/2014 

~ 
'i§tifiijj;i@ij 

Wake Forest 
School of Medicin 

~ 
ljtl!lijlj;il§ld 
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Pelvis: 
CG 

Session 4, Presentation 4 
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Pre-programmed Dummy Location Outputs 

Head: 
• CG 

• Fe mur force 

Thorax: 

Thorax accelerometer 
• Chest band ( U/ M/L) 

• Lateral load cell 

'\.'0- Wake Forest 
School of Medicine 

~~Wake Forest 
School of Medicine 

SELECTED MODEL RESULTS 
MSO V. 4.1 
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FBM Hub-Impacts 

• Frontal Bar Abdominal Impact 

- Hardy et al. 2001, 6.0 m/s, 48 kg 

• Frontal Chest Impact 

- Kroell, Neathery 1972, '74, 6.7 m/s, 23.4 kg 

• Oblique Thoracoabdominallmpact 

- Viano et al. 1989, 6.7 m/s, 23.4 kg 

• Lateral Block Pelvis Impact 

- Boquet et al. 1998, 10 m/s, 16 kg 

• Lateral Shoulder Impact 

- Ko h et al. 2005, 4.5 m/s, 23.4 kg 

• Plate Impact 

- Kemper et al. 2009, 9 m/s, 2.34 kg 

FBM Hub-Impacts 

• Frontal Chest Impact 

- Kroe ll, Neathery 1972, '74, 6.7 m/s, 23.4 kg 

• Plate Impact 

- Kemper et al. 2009, 12 m/s, 23.4 kg 

Session 4, Presentation 4 
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Chest Impact- 6.7m/s, 23.4kg 
"\"X1- Wake Forest 

School of Medicin 

Chest Impact- 6.7m/s, 23.4kg 

[---Corridor --- Corridor -·-" ExpMean --FBMv4.1.1[ 

, ... , ... 
I \ 

I ' 
'/ '.....:... . ... ----. , .... , ' '...... .. .. --~·-- .... . ·;-·· .. ,. .. .. ... ,~,:~·.·1·.~· · ·····--···-"'·· · ······· · ····· · ··· · · ·· -....... 

10 
Deflection (%) 

--·---..... -..... 
·-···-·-..... , .. 

-.. , 
' ! 

··· ' ..............•. 

30 

... ....... 
,.,· 

Model response vs. Force-Deflection Percentage from Lebar beet al. 2012 

Lebarbe eta/., 1012, New Biofidelity Targets for the Thorax of a 50"' Pernmtile Adult Male in Frontallmpac:t, fRCOBI 
Conf erence; Figurf!:3 

40 
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Lateral Plate Impact (Kemper) -12 m/s 

Lateral Plate Impact (Kemper) -12 m/s 
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I ""'""Cadavef 1 '""""Cadaver 2 F8Mv4.1 11 

15.-------~========~========~~------

•,L...o,.:-:::,.:-:::.,-,.=-:,.=-: .. ::-:',.. 
. ....... <-) 

CORA Results: 1 (best ), 0 (worst) 

Reaction Force 0.60 

T4 Y 0.84 

T4 Z 0.25 

i&§@i!.U 
0.94 

0.99 

0.11 

Tlm•(ms) 

WM1· lij.ijfi· 
0.85 1.0 

0.87 0.78 

0.15 0 .25 
Kemperet ol., 2008, The fnjluence of Arm Pruition on Thoracic Response in Side Impacts, Stapp Cor Crash Conference 
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FBM Belted Simulations 

• Frontal Buck 

- Shaw 2009, 11.0 m/s 

• Frontal NCAP 

- NCAP Test #7147, Driver 

• Lateral NCAP 

- NCAP Test #3263, Driver 

• Frontal Buck, Rear Seat 

-Forman et al., 2009 occupant 

FBM Belted Simulations 

• Frontal Buck 

- Shaw 2009, 11.0 m/s 

• Frontal NCAP 

- NCAP Test #7147, Driver 

• Lateral NCAP 

- NCAP Test #3263, Driver 

• 
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Frontal NCAP Robustness Check 
Gravity settle MSO model in vehicle, fit belt, apply pulse from NCAP 

test MSO v. 4.1 
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Lateral NCAP Robustness Check 
• ... • Wake Forest 

School of Medicin 

Gravity settle MSO model in vehicle, fit belt, apply pulse from NCAP 
test to vehicle model with MSO v. 4.1 
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PHASE II ACTIVIT! ES 
5 Years: 2012 to 2017 

"'--~ Wake Forest 
School of Medicine 

Overview of Phase II GHBMC Modeling 

Initiatives at WFU 

• Outline of Phase II plan 

• MSO Standing (pedestrian) cad model 
Development 

• FOS occupant CAD development 

• Simplified models 

• Scaling existing models 

"'--~ Wake Forest 
School of Medicine 

C281 

13 



 

343 

 
 

Session 4, Presentation 4 
1/8/2014 

C282 

GHBMC Phase II Plan 
PerlentQAle h •le d;Sept.1"2t13 t o Jv lyJI" 2017 ..., 

"" "" 
,.,, 

"" T;ub "-·~•ol•rtQo,urt"" ~ .. Q2 Q, Q ( .... ., oe <:tt tUO au 012 o.u <IH 01s c:u• on 

" H0J f U.O. loW A$0 NOJ fUA U,iJ AW 1«11 n.u. loW AiO HDJ r-. WI "'1:0 

1 ..0 ,.. MOd~tiO~Io lllffltWO<k 

~ t .t 1 (nh..-w:.dd-'llledM500((l.lpanlm~1-FI>MCO£ / 
11.1. £ntu.notd deUolledM50occupantmodlls • 8RMCOE . 5 year execution plan 
1.1. M50 Pl'<»stn.-.CAOmodeh 

l .l. S.mplof led M5G pedestnan mod@ls . BRM- FBM design cycle for 5'h female 
l .4. Sofl'lplolotdM50octupantModlll 

l.S.~~I!'d MSO~MIInmod@ls development 
l.DF5Mede1Devel l'lltntWo•k . 5 CAD f igures, 12 models 
J.L F!ioc:tupai'C&pede$1fitootAOmodels 

2.2. DetaledF!>OCCl.4pllntmoMI-fSMCO£ . Enhancement of M50 occupant 
2.3. oet .. ltdFSCIOC>JP¥lt modei - BRMCQ( . Models of 95'h ptle. Male, 5'h ptle . 
2.4. Somplllfed F!i Pf'(ltWIWI model (lUI ltd from MSOmocMI) 

2.5. SlmpliltHFSOCQ.oplfltmodel Female and 6 year old child (ped. only) 
1.'- OtUoil.cl F5 pedeWian modeh . Detailed and simplified 3.0 M95 Mollel011ftlo ~-3.1. MtSoaupri & pecM,str\WJCAOmodrlll . Occupant and pedestrian 
3.2 Deta.led~octupant lllodel {scaledfromMSO)·F8M COEw/rtllne 

"''"''" . Uses scaling approach to leverage 
J,l. CMUolltd M91 occupant model (saled from M50) - 8RN CO£ w/ r 
USint.M95CAO Phase I data 
3.4. $jmplif11td~pordestn.-.moOei(S(aledfromM50mcx»>) 

Model conversion f rom LS-Dyna to l .S. Simplified M'tS ocwpa'll mao.l (saledfrom M50 model) . 
u. Det~IRd M95 pRdtitfian moo.! (scMed from M50 model lndudjnl Pam crash and Radioss solvers CAih>MWU"Y) 

* • • 6 .UChildW.di!IOewlo•t AtWo•ll 

.. 1. Slmphfll'd,rr·olddloldp«tt'strianmodel (JU!Mfrom M50 model) 

***** ~GHBMC c ..... .,.J NHTSA Glo"•l lfuMut 8 odr Jlod .. h 

Phase II Activities Outline 
Wake Forest 
School of Medicin 

Approximately 4 years 

Leverage previous modeling 
work, know-haw and data 

Utilizing scaling ta rapidly 
expand models available 
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MSO Standing CAD 
Assembled bony CAD from Occupant 
model CAD 

• These data were collected in Phase I 
• Confirmed bone locations wit h 

external landmarks and m edical 
images in the standing posture 

• Soft t issues developed from medical 
images in the standing posture 

• Target delivery to GHBMC: April 2014 

,.tOUR£ I . OM.I coiMdion rMthodology In the ._._, l"ft) 
Mel stllndlng (rigtlt) poetvr•. 

FOS CAD Development: Assembly 
Wake Forest 
School of Medicin 

Met hods: 
Phase I dat a 
Segmented bones, fit toEA landmar ks 
Verify al ignment w ith seated scan d ata (M RI, CT) 
H·Point Ts at {0,0,0), SAE J211 CS 
Symmetrized 

Gayzlk FS et al. &ternal landmark. Body SUrface , ardVolume Data of a Mid-Sized Male in 

Seated andStaodins Postures. Ann Blamed Eng. September 2012;4019):201!)..2032. IRB #5705 
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FOS Occupant CAD: Assembly 
Symmetrized NURBS Skeleton Complete 
Thoraco-abdominal organs NURBS underway, utilize posture specific geometry 
Target Delivery: CAD (July 2014), alpha model (mid-2015) 

"' t, Wake Forest 
School of Medici 

Simplified Occupant Model: Motivation 

Less 111111111111111111111111111111111111~ 
Detail "'Il 

More 
Detail 

• Rapid run time (SOx faster) 
• Rapid kinematic and kinetic 

assessment 
• Modularity 
• Ease of positioning 
• Target Delivery MSO 

Occupant (mid 2014) 

• Fine mesh 
• Detailed evaluation 
• Crash Induced Injury 

assessment 
• Inputs from coarse model 

can be used to drive the 
detailed model 

C284 
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M95 Occupant Scaling 

• An M95 seated 
occupant model is being 
developed by scaling the 
MSO model 

• Methods developed in 
this part of the project 
can be applied to scale 
to many other sizes 

• Accelerate development 

• Facilitate comparisons 
between the two 

Scaling: Homologous Landmark Placement 

• Wake Forest 
School of Medicin 

Wake Forest 
School of Medicin 

• Leverage exist ing Phase I data: Externa l Anthropomet ry, medical images 

• Landmarks were placed on the surface of MSO and t ransformed to t he 
surface of M95 

• This creat ed homologous landmarks t hat could be used in t he FE morph 

• Target delivery, mid 2014 

M95 

C285 
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GHBMC FBM Study Team and Collaborators 

FScott Gayzik Stefan Ouma Watl'enHardy CtaigHam itton Cost invntaroiu H)'\Jng YUf1Choi 
WfU C!B VTCIB VTOS WFU lmllgins VT CI!l Hoog lkUnNersity 

Daniel Moreno 
W FUCIB 

Josh Tan 
WFU CBI 

Kfo:rry Danelson Nidlola~ 'Iavaiie A~hley Rhyne 
WfU CIB WFU CIB WFU CIS 

"X_.X} Wake Forest 
School of Medicine 

MattOavb 
WFU CIB 

Jert'my Sdlap 
WfUCIB 

Summary & Conclusions 

• GHBMC Program is a global and consolidated human 
body modeling effort, initiated by automotive 
manufacturers 

• FBM v. 4 .1.1 delivered and undergoing user 
acceptance testing (UAT) 

• Phase II of this project greatly expands scope to 
development models for pedestrian, female, scaled 
models and simplified 

"X_.X} Wake Forest 
School of Medicine 

, 1ech 
COLLEGE <>{ 

ENGINEERING 
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Funding: Global Human Body Models Consortium (GHBMC) 

Chrysler LLC 

General Motors Corp. 
Honda R&D Co. 

Hyundai M otor Co. 

NHTSA 
Nissan Mot or Corp. Ltd 

***** NHTSA 

Renault s.a.s. 

Takata Corp. 
PSA Peugeot -Citroen 

Data appearing in this document were prepared under the support of the Global Human Body Models Consortium by the 
FBM GHBMC Center of Expertise. Any opinions or recommendations expressed in this document ore those oj the authors and 

do not the views Global Human Models Consortium. 
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A. DUKE B. h . L d m rn\ BME 1omec an1cs egen s ~ 

Everyone Believes the Experiment 
Except the Experimenter 

No One Believes the Model 
Except the Modeler 

Believe the Dummy 
When It Tells You What you Already Believe 

C288 
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~DUKE Some Human ~ 
r\ BME J\Iodeling Issues ~ 

D 1b b, 2012 

• Anthropometry 

• Construction and Model 
Validation/Hierarchy 

• Physiology / Muscular Response 

• Material Models/Constitutive 
Relations 

• Variance/Distributions 

• Special Issues for Blast 

• 

.A DUI<E ~ rn,' BME Irnportant! ~ 

Modeling is an Approximation. 

C289 
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.A DUKE ~ 
'"' BME ~'\nthropornetry ~ 

Yang, 2010 

• With Current Automated Tools 

• ? 

(and minor guidance) 

High School Students and 

Early Undergraduates 

Can Now Construct FE Models 

that 'Look' Humanlike 

.A DUI<E ~ rn,' BME ~'\nthropornetry ~ 

Yang, 2010 

• Let high school students take over 
all modeling (cheaper)? 

• Nontrivial problems prevent this: 
Grid refinement/ element 
selection/ element quality 
Materials 
Local detailed geometry 
Anisotropy 
Inhomogeneity 
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r\ g~'l Blessing and a Curse? ~ 

Panzer, 2013 

• Modern FE Models may have 
• Millions of elements 
• Tens or more different materials 

• Innumerable material / material 
interfaces 

• Different element type /interfaces 

• An enormous number of degrees 

of freedom 
• An enormous number of 

parameters to be used to 'calibrate' 

models 

A DUI<E \\rhat About This ~ 
r\ BME Element Here? ~ 

Panzer, 2013 

• Interfacial Element~ White Matter 

next to Gray Matter 
• How do we make sure this element 

behaves properly? 
• Correct size? Correct mRterial 

properties? Correct interfacial 
properties? Response is sensitive to 
this element if it 'should be'? Etc. 
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~DUKE \X'hat About This ~ 
r\ BME Element Here? ~ 

Panzer, 2013 

• Interfacial Element~ White Matter 

next to Gray Matter 
• How do we make sure this element 

behaves properly? 

1. We can't. 

2. I-Iiera.rchical validation. 

,A DUI<E H. 1 . 11:~ l'd . ~ rn,' BME terarc 11c1 , a 1 at1on ~ 

Construct Lowest Level Constitutive/ Geometric Properties 
(e.g. Ligament, IVD, etc) 

Validate with low level data 

Construct Subsystem (e.g. Functional Spinal Unit) 
Validate with subsystem data 

Construct System (Head/ Neck) 
Validate with system data 

Validated 
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~ ~~~ I-Iierarchical 'Tali dation m 
Two General Rules: 

1. Cannot 'tweak' things at lower 'validated' level to 
'validate' higher level 

2. Needs some objective metric 
ASME, several options in the literature, developing 

- Note: R2 is not good enough 

A DUI<E '\ T 1" _J • ~ rn\ BME , a 1uat1on ~ 

0 

~ -:1 

~ 
X .. 
I .. .. 

·•O 
0 

{b) 

' 

Random Example of a published 'validation' ­
head impact pressure 

One Side of Head The O ther Side of Head 

.. 
' ~ I 

' I ~ eo 
' ' 

I X 

/ ' I • "' --- / 
Sunularion -- / £ b.pt'flmo.•ru 20 

/ 

' 
0 

" •• 0 

Timcfm~) 
,,, Time fmsl 

Q uite often in the curren t literature: 'Validated' has no meaning 

C293 

6 



 

355 

 
 

Session 4, Presentation 5 
1/8/2014 

This Approach Assumes that 
The Macroscale (Large Stuff) is Composed 

of Microscale (Small Stuff) 

Pretty good for bony/osteoligamentous, 
response etc. 

A~~~ \\1me is this Not True? I 

~ . 
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~ OUI(E For Example: P.ltPiJ 
n BME ~1usclcs/Physiology ~ 

Seti I- Egypt 

• Muscle activations in the Living 
Positioning 

Pre tensioning 

• Note: 
Cadavers are not living humans 

Cadavers are not relaxed humans 

Cadavers are not comatose humans 

• Value of Modeling for Use in Dummy 

Design/ Development of Injury Criteria 

£ OUI(E . ~ rn,\ BME J\fuscles/Phys1ology ~ 

• Muscles Activate in an In dividual Pattern 

At times systematically similar 

- But can be large differences between strategies 

• Important: Activation can Use Large Percentage of 

Fracture Tolerance, e.g. 

Effect of Achilles tendon loading on Tibial tolerance 

(Funk, 2002) 

Effect of neck muscle tension on compressive 

tolerance (Cox, 2013) 
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~DUKE Effect of J\fuscles on ~ 
r\ BME Neck Fracture Tolerance ~ 

100% 

80% 

60% 

40% 

20% 

0% 

Fully Tensed C6-C7 Axial Preloads as a 
Percentage of Neck Quasistatic Compressive 

Tolerance (Cox, 2013) 

•Adult r-------------------------
• 10 year old 

• 6 year old 

A DUI<E Effect of J\fuscles on ~ 
r\ BME Neck Fracture Tolerance ~ 

I· ••.• I I c • ' • • I' .. • •• t • 

-· . - -- - -._ --I 

,I 
----------------

C296 

9 



 

358 

 
 

Session 4, Presentation 5 
1/8/2014 

~DUKE Constitutive Relations/ ~ 
r\ BME l'vlaterial Response ~ 

• As Discussed Yesterday, Big Issue 

• Anisotropy, Inhomogeneities, Micromechanics ... 

• Postfailure Behavior? 

• N o t uncommon in biomechanics, initial failure 
influences course of subsequent failure. 

• Troubling Example, Brains 

A DUI<E Constitutive Relations/ ~ 
r\ BME i\laterial Response ~ 

Frequency (Hz) 

• Shuck 1972 

• Fallenstem 1969 

• E1lston 1997 

X Arbogast 1997 

x Arbogast 1998 

• Th1baul t 1998 

• Peter5 1997 

+ Erancs 2000 

- Darv~h 2001 

• E1lston 2001 

• Lippert 2004 

• Nicodle 2004 

x Hrapko 2006 

X Shen 2006 

G aro2007 
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~DUKE Constitutive Relations/ ~ 
r\ BME l'vlaterial Response ~ 

One of the Biggest Problems Remaining 

FE Modeling and Inverse FE Modeling May Play a 
Big Role in Clarifying Human Material Constitutive 
Relations 

A DUI<E Yariance/Distribution/ ~ 
r\ BME Population ~ 

All the World is Not a 50th Percentile Male 
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~DUKE Yariance/Distribution/ ~ 
r\ BME Population ~ 

Even Worse: A 50th Percentile Male is not a 
50th Percentile Male 

A DUI<E Yariance/Distribution/ ~ 
r\ BME Population ~ 

What Do I Mean? 

It is unlikely that any single individual will 
have 50th percentile values for every aspect 

of micro and macro anthropometry 
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~DUKE Yariance/Distribution/ ~ 
r\ BME Population ~ 
Even More Important: 

Every aspect of an FE model is potentially 

governed by some statistical distribution. 

• 
• 
• 
• 

Anthropometry/ measurements 

Grid/ node location 

Material properties 

. .. -.:..---
As emphasized yesterday, these distributions need not 

be Gaussian. 

A DUI<E Yariance/Distribution/ ~ 
r\ BME Population ~ 

So, ideally, these distributions/variances 

will be assessed/ measured and 

incorporated into the FE model. 

How? 

Interacting Distributions/Sensitivity 
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~DUKE Yariance/Distribution/ ~ 
r\ BME Population ~ 

How? 
• Simplest common approach: A bunch of runs with 

different parameters (desire fast running tools) 

- Comprehensive info on interacting distributions? 
• Other examples: 

• Nessus (SWRJ) 
• Sample Distributions with Deterministic 

Equations tor Material/Other Parameters 
• Evolution of Probability Density (Something like 

a Fokker-Planck approach for solid mechanics) 

A DUI<E Duke Head and Neck }\dult ~ 
r\ BME l\1odel ~ 

• Model structural components 

-Ligamentous spine 

- Muscular spine 

• Camacho et al. 1997 
(CDC/ NHTSA) 

• Van Ee et al. 2000 (I\HTSA) 
• Chancey et al. 2003 (:'\!HTSA) 
• Dibb 2010 (NHTSA) 
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~DUKE Duke l\Iodel: Ligamentous ~ 
r\ BME Spine ~ 

• The ligamentous spine consists of: 

- Finite element head 

• Viscoelastic face 

• Rigid body 

- 7 t:igid body vertebme 

• C1 / C2 

• C3, C4, CS, C6, C7 

• Tl 

- 7 intervertebral joints 

• Base of skull (Occiput) - C2 (O-C2) 

• C2-C3, C3-C4, C4-C5, C6-C7 

• C7-T1 

A ~'M~ Duke l\lodel: l\luscular Spine I 
• The muscular spine consists of: 

-22 muscles 

- 81 muscle strands 

• Muscle model 

-Rate sensitive 

-Passive and active musculature 

- Generally curved paths 

F =PCSA x (J" 

(J" = (J"paxiw (t: ,6') +(]"active (t:, ~a(t)) 
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r\ g~'l Duke Pediatric J\Iodels ~ 
Ten year old Six year old 

•Head (Loyd, 2010) 

-Inertial properties 

-Anthropometry 

•Vertebme 

•Inertial properties (Yu, unpub) 
-Anthropometry (Luck, 2012) 

• Intet:Vertebral Joints (Dibb, 2010) 

•Cervical Muscles (Dibb, 2010) 

A DUI<E Gratuitous Yideo - Duke ~ 
r\ BME 1\fodel for Underbody Blast ~ 

Typical Tl Ramp Input 

C303 

16 



 

365 

 
 

Session 4, Presentation 5 
1/8/2014 

n &~1 1\loJcling Uncertainty m 
• Probabilistic vs. stochastic FEM 

• Probabilistic FEM- run N deterministic FE 

simulations, wh ere cases are determined by some 
sampling method, to determine response space 

• Stochastic FEM - replace traditional PDE's with 
their stochastic counterparts and solve for the 
response uncertainty directly 

- Still an ongoing area o f research 

~ R~~ 1\loJcling Uncertainty I 
• Latin H ypercube Sampling 

- Parameters assigned an 
appropriate probability 
distt-ibution 

- Distribution divided into N equal-area regions 

- N Cases sampled across all parameters of interest 
such that all cases have equal probability. 

http //wwwttm-loom/iJ11shdp/Stochasttc_ModdmgiPu:ameter_ZonatiOnh 
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~ DUKE Corridor De,~elopment ~ 
r\ BME through Uncertainty Analysis ~ 

Ten year old Six year old 
• Parameters varied (13 total): 

-Head: 

• Mass, inertia, size (x, y, z) 

-Vertebra: 

• Mass, inertia, size (x, y, z) 

- Upper and lower cervical 
spine joint stiffness 

- Muscle PCSA 

• 50 simulations per parameter 
= 650 simulations total 

• Assume distribution 

A DUI<E Results: Pendulurn ~ 
r\ BME Certification Test ~ 

Six Yea( Old Ten Yea· Old 
70 70 

GO GO 

50 50 D 
~ 40 ~40 
~30 

~20 
D ~30 

~20 
~ 10 ~ 10 

0 
-Uncertainty analysis comcsor 

0 
- uncena•nt)' anatysls c:omdOr 

- 10 - uncertainty analysis peak comdor -10 -unc&na~nty anatysis peak c:omdOr 

-20 
- H1116 l ear 01d specification 

-20 
50 100 150 

- Hill tO year Old specifiCation 
50 100 150 

Head Ro1R1ion (deg) Head RolaUon (deg) 
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~ DUKE Optimization of l\fuscle ~ 
n BME Activation ~ 

• Activation schemes maintaining an upright, 
stable head for 22 muscle pairs were found using 
LS-OPT. 

• Two activation schemes 

relaxed state- unaware subject 

22 ~ 2 22 

minf(a) = ~ k~J = ~ a• 

-tensed state- aware subject 
22 

max f(a ) = L F; 
i= l 

~ DUKE Optimization of 1\fusclc m 
11 BME Activation ~ 

• Constant Activation State 

-Relaxed 

- Tensed 

• Optimized : varied 
activation level, initiation 
time, termination time 

- Pediatric and Adult 

_, 
s 
g 0 

~ - 1 

~ -
"2 -3 
iii _. 

-~~~071 --~072 --~0.73--~0.4 
Time (s) 

Low-speed Frontal Crash 
(A[bogast et al. 2009) 
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~DUKE :\dult J\1odel Response to ~ 
r\ BME 3 G Frontal Impact ,cox, ~ou_, ~ 

- Adult volunteer corridor 
-- Relaxed activation state 
-- Tensed activation state 
-- Optimized activation state 

I 
E 
Q) 

0 .1 E 
Q) 
0 

"' c. 
"' iJ .0.1 

"' <::: 
a 

01 0.2 0.3 0.4 0.5 
·;;; 

"' 
Time (s) 

z 

A DUI<E 10 YO J\fodel Response to ~ 
r\ BME 3 G Frontal Impact ,cox. ~ou:, ~ 

>. 
~ 
a 
a; 
> 
5 0 

~ 
-e -10 . 
"C 

"' Q) 

I 

- 1 0 YO volunteer corridor 
-- Relaxed activation state 
-- Tensed activation state 
__ Optimized activation state 
__ Adult optimized activation state 

I 
E 0.2 
Q) 

~ 0.1 
0 

-[ °F~~~~~:b.:::=Sc3 
~ {).1 
"' a .()_2 
·;;; '-----,.._______,,.__,.__,...__..,. 
"' z 
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.A DUKE L - ~ 
'"' BME essonr ~ 

• In Many Problems, Getting Correct 
Kinematics/ Dynamics May Require Muscles 

.A DUI<E . ~ rn,' BME Bottorn Ltnes ~ 

• Generally, Complexities Must Be Reduced for 
Tractable Problems 

• However, Variance is not a 'Complexity' but an 
Intrinsic Part of the Problem. 

• Validation Necessary, Global Validation Often Not 
Good Enough 

• Material Properties Still A I<nown Sensitivity in 
Many Problems. 

• Muscles May Be Necessary for Replicating Human 
Response! 
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Numerical Modelling Undertaken at Dstl (UK) 
Concerning Vehicle Floor Plate Impact of 
Surrogates and Anatomical Human Entities Due to 
Under-Body Mine Loading 

Accelerative Loading Workshop - ARL- 81h January 2014 
Dan Pope, Chris Taggart, Joe Cordell, lan Softley 

Structural Dynamics Capability, Physical Protection Group (PSD) 
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Contents 
·Numerical simulation of protection in Dstl 

·Modelling and validation of blast loading of military vehicles and 
occupant injury 

• Modelling of surrogate leg systems 

·Modelling of anatomically-representative legs 

• Other areas of interest 

• Summary 

[dstl] ·"~'""" UNCLASSIFIED 1~ 

Nu me rica I simulation of Protection at Dstl 
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10 100 1000 10000 

SOLVER 
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E at FE .... ~gra e . 
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____ Hydro code 
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General modelling approach (vehicle protection) 

[dstl] · "~'""" UNCLASSIFIED 1~ 

..,.... Nnd«<~l) 

-- [ =-..... -.. 
. .... ... -- 12lmm ~~ 

EOS: Pr.nurtNollll•• ,.•po~rn (StMic) EOS: S.toc.t ~"9 l#p.Ktl 
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Soil characterisation (Macroscopic validation) 

[dstl] · "~'""" UNCLASSIFIED 1~ 

Incorporation of seating 
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Numerical ATD Validation within "idealised" vehicles 

. . . 

r, t~ ,, _t r._.t 
I: ,_. 
li 

·. :..':..~-· 
I: ~:= 
I i " 
-~--~ •.:..:,·. 

Digital/mage Con-efotion (DIC) 

r.dstl] '"~·"'"' UNCLASSIFIED <,~~ I METROPOLITAN I' I , \V , POLICE ::-"" 

Numerical ATD Evaluation 

Low modulus moterials test rig 

[dstl] '"~•""'" UNCLASSIFIED 

Mii·Lxmodel 

Imperial College 
London 
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Numerical ATD Evaluation (Material characterisation) 

[dstl] " "~'""" UNCLASSIFIED 

Numerical anatomical leg model 

Imperial College 
London 

llfl:orponltkM c#~ lffOW iiltfo ANUBIS rig 

[dstl] " "oo""" UNCLASSIFIED 
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Quick running prediction methods 
VIP GUI 
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Other areas of interest 
• Penetration injury 

HIP Code: 
Low fidelity: GeneralswvWability 
predictions 

Wllc 
Medium fideli~: Specific letha fit( 
zsessmem 

FE Simufatlon: 
High ffdelity: Mechanistic assessments 
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Other areas of interest 
• Penetration injury II • • 

•• 

[dstl] · "~'""" UNCLASSIFIED 1~ 

Other areas of interest 
• Penetration injury 
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Summary 
• Dstl are working with ICL (Dr Spyros Masouros) and M PS ( Dr Oliver 

Flanagan) w ith respect to the study of lower limb injury caused within 

blast-loaded vehicles 

• Numerical models of vehicles, seating, hybrids and humans are being 

developed to predict levels of human injury (representative experiments 

have also been generated for the purposes of model validation ) 

• A rudimentary quick running code "VIP" has also been developed 

• Other numerical models (involving similar considerations) have been 

generated to scrutinise penetration injury 

[dstl] · "~'" "" UNCLASSIFIED 1~ 

ds 
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Scope of Presentation 
~.: Brief review of the related work at WSU 

• Dummy/human body modeling 

•Simulation of shock wave and animal/human 
body interaction 

~, Recent work on the blast effect on the 
lower extremity 
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·Modeling leg bone fracture under blast loading 

·Challenges and future work 

-·~ Blast effect mitigation with an optimized 
energy absorber 
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Foot and Ankle Finite Element Modeling 
Using CT.Scan Data 
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Mechanism 

Primary Blast shock wave 

Secondary Flying fragments 

Clinical effects 

Traumatic amputation; soft tissue 
deformation and fracture 

Penetrating wounds 
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Tertiary Vehicle acceleration; Axial leading to lower limb, pelvis and 
Floor pan deformation spinal in] uries 

Quaternary Thennal injuries Burns 

Recent Work on the Cadavers 
WSU landmine simulator 
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Current Issues/Future Work 

o Unavailability of injury data in the real 
world 

o Lack of material properties of human 
bones, muscle, skin and tendons at high 
strain rates 
It is imperative to compare the 
performances of different material laws 
(particularly the failure models) in the 
bone fracture prediction 
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\l lllll!!t:tiiiJI u.s. Anny Research, Development and Engineering Command - ca-~ - -
Constitutive Model and Parameter 
Sensitivity in Predicting Lower Leg _- ~ -

Respo""'o'U"doobody BOstE~"''A.RL 
Workshop on Numencal Analysis of Human and 
Surrogate Response to Accelerative Loading 
.Jan 7·9, 2014 

TECHNOLOGY DRIVEN. WARRGHTER. FOCUSED. 

Megan Lynch1 and Adam Sokolow PhD1 •2 

1 U.S. Army R esearch L aboratory, Aberdeen Proving Ground, MD 
20ak Ridge Institute for Science and T echnology, Abenleen, MD 

IT: .... -...... 4ililj 
v ~ Background ~&. 

• Goal: To capture the human resp::x1se to 
underbodj blast using finite element modeling 

The /ewer extremities are the rrost 
cumrronly inj!xed anatorrocal 

region dunng an underbody blast 
evenf(UBB) 

• Understand > Predict > Prevent injury 

• Focus is on the lower extremities 

• Previous work modeling the lower leg obtained qualitative 
ageementwith experiments 

• Model run with a sin!:je set of material models, 
parameters, and used a stress-based failure criterion 

• To refine and build confidence in this model, '"what ir 
questions need to be answered 

-
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~ ~ Background cont'd ARL 
• How does one describe a human being mathematically? Complex, multi-scale problem 

• State variables are often used to predict injury at the continuum-level, which are highly 
dependent upon the constitutive models and material parameters used 

• A subset of material models, parameters, and failure criteria has been identified from the 
literature to describe bone and flesh/ soft tissues 

- Plan to explore this extraordinarily large phase space and beyond 

- Develop data corridor to capture relevant cadaveric data, accounting for limited biological 
variability 

Constitutive Models and Material Parameters from the Literature 

., 
c 

., 
c 
0 

~ t :.~7 Modulus 

~-Ra<lo 

~ Yle:lcl~th 

-ntnge:nt Modulus 

Failure: Stress 

FaJure Strain 

CGniCIII Trabecul•r 
1680·2000 lcg/m1 6S..·1100kg/ml 

15·19GPa 1<45•900 MPa 

0.3 -0.35 0.1·0.<45 

114-165 MPa 1-2·9.3 MP.I 

0.7·6,4 GPe "'' 124•175 MPa 5.3•30.6 MP• 

1.6--2.2 ... 12.2·13.4 ~ 

j 
.r:: ~ ~ .. ~ .!! 1 ... 

! :,:si~utus 
Ill Polssons Ratio 

c, 
c, 

s~. s., 
T1, T2 

1000-1300 kg.lmJ 

2.5·333 MPa 

0.42-0 .49 

ra:HNOIDGYIJIINEN. ~FOCJJSED. 
APPROVED FOR PUBLIC RELEASE • DISTRIBUTION UNLIMITED 

~ ~ Current Study ARL 

i 
i~~~--~~~~~~ 

0.7•6 .4 GP• n/a 

124-175 MPa 5.3·30.6 MPa 

1.6--<1:.2"- 12.2·13.4~ 

• A range of material models and parameters have been found in the literature to describe bone and 
flesh/ soft tissues 

• Various failure criteria for finite elements have been found as well 

• Trabecular bone properties exhibit the greatest min/max range (*highly location dependent) 

• A rather large phase space exists for just these three materials (cortical bone, trabecular bone, 
flesh) 

• The current study uses the~ material model for both bone and flesh with high/lOIN properties 
as shown (totaling 64 combinations) 

• A select few combinations will be highlighted in this talk 
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~ ~ Model Geometry ARL 
A 

L ,. 

Ftgwe A - Mr.xkl Geometry. 

Single leg model (right· side only) with the ankle and knee flexed at 90 degrees 

• Geometry meshed with 500k tetrahedral elements Fti)ff'e B - Eons Map 

• Four material/ main geometry components: Cortical bone, trabecular bone, flesh, foot plate 

- Exploded ankle view shows layout 
- Resh is a homogenization of soft tissues 

• 20 bone layout ("bone map") for the lower leg 
- .All bones constructed entirely of solid elements; hindfoot and long bones have trabecular component 

ra:HNOIDGYDIINEN. ~FOCJJSED. 
APPROVED FOR PUBLIC RELEASE - DISTRIBUTION UNLIMITED 

iT, .... -~ &DI 
-.; ~ Applied Loading ~&. 

._ ,:!Z\ I 
00 :2 4 l I ID 12 

TMie(mt) 

• Bottom of the foot in direct contact with a steel plate Flgwv- AppliedVelocityProfile. 

• V elocity condition applied to plate in the upward z-direction to 
replicate underbody blast loading 

- The magnitude and temporal characteristics of this velocity 
condition are representative of an underbody blast event T'ECI*IOIDGY DRIVEN. ~ RXIISal 

APPROVED FOR PUBLIC RELEASE . DISTRIBUTION UNLIMITED 
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~ ~ Preliminary Results ARL 

Oms 8ms 10ms 12ms 14ms 16ms 
F'lf:Jre - Time Series !magr;s of Leg Displac€'1Jenl Dwing 3mulatton 

• Four combinations will be discussed 

- Poissons ratio of the flesh and Youngs 
modulus of trabecular bone are investigated 

• Stress in the cortical bone is used as a metric 

- Stress vs. time at various probe locations in 
the leg 

- Max stress on the whole-bone level 

ra:HNOIDGYIJIINEN. ~FOCJJSED. 
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iT, .... -~ &DI 
-.; ~ Calcaneus ~&. 
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~ 
~ 1.5E+07 

g 
1.0E+07 

5.0E+06 

--- ........... s o.42, e_ .. 1.5es 
--- v... .. z 0.42, e... .. 9e8 
--- U.,...,s 0.4~ ~z1 .5e8 
--- ,_,..., = o.48, e_ = 9es 

• Von Mises stress is calculated in the 
cortical layer of the lateral calcaneus 

• Stress is affected by both the flesh and 
tr abecular properties 

- Poissons ratio of flesh seems to 
have a larger effectthan the Youngs 
modulus of trabecular bone (orange 
& red curves vs. green & blue 
curves) 
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~ ~ Distal Tibia ARL 

1.2E+07 

I.OE+07 

B.OE+OG 

6.0E+OG 

4.0E+06 

2.0E+OG 

O.OEt-00
0 0.5 1.5 2 3.5 

Time (ms) 

• Von Mises stress is calculated in the 
cortical layer of the anterior distal tibia 

• The Poissons ratio of flesh does not seem 
to have as large of an effect here as seen in 
the calcaneus 
- Mesh effects? 

- Proximity to the ankle joint? 

ra:HNOIDGYIJIINEN. ~FOCJJSED. 
APPROVED FOR PUBLIC RELEASE - DISTRIBUTION UNLIMITED 

.... -~ &iiil-1!: ~ Proxima l Tibia """L 

--- l1 .. .., = 0.42,E- = 1.5e8 
--- .,_, z 0.42, e_ . sea 

e:. 1.5£+06 
--- u._ . o.48, e_• 1.5eB 
--- v_. 0.48, e_. 9eB 

i 
Iii .. = 1.0£+06 

iii 
" g 

5.0E+05 

nme(ms) 

• Von Mises stress is calculated in the 
cortical layer of the anterior proximal tibia 

• More similar response to the calcaneus in 
that the Poissons ratio of flesh shows a 
larger effect than the Youngs modulus of 
trabecular bone 
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~ ~ Preliminary Conclusions ARL 

- ICiloG' .. j .0( ... 
i 10€..0. 

! • oto41t 

• Additional probe locations may be needed to attain 
more conclusive results 

• All64 combinations of the elastic case must be 
interpreted 

• Data corridor is starting to form, which could be used 
to account for limited biological variability in 
experiments 

. 
i '~ .. 
J •«..O. 
! 
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iT, .... -~ &DI 
-.; ~ Whole Bone Results ~&. 

I Unesh = 0.42, Etrab = 150MPa I 

20MP11 220MP11 240MP1 260 MP11 

• 20 "bone map" view is used 
- A red bone indicates that at least one element in the cortical layer of that bone has reached/ exceeded 

the indicated Von Mises stress during the siiTl.llation 
- A blue bone indicates that no elements have reached the indicated Von Mises stress 

- This can illustrate the relative fracture risk of bones for a given failure criterion 

• The talus experiences the highest stress and appears to be at the highest risk of fracture, followed by the 
calcaneus, tibia, and fibula T'ECI*IOIDGYDRJVEN. ~RXIISal 
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~ ~ Whole Bone Results cont'd ARL 
lunesh = 0.42, Etrab = 900MPa I 

& 
> 20MP• 40Mh 60Uh IIO MP• IOOMP• I~ MP• t.OMP• 160MP• 1&0 MP• aG()MP• ~MP• 2-«JMP• 260 MP 

L FAILURE RANGE __J 

• The talus experiences the highest stress and appears to be at the highest risk of fracture 

• Comparatively, the stress in the calcaneus, tibia, and fibula is much lower than the talus 
- This is in contrast to the previous Ur1esn = 0.42 case, where the calcaneus and tibia experienced 

stresses up to 60 and 40MPa, respectively 

ra:HNOIDGYIJIINEN. ~FOCJJSED. 
APPROVED FOR PUBLIC RELEASE - DISTRIBUTION UNLIMITED 

iT, .... -~ &DI 
-.; ~ Whole Bone Results cont'd ~&. 

• The talus experiences the highest stress, though it is well below the failure range 

• A longer simulation time is needed to support further conclusions/ a comparison with 
u flesh = 0.42 cases 

ra:HNOIDGYIJIINEN. ~FOCJJSED. 
APPROVED FOR PUBLIC RELEASE . DISTRIBUTION UNLIMITED 
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~ ~ Whole Bone Results cont'd ARL 

~ ~ ~ ~ ~ llll~lll ~ l 
i ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 
i 

20UPa •OMPa 60MPa 80MP;~~ 100 MPil 120MPI UO MPa 160MPa 180MPa 200MPa 220MPa 24&MPa 260 MPa 

L FAILURE RANGE __J 

• The talus experiences the highest stress, though it is well below the failure range 

• The stress in the calcaneus, tibia, and fibula is even lower here than the previous uftesh = 
0.48 case, but a longer simulation time is needed 

ra:HNOIDGYIJIINEN. ~FOCJJSED. 
APPROVED FOR PUBLIC RELEASE - DISTRIBUTION UNLIMITED 

.... -~ &iiil-1!: ~ Preliminary Conclusions """L 
E,,., = tSOMPa HUHH t., .... =4.15ms 

A higher Youngs 
modulus in the 
trabecular bone 

Ufesh = 0.42 

HHHH 
decreases stress 
in the calcaneus 

and tibia 

E.,.. ,.l = 19GPa E,,., = 900MPa Longer 
Kn..~ = 20MPa 
~roto = 650kglm3 t.,,. =4.11ms simulation 
Utrob: 0.45 times are 

nuuu needed for 
the Dt~esn = 

E1rab = 150MPa 0.48 cases 
A longer 

1.,""' = 3.5ms sim.Jiation 
time is 

Ufes/'1 = 0.48 needed for 

UHUU 
the Et rab = 
900MPa 

E,,., = 900MPa 
case 

lux = 3 1rns 

VonMises Stress: 20MPa 100MPa 1fJJMPa 
ra:HNOIDGYIJIINEN. ~FOCJJSED. 
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" c 
0 

~ ~ Future Work ARL 
• Finish data analysis on the elastic study 

• Continue parametric study to include additional material models/ parameters and failure 
criteria for bone and flesh 

• Identify model sensitivities relevant to tissue failure 

• Study different lower extremity meshes to identify additional sensitivities (i.e. geometry, 
mesh refinement, etc.) 

• Compare probe location results to experimental data (falls within calculated data corridor?) 

Cortlul Tr•becul•r -~ Density 1000-1300 kg/m, 

~ "'"'"'"' 1680·2000 k;/mJ 654·1100 kgJmJ 

1 
~ Bulk Modulus 2.5·333 MPa 

l ~ Youngs Modulus 15·19Gh 145·900 MPa 11:1 Polssons Ratio 0.42-0.49 
0.3•0.35 0.3•0.45 .r. ~ ~ 

PaiuonsRiltlo .. c, 
1.2 ·9.3Mh i ~ 

Y.eld Strength 114· 165 MPa " c, 
l)ngent Modulus 0 .7·6 .4 GPa "'' ii: 
F••lureStress 124· 175 MP.t 5.3·30.6 MPa 

s 

Falk.treStrllln 1.6--2.2 ~ 12.2- 1].4 ~ 
s,, s2 
T1, Ta 

ra:HNOIDGYIJIINEN. ~FOCJJSED. 
APPROVED FOR PUBLIC RELEASE - DISTRIBUTION UNLIMITED 

Questions? 

Thank you! 
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Workshop on Numerical Analysis of Human 
and Surrogate Response to AcceleratiVe Loading 
Aberdeen Proving Ground, MD 
January 7-9, 2014 

Coupled Eulerian and Lagrangian 
Approaches for Dynamic Injury 

Analysis 

Timothy Harrigan, Robert Armiger, Catherine 
Carneal, Travis Nissley, JiangYue Zhang, Andrew 
Merkle 

Introduction 

• Effective modeling of human body during 
impact scenarios requires numerical 
stability under large deformation 

• Soft tissue is nearly incompressible (high 
bulk modulus & low shear modulus) 

• Complex contact conditions exist within 
soft-tissue, interstitial, and skeletal 
anatomy 

5 l t 
Tlmt~(mJ] 
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Coupled methods are well established 
Lagrangian FEA 

• Materia l element: Elements 
define a mass of material 

• Momentum conserved in each 
element 

• Information ava ilable 

- Histories (yield, failure, damage) 
- Organ-level forces and moments 
- Stresses and section forces 

(from nodal point loads) 
- Stiffness (incremental) 

Easy to Implement Damage 
Models 

Eulerian FEA 
• Spatial element: Elements are 

fixed in space 

• Mass conserved in each element 
(advection) 

- Internal state variables 
transferred with the material 
(stresses, yield/ damage states) 

- Shear stress/strain as well as 
pressure 

- Not limited to fluids 
LS-Dyna, CTH 

Numerically Stable under Large Strain 
and Deformations 

• Interactio n via constraint conditions in commercial codes 

~----------------------------~ 

Coupled Lagrangian-Eulerian Methods: 
Rationale 
• Model large deformation and strain 

- Lagrangian: Strain based damage 
assessment (organs, skeletal) 

- Eulerian: Large strain (Interstitial tissue, 
fluids) 

• Parametric mesh development 

- Postural changes 

- Range of anthropometries 

• Model internal pressure effects along 
with inter-organ contact forces 

• Simplifies contact definitions 

\It! 

Organ shapes change with posture Oet) 
and population size (riglt) 

C343 
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Study Objectives 

• Develop and verify mixed Lagrangian and Eulerian 
finite element methods for injury assessment in 
human models under military-relevant loading 
environments (accelerative, blunt, ballistic) 

- Evaluate numerical stability/artifacts 

- Evaluate ability to model relevant physical effects 

• High strain damage assessments 

• Pressure transmission 

Accelerative Loading to Lower Extremity 
Numerical Stability 

Session 5, Presentation 2 
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• High rate bending simulated for simplified model of bone in thigh 

• Initially good Lagrangian elements become badly deformed 
- Numerical results in fiesh elements unreliable 

- Common challenge for all soft bssue structures 

10m/sec 

3 



 

406 

 
 

Session 5, Presentation 2 
1/ 9/2014 

Accelerative Loading to Lower Extremity 
Numerical Stability 

• Incorporating Lagrangian bone in Eulerian flesh preserves bone 
response for injury prediction, while improving soft-tissue stability 

Net Section Moments 
are very similar 

Soft tissue stress estimates differ where Lagrangian elements are skewed 

~----------------------------~ 

Accelerative Loading to Lower Extremity 
Numerical Stability 

• Incorporating Lagrangian bone in Eulerian flesh preserves bone 
response for injury prediction, while improving soft-tissue stability 

• To model accelerative loading due to structures : 

- Add Lagrangian skin over the flesh, 

- Couple the skin to the Eulerian material 

- Use standard Lagrangian contact for structural interaction 

C345 
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Blast Loading to Thoracic Organs 
Numerical Stability 

• Lagrangian hexahedral human liver 
integrated into Eulerian flesh mesh 

- Vacuum under liver 

- Penalty-based coupling 

• ConWep input for C4 Explosive 

- Air also Eulerian 

- lnitial 1 Atm pressure 

Input Pressure fAmblent,G~ge) 

Blast Loading to Thoracic Organs 
Numerical Stability 

• Flesh Properties 

High Bulk Modulus 
(2 GPa) 

- Low Shear modulus 
(28 kPa) 

• Prone to mild 
Checkerboarding 

• Local Interface 
Stress Artifacts 

10 

- Turn off Nodal 
Averaging to 
observe 
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Blast Loading to Thoracic Organs 
Numerical Stability 

Non-averaged element data Nodal Averaging can add artifacts 
and obscure checkerboarding 

Blast Loading to Thoracic Organs 
Numerical interface artifacts are localized 

~== 
• Low-amplitude 

variations near 
surfaces 
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Blast Loading to Thoracic Organs 
Mesh refinement affects interfaces 

• Lagrangian Liver Mesh 

I r.. 

13 

Blast Loading to Thoracic Organs 
Numerical Stability 

Nodal point averaging turned off 
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Blast Loading to Organ 
Pressure Transmission : Effect of Material Properties 

• Bulk Modulus decreased (sound speed from 1480 m/s 
to 1000 m/s): Slower propagation in liver 

Blunt Impact to Thoracic Organ 
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• Spherical Projectile Hitting Flesh (10 m/s), Liver 
embedded in flesh: Strain transfer to Lagrangian Organ 
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Ballistic Injury to Thoracic Organ 
Strain Tracking 

• Ballistic impactto Lagrangian mesh causes instability 

- Assess strain estimation in an Eulerian mesh 

• Simulated penetrating impact near liver to investigate ability to 
calculate strain in Eulerian models 

- Flesh is Eulerian in all cases -7 facilitates simulation of projectile 
penetration -··~· 

- Liver modeling 

• Lagrangian solid elements 

• Eulerian with tracer point definition 

• Penetration characteristics: 

- 64gr RCC with initial velocity 400 m/s 

- Passing underneath liver (-3 em) 

• 
64gr RCC with initial velocity 400 m/s 

passing underneath liver (··3 em) 

~,7~--------------------------------------·~~ 

Ballistic Injury to Thoracic Organ 
Strain estimates in Eulerian regions 

• Specialized numerical approach using tracer particles 
implemented to track strain in Eulerian liver mesh 

• Similar strain results show validity of approach for strain-based 
injury assessment in Eulerian models 

u...:•n.an - .. , .. __ _ -·-----~-.. -· .... 

-· ,.... ... - ---;: -

Strain equations 

.._ -~·H(~)' +(~)' +(i 
... -~·~!(~)' +(~)' +(; 
... =~+il(~f ·(ii)' •(1 

IJ. .. , ... lrh ' 
,.,.=J• h'+ii+iiiY·ii .. +i 

1 .. - ......... 
7-=Z• h+ii't-iiiil+iz:ij;+j 

f
ir .., .... lrlr • 

,_ = Z• ;;+'i¥" •;;;;+ ;;;;+; 

~Nm-~near terms nd. currently implemented 

~

18
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Mixed Lagrangian- Eulerian Methods 
Summary 

• Addresses modeling of high-rate events 
- Blast/shock wave loading 
- High rate blunt/accelerative loading 
- Soft tissue modeling requirements 

• Advantages 
- Mesh for interstitial tissue accommodates Lagrangian Parts 

• Vary mesh density 
• Simulate postural changes 
• Simulate locally high strains that would crash Lagrangian models 

- Pressure transmission across Eulerian-Lagrangian interface is 
modelled well 

- Can simulate shock impingement in fully coupled manner 
• Challenges 

- Computational cost 
- Controlling numerical artifacts (assessing them) 
- Making results insensitive to internal coupling parameters 

19 

Mixed Lagrangian- Eulerian Methods 
Future Needs 

• Numerical requirements: 

Assessing large-scale model requirements 

Scalability for large computing systems 

Mesh sensitivity for nearly incompressible damage or 
plasticity 

• Modeling Specific Physical effects 

Thin fluid films 

- Cavitation/phase change 

• Experimental validation 

Pressure transmission 

Blunt impact 

20 
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and Sunogate Response to Accelerative Loading 
Aberdeen Proving Grounds MD 
January 7-9, 2014 

Coupled Eulerian and Lagrangian 
Approaches for Dynamic Injury 

Analysis 

Timothy P. Harrigan, Robert Armiger, Catherine 
Carneal, JiangYue Zhang, Andrew Merkle 
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Crew Response in Full System HFCP 

Allen D. Shirley 
Cameron Bell 
Kevin Lister 
Kim Meeks 

January 9, 2014 
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Computational Physics 101 
Emplrlcal Engln..Onu Code• 
• De.stcffDea..ncomes 

- lJM eutWt Itt& or tabut.ar da-~a 
-FO<quiol<-

botwo<!n knOwn peWits or 
INhcm v~ ere lntuiWo 

y- Velodyne - Discretization Methods 
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- Numerically robuo;o;t for high ';)train rotoo; 
large deformations w/wt mesh tangling 
Br~aks down late in time 

- 100's of micro--seconds -7 mill!seconds 
- No interface tracking 
- Materia! advection 

• Computaticnalty expens:fve 

11 11~ 
- Me'Sh eoc-ompanes entire domilin 

Lagrangian 
• Computationalty efliciant (memory + processors) 

- Mesh located solety on material 
Precise material interfaces 

- Needed for accurate body-body contact 
- Advanced fmcture models 
- Well suited for late-time ana~s (msecs ~ se~) 

Issues with large deformations 
- Elongated elements~ numerical instability 
- Mesh tangling 
- Hisforics/Jy dul wlh through -elemerrt erosion" 

SPH 
• Mesh-1fae LB!J"Bngian 
• Continuum represented by "neig"lboring" particles 
• Supports initialized and/or dynamic conversjon 

Goal Is to: 
• Maximize benefits and physics capture 
• Minimize runtime and corrputational expense 

---------------------------Ve/odyne couples all three 

::: ··: iiz 
: .. .. ::: 

Whlri-. ·-
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Understanding multi-phase loading and 
momentum transfer into targets is critical 

Structural Response 

Oo-boJrd ln•trvmentJ!Ion· 
ATC LOFFI: 1, 4, 7 
ATC Pillow lOFFI: 6 
COfVId V-LOFI: 2, 3 
TSR 60XP: 5 

0 1 2 J II 5 6 7 I 9 10 
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Crew Seat Simulation Results 

V~locity M:;agMude (cmfsocJ Von Misgs Stron 

Using HFCP to understand the system response at each level 
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Blast Injury Modeling Approaches 

Valid comparison to theater events and cadaver testing based on limited 
set of simplifications cr~d assumptions 

- High rate loadmg response of tissue and bone materia ls 

- Fidelity focused on areas of concern to Blast Induc ed Injury criteria 

C.r CruhATD I 
Modo I 

Intermediate Case: vand•e H350 ATD model specmc•UY ror Its response to high-rate loading 
Valid for comparisons to DT and LFT&E event data using H350 ATD's; Based on pracl!cal set of simplifications and 
assumptioos Validate with appropriate data· 

- CSBES and Drop tower data available; may need additional data 
- Uses fuHy elasticfplastic and rate dependent materials 

Highest Risk Case: Employing a fast running automotive 
crash simulation based model of the H350 Is not valid 

Validated onty for ATD response to 30 mph frontal impact car crash 
Based on overwhelming set of simpl~ica:ions and assumptions: 

- Rigid and linear elastic material assutl'lltions highty questionable 

- Beam. shell. and tet element sitl'lllifications not valid for plasticity 

- Joint sitl'll lification not validforanlde, knee,andpervis l oad paths 
·Cooorwl.lelh 
•Sholl~ 

• RigidMalof~1 

Corvid Hill ATD FE Model 
Corvld Teamed with Humanetics 

- International leader in ATD manufacturing 

- Leveraging accurate CAD data (not ex isting FEA model) 

Improved Model Fidelity to Capture Blast Response 

- Using fully plastically deformable components 

- Efforts concentrated between foot and pelvis for seat and 
floor performance evaluations 

- Total element increase from - 128k to - 500k (z4x) 

HFCP Model Highlights 

- Explicrt representation of all joint functionaliTy 

- Explicit modeling of load cells and accelerometers 

- Capable of capturing deformation/failure seen in testing 

• 
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y- High Rate Material Characterization 

• High rate material testing of the ATD and boot "soft" 
materials for Corvid is complete 
- ATD: Ensolite foam, Butyl rubber, PVC rubber, White PU foam 

- Boot: Brown PU foam, Vulcanized rubber 

• Split Hopkinson Pressure Bar (SHPB) data received from 
Purdue University 

--;// 
~-

Material Model Fitting 

• Material model parameter fitting through 
an optimization routine 

• The following materials have been 
parameterized to-date (on-going process) 

- PVC rubber (Skin) 

- Ensolite (Foam Heel Pad) 

- Vulcanized Rubber (Boot Outsole) 
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Validation Results 
Axial loading and impulse error comparisons: 

original "baseline" material models 

new SHPB based material models 

Simul~ion 

Baseline Material Models 

SHPB Based Materia l Mode!ls 

. 
z 

0 .01 o.a, 0-'12 

Simulation Time, s = 
Simulation Time, s 
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y- 4.2 WIAMAN Test Rig Simulation BLUF 

Progress to date: 

1) Received CAD, data, and test 
photos 

2) Completed test rig meshing & ATD 
placement 

3) Analyzed data 
a) Set-up first test simulation 

(MS 8: 90°/120°, No PPE) 
b) Multiple iterations to 

understand effects oftest 
structure on crew response 

c) Output focus determined 
(tibia and lumbar forces, 
pelvis accelerations) 

d) Cross-compare wrth similar 
test events 
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y-

500 

- 5 00 

c - 1000 g 
Q) - 1500 
~ 
0 
u.. - 2000 

- 2500 

-3000 

0.000 

Animations 

--------------------------------------
lnJtlaJ simulations showing structure and AID response 

Tibia Forces 

, - .. ' .. 
..... ~~-.. : : : _-

ClLS 

Cl RS 
C2LS 

C2RS 

ClLE 

ClRE 

C2 LE ' 
C2RE 

._, 
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0.005 0.010 0.015 0.020 
Time (sec) 

Setup needs to be configured correctly to see better correlation, but 
t1m1ng and magnitude reasonable for a "sanity check" 
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Human Blast Injury Modeling (CAVEMAN) 

Proposed path forward: 
- Obtain CAD built from scans of representative 50th male 

- Thorough validation of biofidelic representation of segmented body regions 
• Use of anthropometric databases for verification and validation of CAD data 

- Develop high fidel~y meshed model from CAD 

- Gather existing material characterization data and fill gaps 

- Validate against segment and full body experimental data 

- Compare the ATD and human response to blast loading 
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- Start with 50~ percentile male to assess value to DoD; 95~ male and 5th female to follow 

Challenges: 
- Lim~ed availability of corroborated I agreed upon high rate material characterization data 

- Theater data d ifficutt for validation I comparison 
7 limited initial condition data 

Leverage-able projects: 
- Academic Research through DoD Lab 

Partnerships 

- WIAMAN project investigating PMHS injury 
and generating good model validation type 
data 

50th Percentile CAD 

• Average human male solid geometry 
constructed from scan data (MRI , CT, 
Ultrasound, ... ) 
Comparison to DOD 50111 percentile 
standards: 

DOD-HDBK-743A 
• 4.8% average measurement error (74% w1 thln 

one standard dev1at1on) 

- ANSUR 
• 4 6% average measurement error (70% w1th1n 

one standard dev1at10n) 

- ANSUR II 
• 4.2% average measurement error (74% within 

one standard deviatiOn) 

Includes: 
Skeletal, muscular, vascular, and 
nervous systems in addition to 
connective tissue and internal organs 
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Discretization 
Preliminary tetrahedral mesh of entire human 
body (skeletal, muscular, connective and organs) 
has been completed 
Estimated f inal element count: -3 to 4 million 

Skeletal: -1 to 1.5 million 
Musclar: -1 .5 to 2 million 
Connective Tissue: -G.5 million 

Explicit representation of all joint functionality 
Transition towards complete hex mesh has begun 
starting with the muscular system in the leg 

Preliminary mesh or the skeletal 
and musculaf.L.-e systems. 

primary organs (Skin not Shown), 
and comectlve tissue 
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High Stain Rate Material Models 

Lrterature review to determine state of high 
strain rate modeling of biological materials 
Focus on strain rates seen in Bll (up to 
-3000/s) 
Develop constitutive models base on high 
strain rate test data 
Perform high rate testing on cadaveric 
tissue to fill in gaps in the literature 

-.- -------
Examples of material response for twgh strain rate testing d soft 

viscoelastic material a 

UNCl~fiED 

High stn'n rate data from llteratwe 
review for constitutive materiaJ 

definitions in CAVEMAN 1.0 

looeo(filrtlraO 80\llne 

.. -
""' .... 
Kldn~ 

Human 
Hu~n 

Bovine 
Po1tine 

• ·High strain rate human dataexisu 
D -Hit~h 1tnin rate animal dJtl .. lsts 
• -No high str&ln n.te d<~.ta .1Yiillble 

,. 
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y- Kolsky Bar Setup for Soft Materials ... ~ 
I Typical SHPB I 

u:::::::) 

~ 

I Specimen Geometry Change I 

.... L-----::---:=-----c,c:-.,--:::-----:::-----:',.. ,.,..,, 

y- Example of Tissues Characterized 
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- 3700/s 
1900/s 

Strain-Rate Effects 

Alorg Fiber Direction 

540/s 1----------------------T----1 

- 0.07/s 

.,...--.~ 
""0" " ""''"' ' I 

" " -0.007/s 
!. 
• in osf-----------------=-- -Y:...._-+-----1 

! o• j-------------r:;;..-L-t----7'"-----1 

Engineering Strain 

Summary 

• Vehicle lED Survivability System-level Modeling 
- Use HFCP coupled with ample computational resources to 

gain insight into critical details 

- Represent physics of multi-phase lED loading 
- Resolve structural details down to millimeter length scales 

Include injury mitigation technology explicitly rather than 
empirical representation developed for single axis test 

• Crew Response Modeling 
- Began with Anthropomorphic Test Device currently used 

• Expanded material characterization to higher rates 

• Validate against mult iple experimental data sets 

• Used to support system development and testing 

- Current effort to develop high fidelity human model 
For use in full system modeling in conjunction with ATD model 

Understand system effects as tested and as used in theater 
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.·::- l!il~ Introduction ~ 
. --~ 

• It is a wel l known fact that underbody blasts have 
become one of the most widespread reasons for 
warfighter casualties in recen t wars. 

• Spinal injuries to occupants have particularly increased 
in theater from these roadside blast incidents, followed 
by tib ia and lower leg injuries. 

• The most common occupant injuries in these extremely 
short duration events arise out of the very high vertical 
acceleration of vehicle due to its close proximity to hot 
high pressure gases from the blast. 

• It is of considerable interest to developers of military 
vehicles to assess occupant injury risk due to blast 
loading in the early phase of the design process. 

s .. ~· ,ac~ "'"'"" ::Jt"'s ...s ,c,._.,,~ "'~'J 1 
~ ,~,~·-. -~<>-t>-:..:t1 tJ/a.s•c- .,..,.s UntWssified OisCubullonStatefllefltA Approved for putt•crelease 2 
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------~- -

A typical blast loacing pulse is triangular in shape and can be characterized by its 
peak acceleration (GpeaiJ or change in v elocity (ll.\1) with or without considering the 

duration of the pulse (7) . Occupant injury risk is proportional to; 

~lL-11! lL 1. Peak acceleration, Gpeak in g's 
1l E_ 2. Time duration ofthe pulse, Tin ms 
~ ·-5' 3. Rate of onset of acceleration, Gin g/ms 
~ * 4. Change in velocity, ll.v, in m/s 
:£. > 5. Direction of loading 

6. etc. 
Time. T Tirre. T 

It has been shown before that there is no single input parameter which can be used to 
effectively assess occupant injury. However, the design community often use peak 
acceleration, Gpeak or t. vto determine the severity of any given pulse. 

Earlier efforts to more adequately characterize the blast loading pulses include defining 
dependent v ariables such as Effectiv e-g (slope of the velocity profile), and Specific 
Power (Gpeak x ll. \1) with some success when compared against a few of the injury 
criteria. 

8 ~~ 'Ud ~•' '{>~ ~ ~~ 0< wPH' ~._ y 
" "" "' •.,..-, •-.r "',ci~ :o."'dy 1> Ht ~H' ot• Unclas:sif~t:d: D1strtbubon staterrent A Approved for public rd e:ase l 

.'::. ~~~ . Objectives ~ 
- - - _ _____hiiii - - --- --- - -

1. To determine If a single blast loading parameter is 
sufficient to adequately identify the occupant injury for 
the durat ion of typical blast events (0-20ms). 

2. Effect of pulse "shape" on the occupant injuries 
3. To create look -up tables/ response surfaces for the 

different injury responses 
• for both stroking and non-stroking seat systEms. 
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_Aiiiiiiiiiiiii-----

lnjuryp:.r<lmctcr X vs. Blut lo<~dinR p;u'3mtter A AND Time _,.,m<; Injury pa~meter X"'· B~illoJdin~:; p011r.uneter B AND Tim., 
- E •ms 

For the two notional plots above showing the same injury response shown 
against two different blast loading parameters (A and B including duration of 
the pulse T), the plot on the right (and hence that blast loading parameter) is 
preferred for the following reasons; 
1 Less sensitive to change in pulse duration 
2. Easier to establish a simple 2d relationship 

Bhstfoad descnptors iiS occupant mpuy 
prediCtors for u nderf>ody hlastelfents Unclassified D1str1bution Statement A Approved for public release !5 

- 55 nr.. .. ~ 

.-~~- ~~lll'lb-r Vertical dro~ -~~~~r t~~~ ~~~--~i~~;a~;~n· -~· 

• 

Vertical drop tower test fixture 

Ofastloaddescnptors asoccupantm)llty 

- .... 

r 

I ~ ' MADYMO Dynamic 
simulation mocel 
including Q-version of 
Hybrid Ill ATD 

LSDYNA model with 
FTSS v7.1 .6 finite 
element dummy 

prediCtors for underbody bfast evenlS Unclassified DIStribution Statement A Approved for public release 6 
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------~- -

A triangular blast wave pulse was f'~ .EJ --G '~ -~·~ 
applied to the v ertical drop tower sled. ~ ~ 

r~ 

A total of thirteen duration levels are 
studied. from 2.5 ms to 60 ms 
At each of these duration levels. peak §~ ~ -deceleration was varied from 1 Og with 
1 Og increments up to the point when ·: /~ 
t;v reached - 15m/s 

4. A total of 230 runs were made each 
.... " .... 

type of seat characteristic studied. - [D. - 0 5. Three types of seat systems are; (i ) 
R1gid (II) Seat with a baseline EA (SkN) ~ (/~ 

and (II1)Aseat With softer EA (4kN) . ' 
M 

~r El ' M ·{~} ' /"\ 
.I 

8~~ 'Ud ~•' '{>~ ~ ~~0< wPH• ~._ y 
" """' •.,..-, •-.r "',ci~ :o."'dy 1> Ht ~H' ot• Unclas:sif~t:d: D1strtbubon staterrent A Approved for public r de:ase 1 

:::. ~~~ Rec~rding injury metrics ~ 
- - - _ _____hiiii - - --- --- - -

. . . . . . - .. ~ ·--

__ .. ___ -, 

Response f rom the durrmy especially petvic acceleration and spine COrJllression was quite noisy and did not 

su~ain continuously klng enough for those input pulses with higher onset rates. ===========......J 
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------~- -

• For each injury criterion t he data is plotted against 
derived input quantities, viz., 

1. effective-9 1•3, defined as the slope of the integral of the velodty 
trace; 

1 1T G =- adt 
eff T 0 

2 . Specific power2 , defined as; 

S = Gpeak X llV 

3. I!.V, defined as; 

llV JO
T 

adt 

8 ~~ 'Ud ~•' '{>~ ~ ~~ 0< wPH• ~._ y 
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::::. . ~~~ Defi~ition of Effective-g t.l ~ 
- - - _ ______hijjj - ---- -----

Gpeo~< = 200 

T ~ l o ms I 
L,____u 

tN ~ 9. 8 1 m's 

Uff'ltiNe-t (1-lr)•~VJT" 

- J:=c~ . ... ·•vfT 
10 • : 

1 8 .--r--r ----------- ---~~:.: : 

f : ~?" : 
J t y: : 

i /..~ i + .~ .. ·· i 
' / !=-- __ :~-'!----

0 

• 10 11 

When, r = 5%; Effectiv&-g = 0.9' tNfT' = 132 
G-average = tNfT = 100 

G ~r = G p~ ( 

1 
+ ~ J (0 ~ r ~ 0.5 ) 

For triangular pulses used in this parametric study, the ratio of G , ff to G peak is 
0.6581 when r-0.05 
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.~.· ~~~ Head ~~~-u~--~~~~;i~··CH~~~:·) ... ·.· ... ···~·· 

____________ ;.:,;---------- - - - -

Rigi d Seat 

8 J,_,: .-.,~d do ~ r-."~ 5 J' o; wC# I "Jio )' 

Seat w/ baseline EA 

If ilu 
f 
I 

I 
2 

Seat w/ softer EA 

" "'" •-..--, ' 'Y w ..,_~~ :;,,xl~ ,.,...: ~ ., -.t• Unclassified D~rtbu:tion St&rrerf A.. Appnwedfor publn; relmse 11 

.~.· ~~~ . DRI ~ 
--------~ 

Rigid Seat Seat w/ baseline EA Seat w/ softer EA 

E: J~ '-#<!d~ s A..,. >#5 0C wON • " !"' 1 
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------~- -

• None of the primary input pulse parameters considered in this study, by 
itself, is an indicator of occupant injury. 

• One reason could be that our range of time duration of input pu lses 
which ranged from 2.5 ms to 60 ms is too broad. 

• Among the three loading parameters under consideration, 6v by itself, 
has the potential to be a single good indicator in the t y pical blast 
loading range of 0-20ms. 

• For a wider range of T, any of these primary parameters in combination 
with the pulse duration can be used to estimate occupant injury. 

8~~ 'Ud ~•' '{>~ ~ ~~0< wPH' ~._ y 
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.'::. ~~~ Analysis .of pulse duration < 20ms ~ 
- - - _ _____hiiii - - --- --- - -

Trend lines were drawn by grouping data points based on time duration of pulses, 
e .g., 0.10ms, 11-20ms and 21-60ms 

• Correlation coefficients (rJ are computed and tabulated for every injury criterioo 
against the three variables (G-average, Sp. Power and 6V) 

ro = 
where. x and yare Injury criterion 
and input variable respectively 
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.~. · ~~~ Head Inju;; ~~;:r;~ -~~;-~,~; ·;~~~··· ... ···~·· 

____________ ;.:,;---------- - - - -

Rigid Seat 

8 J,_,: .-.,~d do~ r-."~ 5 J' o; wC# I "Jio )' 

Seat w/ baseline EA Seat w/ softer EA 

!: ___;;.;;-- !~ ____;:;;;: 
. ~ -~ .. -- -~ -~~-­- ---:.._;·-- - ··---:--- -

.......... _ .. _,_ .... _ _.._ ... _ .. __ 
). .-~ =-- :- _/ =::=. 

" "'" •-..--, ' 'Y w ..,_~~ :;,,xl~ ,.,...: ~ ., -.t• Unclassified D~rtbu:tion St&rrerf A.. Appn wedfor publn; relmse 1S 

.:: .. ~~~ . DRI Trend ~ 
--------~ 

Rigid Seat Seat w/ baseline EA Seat w/ softer EA 

- ··-:-------
~= -------------- .-----w"' ••- ,._ : __ , . __ _ 
·. ·. 

E: J~ '-#<!d~ s A..,. >#50C wON • " !"' 1 
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0.75 <r < 0.9 
r> 0.9 

=======-"' ---
Biast /oaddescnptOISilSOO:Upant/1!/UfV 
f!JedlctOistorlmdetbody blast events Unclassified DIStribUtion Statement A Approved tor publiC release 17 

.-::: .. ~~~ Analysis and Observati~n~ ~ 
-- ~ 

Probability of achieving r > 0.8 

0·10 ms 10 • 20 ms 20 • 60ms 
G-Avg 0.00 0.80 0 .60 

Sp.Pwr 0.20 0.83 0 .77 

Delta V 0.77 0.83 0.63 

For rigid seat only 
,---P-ro-,-ba...,..bility of achieving r > 0.8 

1::-c:----f'-0-_.::10 ms 10- 20 ms ]20 - 60ms 
G-Ave: 0.00 0.90 0.90 
Sp.Pwr 

DeltaV 

0.20 

o.8oj 
0.90 0.90 

0.90! 0.80 

• Among the three loading parameters under consideration, LW by itself, is 
a single good indicator in the typical blast loading range of 0-20ms. 

• A meta model is const ructed using the results from the parametric study 
to generate 3d response surfaces for the ten upper body injuries. 

• An inju1·y lookup table is constructed based on this parametric study 
using linear/quadratic regression equations. 

Blast/oaddescnptOisasoo:upantu!/UfV 
f!JedlctOTStoi iNiderhody blas t evet1ts Unclasstfted DIStribUtion Statement A Approved tor publiC release 18 
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------~- -

W!tlbar stMe ..wk lace., 
hllk o.os,uv. o.ts"6V, o.ostu, O.tSXT, JOIN 7me 

Tnt O.tl AV, M/1 rtt/• m/• 1M T, 1M S..V. lff· ~~~~ c:lilt h -*r; ell 

!~ ::,;;;;- ~~!~!! __;~' - i:r-- ~.!~r--B~~~!H.:!~ :_:: ~r-- ~~rh~cl :~.!-1!.~-it.:!~ 
)r~ 2171011 -,19: ... ,6 o.1u •os16 0.686 •«< ., .. ,, 104 ,,2, . ),,_, u,,, 119116.07 

4 StnJ. 2 I 11 189.00 551 0.11 5.2453 O.SI'J 4134 3.98 Ill 140 17JO.S 105.1 18'!1.24 8.14 19 7 
SSm. 21 1110169 511 02!M SSIIl OSAI 4162 l9t 120 149 2'965.1 U.U 20414 548 20.7 

7::~- j~~~4Hi-t~ ~~; ;:;~ro -ci.~~-~; ~~:~ ~:~ :.:-iiPaJT,:-;;2~:;; ~;:H 
a 20ms~ 2/17/1011 u.eo 3.81 o.J<Jt .J-6198 1 uo 10.878 10.1• 78 36 1735.7 374.8 1•.21 15.23 t6.27 

,':·:,ft)Ut ~1!V~!! -::: :.~ ~~;!~: !~~~~-~~ ~r-1~r1-:,-1 :.! '!~~~~; !!.~ 
11 SIM-JC)In NA 7415 111 013'1 2.6401 0 4 11 S9S3 &10 57 <16 14.66.7 100 1 9161 Ul 10.65 

U SIM·1'lM NA llHM 3-1) 0 186 l5l'J7 0 H I U 21 1)86 76 64 1096.) 100.2 ll8'l7 4.74 14 51 

!!~~ ::'--~~--~~ -.;;~~ r:::~ii~~: i~=~~~Jtll_9~~~ri~ '!.!i 
· -· ~ ?><, .h!ll )G lOm· ~ --., l1 41 h 

Minimum 

Maximum 

Mean 

28 

238 

111 

2.3 

6 .9 

4.2 

3.95 

11.04 

6.83 
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.":::.. ~~~ ~hysical Test data ~ 
- - - _ _____hiiii - - --- --- - -

--'-"--• --9' ·-"' 
,_ 

> 1-
B ·-j-
"' r= -= w -.-r: 
> ·- ' <J ·- -~~-' ,_ 

:-

E 
-~<-..._w •• r.,.,. ,-

0 

~~ 
.. _ .... 

~· . 

v 
1-

j: v 
s i": 
> 
<J 
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j-,­
·~----~~-------
:~ 
I • 

,. 

••• J,U. .. U"<..I 

~·-··-·_ 
'" -----""7"-"'-------
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- ~-----

Peak lumbar axial compression @ Oms vs. tN 

0 2 4 6 8 10 
tN, mls 

A linear t rend line can be seen injury data (0 ~ T~ 20ms) from physical tests 

• Blast/oaddescnptotsasoo:upantu!/UfV 
f!JedJctotstornndettJody blast events Unctasstfted Dtstrtbutton Statement A Approved tor publtc release 21 

.':::., ~~~ Injury lookup chart~ . ~ 
-- ~ 

Looding •• • 

---··0-
Blast/oaddescnptotsas oo:upantu!lurv 
f!JedJctOI"StotiNiderhody blas t events Unclasstfted Dtstrtbutton Statement A Approved tor publtc release 22 
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.·::: .. ~~~ Effect of loading pat~s . ~ 
-- ~ 

A typical blast pulse is modified 
such that every pulse yielded the 
same final velocity, 6. V of 8.6 rnls 
within the same time duration of5 
ms; i.e., same G-average of 175g 

The eig,t pulses are; 
1. Typical triangular 
2. Haversine 
3. Sine (Scaled by rr/4) 
4 . Constant 
5. Front loaded triangular (#2) 
6. Rear loaded triangular (#3) 
7. Triangular with two peaks (#4) 
B. Triangular with three peaks 

(#6) 

The analysis also repeated for a 
second set of pulses with 1 Oms 
duration keeping th e final velocity 
at 8.6m/s (G-ave rage of 87.5g) 

Blast/oaddescnptOis as ocxupantu!lurv 

... ~ .... 
~ 250 i 

100 
- Lrn • .,. .. ,., 

.J - :t.Hev.,..,. 
~no . - a.JM• 

100 - . (Ol'lrUI'II .. 
0 

""'"'·''" 

" :X .:. ' .. 
{ !l - I. TrbnauiM 

-i 4 - :t.Hnenlne 
:r 1 _ - a.n .•• 

: ---4. (.1\IUIIt 

0 ----

-=~ !no --- -:,.. _,_ ..... ,.,..., 
_.: - a. r....,, .. , •• n 
lf Uti 't- - 7. TriM~IIIIMM 
4 too - --. rn..n,ul•rn .. 

0 -

0 ' • 
n...., '". 

11~-·-······'·"' 1!~ - &.TrYnr;ul•r•l 

""J 7. T~cul•r*" 

.1: - -t.TrWI~;ula.r•S 

1 
0 

0 ' -·-
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T=Sms 

"*-lc.f•'*- NIC IC 
lUMa.t.• 

S PIN E 

""' R•llfti M MIC .. ......... ..,, .. DRI OO. """ .. Ket&trltion,g xc.WIIion,g ....... • 
__ .. 

... , Durat- onu t, >V. CfC . P\IIM'YPt "" ,.. .. ... .... ,._,IEft. O ..... ... ..... .... 1000 .... I•''" IO'- ·-1-
17 '"' 5 140 •• .... '" 175 11U 122.7 .. , . .. ltU U9 .. ... •• lU ,........., 

'"' 5 140 •• lOOl ll5 175 11li 121, ... ... nu 3.19 •• ... 00 ,., ...... "' 5 110 •• , ... 210 "' 11l2 un ,,. ... 1101 "' ... '" •• ,.. . , ......... ,., 
' .. u ,,., Ill "' 112..S 121.> '" .... 10!1.1 ... . .... ... .. , .. 

'"l ....... rl l>O 140 ... - 212 "' I U.I UJ. l ... 111.) IU .. ,.., 
- l ~~ r-~-9 r-t'"' ·~·) J!<l 5 140 ... ~ m '" 11~ 111.1 ... 11~~ !!:i-~.: 

..... ·*-r.!~4 =f-== ,. + ::~ 
217 "' 113:4 701 ~1 ·ill+ Hii- -26.0 ,,· 5 .... .,... "' 1129 HH -,"jJ ... 1101 lJ.O ... o·o- . ... 

No path dependency of loading is observed 

8 ~~ 'Ud~•' '{>~ ~ ~~ 0< wPH ' ~._ y 
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::::.. ~~~ . Conclusions ~ 
- - - _ _____hiij - - --- --- - -

There is no single blast loading paramete r from an input pulse which can be 
used tD fully determine the occupant injury risk from a blast loading o ver a wide 
range of pulse dura tions (0-60rns). 
Correlation coeffidents distribution for t.v espedally in the 0- 10rns range is 
narrower and closer tD 1 than those for Specific Power and Effective-g. 

Among the different blast pulse paramelers considered in this study, t.v is the 
best single indicator for estimating injury criteria, for typical blast pulse duration 
ranges. 

Two different approaches tD estimale occupant injuries as a function of Blast 
duration, l),v, and Seat characleristics have been employed us ing t he results 
from this parametric study, namely: 
- Injury lookup tables using linear/quadratic regression equations 
- Meta-model based Response surface methodology 

Other: 

- For any given 11v and T (0-lOms), the shape of the pulse and its 
peak value has no significant effect on the injury criteria (exduding 
the constant type) 

- Trends in the test data strongly support M&S findings of this study. 
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Reference herein to any specific commercial company, 
product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily 
constitute or imply its endorsement, recommendation, or 
favoring by the United States Government or the Dept. of 
the Army (DoA). The opinions of the authors expressed 
herein do not necessarily state or reflect those of the 
United States Government or the DoD, and shall not be 
used for advertising or product endorsement purposes. 
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Peak Axial Compression vs. Effective-g 
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Lumbar compression from physical tests also do not show a good 
relationship with Effective-g. Dependence on T can be observed. Good 
correlation with M&S data can a lso be seen. 
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Introduction 

Crash Dummy Materials- Rubber, Foam, Damping, Plastic, Metal 

Critical Body Parts- Neck, Thorax Ribs, Lumbar Spine, Skin, 

Rubber- the most important & widely used material in Crash Dummies. 

MAT_077_0 (Ogden Rubber) for Rubber Material Modeling 

Ogden Parameters & Prony Series Parameters for MAT _077 _ 0 

Material Test Matrix for MAT_077_ 0 

Introduction (Cont'd) 

Ogden Parameters based on Strain Energy Curves w/ Uniaxial 

Compression & Tension Test Data 

Effect of Poisson Ratio on Ogden Parameters 
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Ogden Parameters from Stress Curves wl Uniaxial Compression & 
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Introduction (Cont'd) 

Prony Series Parameters from Short Term Compression Relaxation 

Test 

Coupon simulations- Compression 0.01 Is, Compression relaxation 

(20% strain), Tension 0.01 Is, Tension 0.1 /s, Tension 1 /s, Tension 

10 /s, Tension 100 /s 

MAT_077 _o (Ogden Rubber) 

Rubber 

"" ,. t _t !lf..l> 

MU1 MU'l 

G 

' .... 
-1.21E-& -3.23l-5 0.0001Ut 0.0005796 0.0009076 O.OOOJ.867 0.0002516 7.tE.I 
AlPHA! ALPtiAl 
-3.aost -O.G4 
Gl BETAI 

0.00049760.0021 
0.00047160.0932 

ALPHA3 ALP'KAS 
0.9734 

RO : Mass Density 
PR : Poisson Ratio 
MUi : the ith shear modulus 
ALpt-I.Ai : the ith exponent 
Gl : the ith shear relaxation modulus of Prony Series 
BET AI : the ith decay constant of Prony Series 
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Principa 
Cauchy 
stress 

a, =--= L;-2.. A, 1
- L:- + K(J -1) 1 (}w " J1 [ •a 3 J,"1 ] 

A
1 
A, iU, 1• 1 J , _, 3 

To be determined 
Quasi-static true stress-strain test curve 

Uniaxial test- Principal Stretches 
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Engineering Stress Equation in 

I 

Uniaxial Tension & Compression A, = A., A, = A., = £1 

Pure :'11ear or Planar Tension --\ = .-t, A, = 1, A, = X 1 

Equibta:naJ Tens1on At = A:J = A.,~= X' 

N 

Engineering Stress a= L ,u.(X'"'• - x '•""·] ... 
where 

C = - 1/ 2 unfaxiat tension or compression 

-1 pure shear or planar tension 

- 2 equibiaxial tension 

•"' l 
I 
• D 

.. 

c,~------~-------T-------7r-------+-------~ 
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f---

Rat~ d&cts ou takm into xcoonl through I~ t~lasticitybya COO\·ohrtioo integnl 
of~ form 

Ihisstrt.SS i5addcdtolbestrtssttnsordd~fromlbesninn~trgy functiooal 

If we wis.b to include ouly !iimpk: r..tt effects, tbt Rlaxalioo function is represented by 
si.""< tmusfrom!beProuyseriei: 

gi\~by. 

~}" •<>;, 1 .a. .a. • <>;, 
O"n= L.,--"-[A, - - (A, +A, +~ )] + K(J-1) 

n=l J 3 

+2(l+v)J; f a,e-M-rl Be11 d .: 
i = l 87: 

To be determined 
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Relaxation Test Data 

STRAIN CURVE 
e, 

'• O! t:St1 <!<= .5..== di 
t, 

t1 :StSt2 ll<== !a...:.!l. == Bj 
t

2
- t

1 

tl :-:>t:o::; .,. !>..::!;.= '\ 
tl - t l 

tl $t !t, 8<=~= ~ 
t, - tl 

t1 =ftSt, d=-.!L5..= ~ 
t, - t, 

t6 $;t$t, 6 = !c.5_== 8i 
~ -t, 

~ -

I 
Stress Relaxation Equations wf 

O$t $t1 N 

a1 (/) = 11tfG,e_,_ tt-rl]llfdr 

tl $ t $ tl 

G1 (t) = !'[fG,[A(!--r))~dr+ r(fa,e-,11<'-r)j~d-r 
i-1 ' i..J 

!l $t$tl 

a1 (J) = !' [~ a,e·P.<r-r:. ]ap-r+ f'!t a,.e-1·<•-r'J )B:jdr + £ [~a,e·!.<~-~'> J.;d-r 
t1 srsr, 

crl'(J)= ! '[ta,e·.'.tHl]dfdo+ £'1~a,e·!.<H·J)djd-r + £Lta,e-M-"]~dr+ £1~G,e-J:<•-r) ]!4dr 
r, s: rs:r, 

a, (I) = !' [~a,e·A(I-r) ]Bfdr+ f!~a,e·A(t-r)]ltjdr+ r[~a,e·A(I-r) )~dr+ fl~ G,e·A (f-r))~dr +! [~a,.e·A(t-l')]~dr 

r, s r ! t6 

a
1

(t) = f! t.o,.e·!.(t-r)]itjd r+ f.'lt a,e·A<'-r?]~dr+ f lt.a,e·!.(t-r) ]ll<,dr+ f.lt G,.e·A V-r)]~dr + £ Lt.a,.e·.•W-r)]t4_dr 

+ ~~ta,e·Att-P ]~dr 
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Stress Relaxation Curve Fitting w/ 

Stress Relaxation Test Curve Fitting · Test ~s Prony Series Model 

0.5 

t ime 

5.0000 

·25.0000 

0.3500 

Prony Series 
Only 
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Rubber Compression Coupon 

Rubber Compresslc:,n Strtss..Stral n 0.01 

1 ___ 1- = • .... 00tll·t ~ 

..... 

Rubber Compression Relaxation 20% 4 Test vs Prony 

••!-
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Tension 0.01 /s - Test vs Coupon Simulation Data 

Tens ion 0. 1 /s • Test vs Coupon Simulation Data 
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Tension 1/s - Test vs Coupon Simulation Data 

Tension 10 /s- Test vs Coupon Simulation Data 
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Tension 100 /s- Test vs Coupon Simulation Data 

Poisson ratio plays an important role in obtaining Ogden parameters f.1 & 

a from strain energy curve fitting. 

Stress curve fitting for Ogden parameters f.1 & a does not converge even 

with the Poisson ratio 0.499. Only with J=1, stress curve fitting 

converges. 

Wth J=1, Ogden parameters f.1 & a from strain energy equation, uniaxial 

stress equation and multi-mode stress equations create similar stress­

strain curve fitting to test data curve. 

For dynamic stress relaxation curve fitting to obtain G; & fJ; , J=1 should 

be assumed if the quasi-static term is considered in the stress equation . 

If not, curve fitting for G;&!J, , does not converge even with the Poisson 

ratio 0.499. 
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To consider the Poisson ratio in obtaining the Prony series parameters 

G, &/3, , the quasi-static term should be dropped from dynamic stress 

equation in curve fitting . 

The Prony series parameters G, &/3, are directly obtained from the 

compression stress relaxation test curve fitting. 

In the compression relaxation coupon simulation, initial curve fitting 

parameters G, &/3, do not make good matching over relaxation range. 

Therefore, the relaxation portion in the test data should be modified by 

scaling down the relaxation region , based on experience. Then curve 

fitting needs to be done with the modified relaxation test curve. 

' -

I 
Discussions & Conclusions t 

For coupon simulation , started with compression 0.01 is. One or two 
times, Poisson ratio or K values may be tuned to obtain ~ & a, which 
means curve fitting again with compression-tension 0.01 is test curve. 
Then, relaxation coupon simulation is done v.ith the~ & a and G, &!3, 
parameters. If the simulation result is reasonable, continue with tension 
strain rate 0.01 is, 0.1 is, 1 is, 10 is and 100 is cases. 
For coupon simulation tension 0.01 is, simulation can not be done up to 
130% strain due to instability. 
For coupon simulation tension 0.1 is, simulation can not be done up to 
130% strain due to instability. 
For coupon simulation tension 1 is, simulation can be done up to 130% 
strain without instability. 
For coupon simulation tension 10 is, simulation can be done up to 130% 
strain without instability. 
For coupon simulation tension 100 is, simulation can be done up to 
130% strain with some instability due to vibration issues seen in 
kinematics. 
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In all coupon simulations, it could be observed that rate effects were 
reflected with G, &13, and simulation curves are close to test curves 
up to around 50% strain. 
To resolve instabil~y in tension 0.01/s, 0.1/s and 100 /s, parameters 
can be tuned by doing curve fitting again with different Poisson ratio 
and K values. Also, meshing and coupon geometry can be 
considered for modification to prevent from instabil~y. 
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Through this study, a practical method for Ogden rubber model has been 
developed. 
Strain rate effect could be realized with Prony series parameters from 
curve fitting in coupon simulations. 
The minimum required material testing conditions were determined for 
Ogden rubber material model. 
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Brett sanborn and Tuslt W eerasoorlya 
Workshop on Numerical Analysis of Human and Surrogate Response to 
Accelerative Loading 
.January 2013 

PUBLIC RELEASE-DISTRIBUTION UNLIMITED 

T ;,- Background ~ - -

Anthropomorphic test dummies (ATD's) used in 
automotive and aircraft industries as test devices 

First ATD's used in 1949 

- "Sierra Sam• used to test ejection seats 

ATD's used in automobile tests in 1972 

- Hybrid II (HII) developed by General Motors 

- Evolved into the Hybrid Ill (Hill} in 1976 

Different rubbers are used on the Hill to simulate 
different parts of the human body 

New goal is to develop a new dummy for use in 
blast testing 
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-- Jlllll'--. "' - -T R~ Motivation 

Experiments are needed to develop constitutive 
models used in simulation 

Accelerative loadings seen in blast occur at high 
loading rates 

Accurate simulation requires experiments that are 
conducted at these relevant loading rates 

Current work: Evaluate Neck and Foot rubber 
from Humanetics Hill SO"' percentile male dummy 
at different loading rates and sequences 
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TlCHHOiDGY DRM"l WARFIGHT£R FOCUSED. 
PUBLIC RELEASE-DISTRIBUTION UNLIMITED 

w- fiiW--. lfl' - -
T R~ Materials 

Neck and Foot rubber sheets of the same 
type used in the Hill dummy -·~----" 

Neck Rubber: 

Butyl Rubber 

Durometer: 70-80 
Foot Rubber: 

Vinyl Rubber 

Durometer: 37.3 ±0.9 

Heel Pad Rubber: 

Durometer: 27.3 ± 0.6 

Skin (vinyl) Rubber: 

Durometer: 58.5 ± 0.6 
Tibia Rubber: 

Durometer: 69.3 ± 0.6 

Hybrid 11150!1'1 Male Dummy Parts Catatoge 78051-218-H 
Humanet.cs. FMVSS208, 49CFR Part 572, Subpart E 7KhNOl.OGY DRIVEN. WARRGH1£R IOCJJSED. 4 

PUBLIC RELEASE-DISTRIBUTION UNLIMITED 
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·- aM"'llll. ~ - -T R~ Experiments 

Experiments conducted on both Neck and Foot Rubbers 

Uniaxial Compression 
Ouasi·slatic 
Intermediate 
High-rate 

Stress Relaxation 
Load at constant strain rate and hold for a predetermined time 

Compression Dynamic Mechanical Analysis (DMA) 
lsothennal frequency sweeps at different mean strain and strain amplitudes 
Storage and Loss moduli as a function of frequency 

Tensile DMA 
Temperature sweeps at constant frequency 
Storage and Loss moduli as a function of temperature as ...veil as glass transition temperature 

Compress.on OMA -0.001 
(isothermal frequency sweep) (temperature sweep) 

• 
500 

1100-1300 

1200-2200 PUBUC RELEASE.OISTRI.BUTION UNUMJTED -------· 

Quasi-static and Intermediate Rates 

- Bose Electroforce Testbench 

Compression DMA (BOSE) 

- Frequency Sweep DMA capability- up to 200Hz 

Tensile DMA (DMA 0800) 

Compression Kolsky Bar/split Hopkinson pressure bar 

PUBLIC RELEASE..OISTRIBUTION UNLIMITED 
-· ·-- · --· - · ·-·· _--=zl, 6 
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~- ,M"'llll, , - -
T R~ Radial lnertia 

Inertia in the radial direction is a concern when testing soft materials such as rubber 
using at high strain rates using the Kolsky Bar 

Extra stress due to radial inertia is measured in the axial direction 
For soft materials with low stiffness such as rubber, the extra stress can overshadow 
the intrinsic material response 

Estimate of radial inertia induced stress is provided by Warren and Forrestal: 

Dependent on density, radius. strain rate (squared term), and especially 
maximum strain (cubed term) 

For Neck (p = 1250 kg/m3, E, = 0.58, t, ,01 = 2300 s·1 and r= 4) and 
Foot (p = 1150 kg/m3 , t, = 0.41 , t , , 01 = 2200 s·' and r = 5) I 

Neck o1 = 0.270 MPa =>Actual response= 100 MPa (0.27%) ......... gnore 
Foot o, = 0.121 MPa =>Actual response= 8 MPa (1.6%) ..,.. Inertia 
Foot rubber is at the lower end of what is an acceptable StreSS 
level of radial inertia stress 

warren. T L , Forretal, M.J Commem on thl etr.c:c of ri<IW 1ne1111 1n tf'llt Kof&ky ba1RCHNOtDGY DRIVEN. WARFlGH1£R FOCJJSED. 
tel* lor an W:omptewble ma~erlal. Expenmerltti~I2D.1USCQIITmiJUDDN UNLIMITED 

~- ,M"'llll, , - -
T R~ Results 

Pulse shaping used to achieve constant strain rate 

'flOI>K)J.DGY DIIN£N. WARFIGHT£R FOClJSED. 
PUBLIC RELEASE-DISTRIBUTION UNLIMITED 
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T ;,.- Stress-strain results - Jil' - -
Compression Experiments 

NECK 

J:nnT 

These techniques produce families of stress strain curves at different strain rates 
Both materials are rate dependent 

TlOIHOI.OGY ORIVEH. WARFIGHTEII F00JSED. 9 
PUBL.IC RELEASE-OISTRIBUTION UNLIMITED 

w- - · ,.- -T R~ Results - Stress Relaxation 

NECK FOOT 
u = ::: [!]· ;: J - CQ ~-I -~ 

~ - ~111 - IN 

i u I IJ -~ ... 'ctj u i~ ·--~~~ 
• lOt ...... toO 1 ... '* . .. - - ....... 

~~ ~~ 

,;§~BJ· l , l -

I" 1· =7 
,.~ § r 

u u 
• ltl'-t. · l• t • IU I - · 1'-

· ··------ . ·------~~ ~N 

Stress relaxation gives insight to viscoelastic nature of materials 

Relaxation behavior is needed for models 7£CHHOI.OGY DII/!IEN. WARFIGHTEII FOCJJSED.1? 
PUBLIC RELEASE-OISTRIBUTION UNLIMITED 

(453 

5 



 

515 

 
 

Session 6, Presentation 3 

1/9/2014 

~- IJlW-,.. ,. - -
T R~ DMA Results 

Compression DMA results from isothermal frequency sweep 

Tensile OMA results provide glass transition temperature and storage and 
loss modulus 

These data are used when calibrating numerical models 

Tl'Cl 

TECHNOI.OGY 0/UV'EN. WA/fFIGHTER FOCl.JSED.' 1 
PUBLIC REI..EASE·OISTRJBUTION UNLIMITED 

T ;,.- Bergstrom Boyce (BB) Model .II' - -
for Neck Rubber 

Two-part hyperelastic model 

- A: Equilibrium response with hyperelastic element 

- B: Time-dependent response with hyperelastic element in series 

Chains are 

aligned 

along the 

diagonals 

of the unit cell 

Bergstrom-Boyce 
Constitutive Modeling 

Equilibrium ........ 

0
~ -----.~ .... ----- .-

Elastic Viscoelastic 

Fs-h·F;/ 
Deformation gradient provides 

time-dependent viscous 
response 

J s ........... -~~~ c;; ~ ~,....... .. ,....,. _ _.,._..'*""".,ol 
..._,...J-~~.all)1_1_ 

1!["1 ICrtDGY DR/VEJil. WARFIGHTER FOOJS£IJ.'2 
PUBLIC RELEASE-DISTRIBUTION UNLIMITED 
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~- IJlW-,.. ,. - -
T R~ Determine Model Parameters 

For the uniaxial loading experiments. the Cauchy stress is defined as: 

Where 0 A and 0 8 are 

£-t%L) 
Jl .c-• (il.:tJ [ ' 1] 

uA = J£-•(1/AJ F -F "s =~ ( ) [cF;l' -/;.] 
A8 .c-• 1hL B 

Parameters: Strain-Stretch: 
s - shear modulus of network B compared to A 

~-shearmodulus 1[ 2] 1[ z] 
A= -3 (F)' +-F ~ = 3 (fD)' + fi!. Ac- limiting chain stretch 

£(r) = coth(r)- 1/r (Langevin function) 

.c-'(x)., {1.31~46tan(1.58986x) + 0.91209x, iflxl < 0.84136 
1/(slgn(x)- x, lf0.84136 ~ lxl < 1 

TEC.HNOl..(X.;Y 0/UV'EN. WA/fFIGHTER FOCJ.JSED.l J 
PUBLtC REL.EASE·OISTRJBUTION UNLIMITED 

~- oM"'lll. .II' - -
T R~ Viscous Flow 

Rate equation for viscous flow in B 

Where: ri:= r.c~-t+nc [~~(:~::~ -t ... )r 
J0" = ~ [(F•)Z + 2._] 

Deformation gradient becomes: 

.. f'; = y; sign[u8 ]F; 

B 3 8 F: 
And: 

to = 1/s -constant for dimensional consistency 

R(x) = (x + lxl)/2 - ramp function 

f cut -cut off stress where no flow occurs 

( - strain adjustment factor .... c - strain exponent 
't'base - flow resistance 

m - stress exponent 

Parameters to 

optimize using 
experimental 

results 

J'EOINOLOGY DltiVEN WA/fFIGHTER FOOJSED.'4 
PUBLIC RELEASE-DISTRIBUTION UNLIMITED 
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w- -· ,.- -T R~ Optimization Results 

1 s·1 , 500·1, 1300·1 , 2300·1 (High Rate biased) model with DMA vibratory response 

Engineering Strain 

ftal•l.J1U6 

r.mw.l···~ 
_ .... 
""2&2'11.5 
,._O,OI'IOtM 
C•·l.1ltol1 
...._.l.9lll'l 
111•1.16912 

""""""" 

TfCHI!IOLOGY ORJVEN. WARRGHTER FOOJSED.15 
PUBliC RELEASE-OISTRIBUTION UNLIMITED 

w- oM'llll. Jil'- -
T R~ Optimization Results 

0.001 s·1, 1 s·1, 500 s·' High Rate biased model with DMA vibratory response 

~~~~~-----,------~------~-------,._,~ 

R.2Frtness•0.9S9 

-...w.-t.21lm _ .... 
.... 11.100' 
...O.u.tl 

~~~~ 
"1•1.112$$ 
t.louCI.ot•O.OI 

-•.!-------;;" •. ':-,-------:'._,-, ------.;;'_,.-------:.:':_,,.--------;! •.. , 
EnginHring Strain 

7lCW«JLLGY DIUVEN. WARF1GHTER FOClJSED. 15 
PUBLIC RELEASE-DISTRIBUTION UNLIMITED 
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~- -· II'- -T ~ Parameters for different cases 

Model constants for Neck rubber using BB model for different loading 

rate scenarios: 

A I A2 ., 
Cl 

C ASE lmfl&oM 
8 1 Cl Impact· Bill.\ I• 

A u tO R u t h 
Bl :iii ~I·R:illlh Aut.-..Ratts Rtuu Rut;; 

Model Parameur +Cn-lk) +C\•clk 
(+q·c:lic) 

Descript ion 
Model l.lOO.I JOO. 500, 1, 

I , 0.001/~ 

ColtiStaBt 
2300, uoo, ~.I. 

1. 0.001/~ 
:'!O(f,lll, 0.001/l, lE'. E"l· 

500.11~ O.(XUit tE',E"l· {E',E"}· 
r,... r ... ""' 

Shear modulllii ofrrtworltA(MPa) L2215ti 2.49584 2.17583 1.22156 2.17881 2.17S81 

l.oclil'l~stll!'U:h A, 6 .05826 1..20723 1.18675 6.05826 1.15367 U867S 

llulkM:dulus(l\'fPa) 500 500 500 500 500 500 

Stifth.:'i:SofNet,,orl..l)rt.'bhn•tllA 28293.5 12.9004 7.21539 28293.5 9.5676 7.21683 

StramltdJw;tmcnlfllctOr 0.01909 0.229882 0.317087 0.01909 0.337517 0.317087 

Stram exponent •1.71847 .0.97316 -1.01733 -1.71847 .0.95967 · 1.01733 

Flll\\n:s:~st:mcc(MI>a) '•· 3.93878 0.070253 0~96996 3.93878 0.693538 0.296996 

Sm:uc'\p<nenl 1.16972 1.11285 1.51296 1.16972 1.26362 1.51296 

NOnn1.11v.1.'1.i ~ut-off ~tn!$1i fnr l'l<n' ,_ 0.01 om 0.005 om 0.01 0.005 

R "l for1.-oodntuorfit 0.699 0.959 0.966 0.559 0 .712 0.652 

Model constants will be obtained for the foot rubber using a similar approach but may 

require use of a different model T£CHNOU>GY DIWEN. WAIIFIGimll FOOJS£D. -
PUBLIC RELEASE-DISTRIBUTION UNLIMITED 

~- ,,....,. II' - -
T R~ Summary 

Conducted a variety of experiments on Hill neck and foot rubber including quasi­
static, intermediate, and high rate compression. Stress relaxation and DMA 
experiments were also carried out 

The rubber materials were rate dependent and the mechanical response was not 
overshadowed by radial inertia from the experimental technique 

Model constants were generated for the Neck rubber that predict stress-strain 
behavior similar to the experimental results 

Current models in LSDYNA do not accurately represent the experimental results 

1'/iCJo .oQIOGY DIIIVEN WAIIFIGimll FOOJS£D. 8 
PUBLIC RELEASE-DISTRIBUTION UNLIMITED 

(457 

9 



 

519 

 
 

Session 6, Presentation 4 
1/9/2014 

UNCLASSifiED 

Q US. ARMY •n~ 
'¥ !1!J£~ U.S. Anny Research, Development and Engineering Command 

Inertial Effects in Compression~ L 
and Torsional Kolsky Bar Testsi'l 
Soft and Nearly lncompressib 
Materials 

TECHNOLOGY DRNEN. WARRGHTER FOCVSED. 
Adam Sokolow, John Fitzpatrick, and Mike Scheidler 
Inertial Effects In Compression and Torsional Kolsky Bar Tests on Soft and Nearly Incom­
press ible Materials 
U.S. Army Research Laboratory 
13 Dec 2013 

UNCLASSifiED 

~ jjjj'{~~ Motivation ARL 
Humans In Extreme Environments 

0 To adQquat<~ly simula!<! thQ ll!sp:lnS~a of th<! human t:ody to l:jast, tm~:~~Ctand 
at:OQIQra!iw loadongs, th<~ oonstlutiw r<~SlXJOS<I of its ~ssu<~s must bQ und<~~md. 

0 9Jft tiSSUQS of thQ t:ody all! l)'pically 
• viscoetutic 
• non· ln&T 
• SheaTlnociJI (-vi • 9XlkPa) 
• NeaTly onoompresgtje (9Jk IY"Od.JI - W'aler. 2.3 GPa) 

0 Most ot lh<! stm.i~m.l<! dep;~nd<~noo of soft tissu<!s is <~xhibitQj by th<! shQal' str~~ss 
(as opp::>sed to the pr~~ssur<~). As w<1 s how, th<! shear str~~ss can bl! quke diffbult 
to measur<1 in high-m.te {- 1000s) t<~sts 

Kolsky Bar 

• Use:l w~h gl'2at SUCOQSS to charaot<~riz<~ th<~ hgh stm.i~m.te 1'2sp:lnS<I of mQials 
and s"f p:!lym<lrs. 

• Aeoontly has bl!en US<Id in an attem~ to charaDi!rize the II!SlXJnS<I of soft bssues 
and tissu<~ simulant:s. 

C458 



 

520 

 
 

Session 6, Presentation 4 
1/9/2014 

~ fio'Eco,llrit. Compression Kolsky Bar A'-R_L_ 
-~--. .. ~ Split Hopkinson Pressure Bar 

~ .~ h d tkrotDI:Il' 
Trllmr.Ji)')i~n 011: 

,:------------------
' Sacci:'I"!Cn \ P;;~l~ Sh:ii!Pf 

standard tqst tqohnquq for mqasuring strain-ratq s~nsitiVityof thq S1'Q'Cimqn in a 
stat9 of (uniform) uniaxial st~ssat modQrat~to-latg4 strains. 

Uniform AMi<'ll Stress 

-[-. '· 
- ·-

(j'l~ : = (j'l~ 
- ·-

Comp:mqnts of stress tqnsor q; 

qzz > 0 .plsitve in comp-qssion) 

Conwntbnal data analys6 dQpGnds on thqse condlions! 

~ lio'Eco,l/ritnr.ues for Sufficiently Soft SpecimensA R_ L_ 
----. .. ~and Sufficiently High Strain-Rates I"'W 

--
:a?:~ ~o-r. 
' -: -
' - -

R"<t~ -' Hocp .$11'0<;~ 
,:;.l!llii~I~!W"'-~} 

-~ 
I -
:_------------~'".=::~·,::~"l_-_:::_ ____ ------

Consequences of Radi.JI hedia otrre SpeciMen 

e ~cause ofthq p!Qsenoe of radial and 
hoop strqsses, can't qxtract thq 
~Viatorio strqss tqnsor s from thq 
measurqd (awragq) axialstNSSqzz. 

• 1\Jeqd sforconstitutive modqls. Thq 
comp:mqnts of s aiQ thq shear 
st!Qsses, whbh contain most of thq 
~atq-dqpendQnt, viscoqlastb rqsp:mse. 
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C460 

rr; !JJi'it;f!Y Analytical Inertial Estimate ARL 
'"' / = Szz +p 

IIICCIA.88RED ---111!11~ 

rr; !Jiif.IJ!!!it» Analytical Inertial Estimate ARL 
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rr; !JJi'it;f!Y Analytical Inertial Estimate ARL 

IIICCIA.88RED ---111!11~ 

rr; jjl}.f.t;f!!i> Analytical Inertial Estimate ARL 

Anatytbal in~rtial ~stimat~ for q, (basE!d on rOOiaJ rrom~ntum baBnOQ) in t12rms of 
m~asurOO a.xiaJ strain 9z and its ratqs: 

""' = Po(Ro)
2 [~ f 3(oz)

2 
] 

16 (1 - o2 ) 2 (1 - 02 ) 3 

The measurOO axial st~ss ard this inertial estimate br rad0.1 stress yield the 
comp:>nents ofdeviatorb stress (i.e., shQar st~sses) in the ~cimen. 

II1CIA.88AED ---~ 
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1'1' iio'lcoM-1& How Do We Know AR_L_ 
/ -~~_,, , ~ When This Works? I'"W 

Not12: Wq canoot check against 12xpetimental data because the st~ss complnents \W 

are -astimating cannot bQ rMasurOO- that's the r12ason for the estimates in the first 
plooe! 

We oompar~ our estimat~ Dr th~ rOOiaJ, toop, and dqyiatoric stl':!ss com'j))nents 
against nu merioal simulations ofthe Kolsky tar t.:!st, sin!X! simuB.tions prov(le thrc! 
full stpass state. 
This has bQen done Dr a range of: 

• specimen constitutive models 

• material ~13.met12rs 
e ~cimen goometries 

• peak strain-rates 
• strai~rate historiQs (i.e., loa:lirg puloo shapes.• 

Example on the next t\\'0 sides. 

lliiCl.o..&aAm ---111!11-
'!' !JJtQ;, - Example of Companson AR_L_ 

with S1mulatlons _,... 

Nonlinear Viscoelastic Modd 
Used in These Sirrdations 

(approximil~ stiffness of eain TissueJ 

SftU fdJ)31b' n tctbl C«< ~Cf:a:U 
1'1'001 21 ~Sfii'I~OIIUI'!NNmclctlltSOT 31 kPa 

bat eqllh'lJtlim¥/wtmotkllrJsor 2kPa 

7his is a tough case beN use 
$pecMteni$ wry 3:11t .I 

ccm~¥o• otstn~ot)n m1a ~DO~""'"' o• r 
!i~U~Da£Q:ol~c• liU) 'brth 31:blcompou•tot 
ctUbbltltJUS, Szo' 'biUftt Str.IIH<ftS. 

t~ot:1h co111t 11b1a1d<m ;uaJfSIS .. otnyt nualllu 
tors.,. mort tta• at odtfotmaguMt 'gle r 
a•d lt toe mvotr1h pagt! 

C462 
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"!' !16:,1!,;, - Example of Companson AR_L_ 
woth Somulatoons ,., 

Conclusions 
F'ora specimen as so1t as b.-ain a:ssue,.ourapproach: 

• Works well for strain·rates of 2000/s a lower. 

• At 4000/s, \IIOrks only for strains> 0.3. 

• Does not work at all for a strain-rate of 6000/s. 

Canpal¥0' O'I'StM 130)• «Jib ~bo~ OUIO 0' I 
~l$olbc• llts) 'brDt 31:blcompo•tttot 
~UiilbOOnttU, ~ .... tlrUrtt S1131H3tS. 

"! fili{IJ!!!it» Torsional Kolsky Bar Tests AR.L 

2~07----;:~0.~0-1 s-.'~------------------

} 700/s 

R'lsults tor Bovin~ Brain TissUQ 

0 1 c12 ~.J. o• 
EI'I.Jint:cm o $hear $trtljn 

C463 
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I'! fJ.llif.l!!Y Torsional Kolsky Bar ARL 

Strain Gag• Load C..ll (fixod) 

~ ! 
AngiQ of twist imp:>sod on spocim•n to$ TorquQ on spocimQn 

! ! 
AvQraga strain imr:os'i!d on spacimQn 'Y~ Str•ss at lnt•rfao<. 

If uniform conditions ~ist, th~ anglq of t\\list imp:lSQd on th~ specim~n (infE!tred from 
th~ strain gag~) yiQtjs th~ a:oAlr<:g~ strain wilhin th~ specimen. In conjunction with 
st!Qss rqsp:~nSQ ffiQasurqd at thq lDad Cell a st~ss-strain curve can bE! dqdooed. 

lliiCl.o..&aAm ---111!11-
I'! fJ.li."f.~;f!!i> Specimen Tra\•el Time ARL 

:I _ Zspecim!n·blrinumce - Zstain ~~e ' • _ Lsp!Qim!n : 
bM' - 1 ~nwel - ---

: Coor 1 CsP!ciwn : 
I I 

time between oscilloscope sgra.ls = t.~ + t....,., 
lb.r "' 500 p,s 

1tn..t br stiff sopooim•ns (or oomp~ssio' t•sts)"' J'S (n•glgitl•J 
t~n.~• br softsPQOim•ns"' 200--600·f-S 

WawproplQatbn within thQ S1'QCimen is im1XJr1ant~ consderforsoftsp;!CimE!ns! 
raaa.ow ......... lft!IIIQCUta 

ll1CIA.88AED 
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I'! fJli'if.l!!Y Simulations ARL 
Lo.ading Conditions 

• maximum (~raJ~) sttain-ratq of 700/s 
• maximum (awr3J") stlain of 0.3 

• pulso du~ati:ln of680 ps 
• tiSQ timq of 250 p,s 

• I"= 800 kPa, ~ 100 x brain tissu•J • ·" = 8 kPa, ("'brain tissu•J 

• o"' 0.03 mmlps • ? "'0.003 mmlps 

• L= 1.7 mm • L = 1.7 mm 
• t.,.,.ltimo"' 60 J<S • :.,.,.1 limo"' 600 ps 

Notq: shqarwavq spaoqd in Aluminum or Stqql is~ 3 mnv'p,s. 

lliiCl.o..&aAm ---111!11-
I'! fJli.f.~;f!!i> Average Imposed Loading ARL 

Averagq Stlain-Ratq 
Historyoys 

Averagq Shain 
History 

R 
/S = -yt>$(0, t) 

~iz: ~ ~-~ 
~400 

·i!-200 

0o 100 200 300 400 500 600 
Time (y,s) 

~:{ Yf1 
0o 100 200 300 400 500 600 

Time (y,s) 
Loading conditbn isdqsignqd to imp:rsqan awrag~sttain and strain-~atq on S?QCimqn 

ll1CIA88AED ----
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rr; llo'lco~ 1 D Simulations AR- L-
-~""'"~ Linear Elastic ,... 

Simulatbn I 
f'= 800 kPa r .. 

~·: Y 

~::: 0.1 

0 ' 200 4110 tOO tOO 10!10 1200 0 200 «10 tOO tOO 1000 1200 
Tim4 .P) Tim~ Or1) 

For sh~ar modulus of 800 kPa, th~ ~cimen f:2ach4s "unibrm conditbns" so that a 
traditonall<olsky bar analysis could be appliod. 

IIICCIA.88RED ---111!11~ 

rr; fili{IJ!!!i> Stress vs. Strain Curve AR.L 

O.Oii 0. 1 O. tli 0.2 0.21; U 
Aven.geSJ-&r Str.a.m "fx 

0 .06 01 0.16 Q2 0.26 0.1: 
Av erage S.OO~ St.rW.. "f., 

• WithouUiffiQ shift is vald data 

• W~h a tim• shift~ 60 f'S) introduoosappall!nt··raw.•ffQots·· 

C466 
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rr; llo'lco~ 1 D Simulations AR- L-
-~""'"~ Linear Elastic ,... 

U O) 

~€' I •• !!.:0.6 

Simulatbn II 
J'=8 kPa 

.. ~--.-.. ~~_L·--··~. --.. -.~ .. -.. ~ .. -.. ~ 
Tim~.P) 

For sh~ar modulus of 8 kPa, th~ spacimqn nQ'/4r re.ches "uniform conditbns" so that 
a tra:li~onal "'lsky bar analysis oannot b> applied. 

IIICCIA.88RED ---111!11~ 

rr; !Jl}.~t;!J'9 Stress vs. Stra1n Curve ARL 
'1: ••• 

IIQ • OD' AvuageSl"e.ustl'.M'Yz 00 O.G6 Av:r~s~'3l'~!m'Y:" c.~ 
Tim~ shift is 0:1ual to th~ travel timq of thq shqar wa'l(l from oM ~nd of thq specimqn t.o 

th• otoor 

• Without a timq shift is I"OQaning~ss- no st~ss at finitE' strain, multip!Q st~tasSQs at 
fixqd strain. 

• Using a tiroo shift(~ 6CO·ps) int10duoos qrron<Ous "ratq-effqcts" 
• Strain is multiplied on rqf!Qctbn at th-e loa:! cell 

II1CIA.88AED ---~ 
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I'! fJ.llif.l!!Y 10 Dynamic Simulations ARL 

Conclusions 
• Th4 str~ss history at th41oad 0411 should ~V4r 00 tim~shift4d to 

synohronizq it with th4 history of th4 avq.ragq. strain in ordq.r to produC4 a 
"strq.ss-strain our~". 

• Othq.r Kolsk,y bar tests su oh as dou bl~lap ;hq.ar or oiroular shq.aring will 
ha'/4 similar issuq.s with dynam ioq.q uilibrium. 

• Trawl time of thQ bading wave can bQ on the ord~rof bading p.JI&2 duratbn, in 
which c::ase there is insufficient time br ring-ul=to dynamb equilibrium. For the 
toiSional Kolsky bar tests on tovine b'ain tissoo atashain-rate of"700~"that 
'MUe rep:~rted in Nie ~tal a:l13, the specimen 'ould not have been in dynamic 
q.quilibrium, contrary to sta\em~nts mOOq in that p2q)Qr. 

• Both the solid and annui3T spQcimens have non-zqro toop and axBI stresSQs that 
increase with strain. Thes~ normalsti'QSSQSStoutl not bQ consider~da nuisance, 
b.Jt rath~ran imp:niant f~atur~ of th~ mat~ rial. AxiaJ stiQSS can and shoukj b2 
mea.sur~d. 

lliiCl.o..&aAm ---111!11-
I'! fJ.li."f.llf!!i> Issues and Futur~ Direction ARL 

I ssu es!Open Questions 
• 1-+Jw can w~ cha.act~riz~ th~ high strain-rat~ r~sp:~ns~ of soft tissu~s? 

• Coutl multipiQ t~st results bQ USQdto d~duce Ul~ constitutive r~latbnship, i.~ .• 
using th~ corr~ressbn Kolsky bar test r~sults wHh th~ iMrlial cor!Qctbns forsold 
speoim~ns, th~ compk!te strc;jn~ag~ and bad cell tiroo historiQs in 1h~ \:lrsbnal 
l<olsky bar, abng with axiaJ sti'Qss~s measur~d in quasistatb tcusbn tests? 

Questions? 

ll1CtA.8aAm ----
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I'! iio'lcoM-1& 30 Dynamic Simulations AR_L_ 
-~~_,, , ~ Non-linear Constitutiv~ Relation I'"W 

(J:l 

"' '<' 

~ '" 
~ ~;II 100 

i~ 
n] .... 

') b) 0) 

L L L 
""' -100 

.,. g) 

~ ' 
11) 

I , 
... ~ ' 
~d 
f-1 0 .... ., 

$00 1000 $00 1000 $00 1000 
'ti~:M~) 'li«$ IJ») 'lilY~ (;Y..) 

lliiCl.o..&aAm ---111!11-
I'! JJl}.~t;f!!i> Magnitud~ of Radial Str~ss ARL 

• ou is rooasured axial sti'Qss 
• o;r is redial sti'Qss that r~sults 

from in~rtial ~ff2ots 

• su is thq dqyiatorb st~ss '+/Ia 
\\outllikq ~ know! 

8 - ozz 
- a 

" .. .. . (")'00 

--- 1.S sv: 

150 200 250 300 350 400 450 
Time (iul) 

lnqrtial qffqcts in compi'Qssbn tQ.llsky bartqsts can lQ quitq largq! 

ll1CIA.88AED ----
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C470 

SoM Specimen 

·~ ... 
0 --------------0.6 • • • . 

0 OM 0.1 O.U 0.2 0.2~ 

·~ Tez = 2f'Eez 
(Tez) '·' 

( ~11 o •••••••••••••• 
... z {E'.l'}::(l.2S 

0.6 • • . • 
0 0.05 0.1 0.15 0.2 0.25 

(T~r) .:..___r -~1 :.:.'1 . . .J (Tez)l<~•r}=0.25-o.:t- . j ..... _ . : =~~ 
,L-__,.,._,.,,-...,,,.-. ,,.---...,,--:. ,.,., -7,.,=--~us o o.os 0.1 o. u 0.2 o.:u 

116e1 •. :[ t•••.ilo(•>, 4\_ :.·:'1 , l 
(Tez)i(".,>"""'_j ~ ~ 1-: -----IIIIIIIIIIIIA~ii 

0 0.05 0.1 0.15 0.2 0.25 0'---,.,.~ .. :--:,-:. ,:--=,~. ,:-, --:",.,:--,:-'..,. 

~·~t=l ~--~----J 
0 0.05 0.1 0. u 0.2 0.25 

(E.,) 

( ) d•not•s 'Allum• avorage 
3D Quas>slati> Sims: w =0.3 (r•dJ, 0.6 (blu•J, and 1.0 (t:lack) 
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\l lllll!!t:tiiiJI u.s. Anny Research, Development and Engineering Command - ca-~ - -
Workshop on Numerical 
Analysis of Human and 
Surrogate Response to 
Accelerative Loading ARL 

TECHNOLOGY DRIVEN. WARRGHTER. FOCUSED. 

Ravi Thyagarajan and Mike Tegtmeyer 
TARDEC and U.S. Armr Research Laboratorr 
09 January 2014 

IT: .... -...... 4ililj 
v ~ Session 1 Presentations ~&. 

Numerical analysis techniques for 
anthropomorphic test devices (ATDs) to simulate 

human response to accelerative loading 

• A Preliminary Evaluation of Human & Dummy Finite Element 
Models under Blast-Induced Accelerative Loading Conditions 
Costin D. Untaroiu 

• Approaches for Predicting Human Anatomical Variations 
Using Anthropometric and Demo-graphic Data Catherine 
Carneal 

• Numerical Approach for Modeling Human Joints in 
Anthropomorphic Test Devices (ATDs) Renuka Jagadish 

JliCHNOLOGYDRN&t IIIVIfiGHJDRXUSID. 
UHCLASSIFED 

Session 1 Overview 
117/2014 

Dl 
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~ l!!ii!!i!!!J!t Critical Research Challenges ARL 
• End user focus 

- Model needs to reflect it's intended use 
- Support better testing 

- Regulation needs standardization 

• Proliferation of different ATD models 
- Which model should the end user choose? 
- Geometry does not always reflect physical article used. 
- Does not appear that there exists broad dissemination of minor 
advances. 

- Appropriate scaling techniques 
- Improved contact functions 
- Publically-available material properties 

- Appropriate mesh type and resolution 
- Duplication of effors 

UNCLASSIFIED 

iT, .... _ ~ .& iiill 
.._; ~ Critical Research Challenges ~&. 

• A common understanding of definition of validation and 
accepted methods of conducting one 
- Results and input from model validation available for peer-review 
- Caveats and limitations known and disseminated 

• Data generally accepted as validation-appropriate for UBB 
- Both ATD and human models 
- Modeling community integrated early in the experimental-process to 
ensure the right measurements and boundary conditions are recorded 

• scalability 
- Full-scale, system-level testing 

UNCLASSIFIED 

Session 1 CNerview 
117/2014 

D2 
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~ ...__ Challenges not Being Addressed ARII 
---- by the Research Community &.. 

• Inclusion of personal protective and support equipment 
- All end-user application will include a fully encumbered Soldier 
- Soldiers are not all equipped the same 

• Posture, posture, posture 
- Vehicle refresh lag- we will have our current vehicles for a long time 

- Validated models need to be useful for near and medium-term 
occupant postures 

- Articulation of ATD and human models into military-relevant postures is 
required. 

• A common understanding of the UBB loading environment 
- Definition of "High Rate" 
- Loading is not uniform 

UNCLASSIFIED 

'!: .... _ Challenges not Being Addressed AR11 
by the Research Community &.. 

• Common anthropometry definition 
- WIAMan? 

• Are we sensitive in the right places? 
- Testing (and by extension, modeling) is intended to enhance protection 
systems 

• Kinetics and kinematics 
- Entrapment 

- Belts and safety-systems 

• Bridge between accurate ATD and human response 
- Regulation is ATD. Occupant protection is human. 

UNCLASSIFIED 

Session 1 CNerview 
117/2014 

D3 
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\l lllll!!t:tiiiJI u.s. Anny Research, Development and Engineering Command - ca-~ - -

Multi-scale Modeling Techniques for ,_-
Human Tissue Response 

Session Two 

TECHNOLOGY DRIVEN. WARRGHTER. FOCUSED. 

Dan Nicolella (SWRI) and Sikhanda Satapathy (ARL) 
07 January2014 

IT: .... - ...... 4ililj 
'-' ~ Session Two· Presentations ~&. 

Multi-scale Modeling Techniques for Human Tissue Response 

• Effect of Loading Rate and Orientation on the Compressive 
Response of Human Cortical Bone - Brett Sanborn 

• Experimental and Finite Element Analysis of Brain Tissue under 
High Strain Rates- Lakiesha N. Williams 

• Hierarchical Development of Biomedically Validated Human 
Computational Models - Robert Armiger 

• Material Properties of the Human Heel Fat Pad Across Loading 
Rates- Spyros Masouros 

UHCLASSIFED 

Session 2 Overview 
117/2014 

D4 
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.... _ ,....~ AR-
~ ~ Session Two · Critical Research Challenges L 

• Model validation 
- Model calibration vs. model validation 
- Quantitative model validation 

• standard quantitative validation metrics 
• Hierarchical approach 

• Incorporating biological variability in M&S and validation 
- anatomy 
- Material properties 

• Develop experiments explicitly for model validation 
- Coordination between modelers and experimentalists 

• High rate material properties 

• Microstructural/tissue anisotropy 
- Do we have the correct material models 

• Appropriate number of specimens 
- Capture the variability in biological systems 

UNCLASSIFIED 

J!; ""- Session Two. Challenges not Being AR11 
Addressed by the Research Community &. 

• Material failure 

• Post failure behavior 

• Availabi lity/Consolidation of experimental data 
- Model development 
- Model V&V 

• Develop model validation strategies/metrics 

• Provide community with adjudicated model validation data 
sets 

• Sensitivity analyses 

UNCLASSIFIED 

Session 2 CNerview 
117/2014 

DS 
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.... _ ,....~ AR-
~ ~ Session Two · Critical Research Challenges L 

• Multi-scale M&S Goals 
- Long-term: Minimize testing requirement for improved PPE and vehicle design 
- Short-term: Help desig1 better WlAMAN I test dummy 

~Formula-1 cars are now designed digitally with minimal lead time" 

• Critical Challenges: 

- Constilutive model of tissues 
• Soft-tissues: 

- inertia effects dominate conventional higl-strain rate measurement techniques 
- Fresh vs frozen vs f ixed vs live t issues 

• Hard-tissues: 
- Cementline properties 
- Hig-Jiy anisotropic md high spatial varia~ lity 

• General: 
- Ale Erlimal and human tissues similar in constitutive £fld failure behavior? 
- Can properties be correlated to intrinsic J:foperties, e g density, mineral content, etc? 
- Property distribution as a function of population dist ribution. (em we increase sample size?) 

- Numerical methods: 
• Biofidelic models 

• Stochastic models 
• Multi-scale and multi-physics (continuum vs micromechanics based models, multiple RVE, etc.) 

• Fluid-structure interaction 
• Mesh quality, solution accuracy, convergence, computational costs, etc. 

• Calibration and validation issues UNCLASSIFIED 7ECHNOIDGY DRNEN. MIUtFJGHJ!'R AXJ.G'Sl 

'!: ...__ Session Two. Challenges not Being AR11 
Addressed by the Research Community &. 

• Material data for different tissues in relevant regime needed. 
- "Inverse FE" treatment for model parameter extraction required 

• Correspondence between human and animal tissue behavior need to be studied 

• Experimental data variability; not enough samples used. 

• Multiple numerical methods are available. Bench mark experiments are needed. 

• Two different worlds; how to bridge them? 
- ATD/Test Dummy driven experiments and M&S vs. micromechanics based human model 

- Global parameter (force, acceleration) based assessment vs local variable (stress, strain) 
based criteria 

• Skin-scan of PMHS 

• Sensitivity analysis based on anthropometric differences (one concern was 
funding agencies rarely support such studies unless tied to "novel" methods) 

• Mult~scale modeling methods not discussed. How a lower fidelity whole human 
model be linked to high-fidelity tissue level model?) 

• How can the confidence in existing M&S tools be improved? 

UNCLASSIFIED 

Session 2 CNerview 
117/2014 

D6 
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\l lllll!!t:tiiiJI u.s. Anny Research, Development and Engineering Command - ca-~ - -

TECHNOLOGY DRIVEN. WARRGHTER. FOCUSED. 

Wayne Chen (Purdue) and Mat Philippens (TNO) 

09 January 2014 

Session Three · Presentations 

Numerical Methods to Simulate the Response of Human Tissue and Bone to High­
Rate Loading 

• Comparing the Use of Dynamic Response Index (DRI) and Lumbar Load as Relevant 
Spinal Injury Metrics- Ravi Thyagarajan 

• Developing and Empirical Model to Estimate Tibia Injury- Joseph O'Bruba 

• Towards A Micromechanics-Based Simulation of Calcaneus Fracture and 
Fragmentation Due t o Impact loading- Reuben H. Kraft 

• Pelvis Response Effects on Whole Body Under-Body Blast Simulations - Adam Golman 

• Numerical Methods for Large-Scale Simulation of Tissue and Tissue Simulant 
Response to Blast, Model Validation and Limitations - Raul Radovitzky 

Session 3 Overview 

1/8/2DH 
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Session Three - Critical Research Challenges 
(being addressed and not) 

• Dynamic Response Index (DRI) as indication of Lumbar spinal injury is inappropriate. 
Need to develop: 

;.. Injury sewrity based scaled (not 0 or 1) injury assessment tool. 

;.. May be similar to AIS scales but more understanding and quantitatiw, 
preferable related to short term return to duty and long term quality of life 

;.. Can accountfordifferentfailure modes (e.g., disc burst vs. wedge failure). 

;.. Based on obserwd dynamic injury mechanisms at different scales. 

;.. Effects of loading rate and duration? 

• For empirical injury model development, a worst-case scenario needs to be identified, 
although the subsequently designed whicle or protective gears may be owr designed 
for most cases. 

:.. Effects of bending? 

;.. Non-vertica I tibia position? 

Session Three- Critical Research Challenges 
(being addressed and not) 

• Failure criteria at micromechanis scales or meso scales are needed to identify injury or 
failure initiation and early-stage propagation 

;.. Effects of viscos fluid passing through permeable cell walls at high rates? 

• Surrogates' response to blast loading needs to be validated by cadaver response. 

;.. Biofidelity? 

> Will cadaver skin be punctured through? 

> Can the degrees of freedom at a joint mimic human joints? 

> Effects of boots in shock iso lation? 

;.. Effects of existing damage? 

;.. Effects of PPE? 

• Data for tissue response to high-rate loading highly scattered. 

;.. Need high fidelity characterization methods to generate input data and 
validation cases 

Session 3 Overview 

1/8/20bi 

2 



 

542 

 
 

Session Three - Critical Research Challenges 
(being addressed and not) 

• Experimental programs communicate with simulation programs in planning tasks. 

• Research findings need to be disseminated to vehicle designers. 

l> It is much more efficient when blast protection features are integrated with 
vehicle structure at design stage. 

l> Retro-fit blast protection packages are much less effective 

Session Three · Challenges not Being 
Addressed by the Research Community 

• Loading scenarios by (potential) available 

protection systems 

• Injury mechanism development based on injury 
data registered in theatre (actual data missing ?) 

Session 3 Overview 

1/8/20b~ 
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\l lllll!!t:tiiiJI u.s. Anny Research, Development and Engineering Command - ca-~ - -

Methodologies to Simulate Blast 
Loading Conditions 

Session Four ARL 
TECHNOLOGY DRIVEN. WARRGHTER. FOCUSED. 

Barry Shender (NAVAIR) and Scott Kukuck (ARL) 

09 January 2014 

IT: ...__ 4 ililj 
"' --- -- Session Four- Presentations ~&. 

Methodologies to Simulate Blast Loading Conditions 

• Development and Validation of the WSU Human Body Model - Alan Goertz 

• Adapting Automotive-Based Finite Element Models of Lower Extremity for High-Rate 
Impact Simulation of Occupants Subject to Under-Vehicle Blasts- Robert Salzar 

• Current Research and Development Activities of the Full Body Model Center of 
Expertise of the Global Human Body Models Consortium Project- Scott Gayzlk 

• Modeling the Human Head and Neck: Sensitivity and Response- Dale Bass 

• Effects of Posture, Torso Borne Mass and Seat Energy Absorbing Characteristic on 
Pelvis and Lumbar Spine Injury During Under Body Blast Event Using a Hierarchically 
Validated Finite Element Model -Andrew Merkle 

• Human Body Model Injury Analysis in Real-Wor ld Crash Simulations -Kerry Danelson 

• Numerical Modelling Undertaken at Dstl (UK) Concerning Vehicle Floor Plate Impact of 
Surrogates and Anatomical Human Entities Due to Under-Body Mine Loading- Daniel 
Pope 

• Optimal Design of a Novel Energy Absorbing Material to Mitigate the Blast Effect on the 
Lower Extremities - King Yong 

UHCLASSIFED 

Session 4 Overview 
1/8/2014 
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~ ...__ Session Four • Summary Observations and ARII 
Research Challenges (1) &.. 

• The Verification I Validation Question 
- What is validation? The definition varies. Validation outside of the 
context is meaningless. 

- Validation should be quantitative, not merely a visual match. r2 is not 
sufficient. Metrics and methods should be identified. 

- Validation must be accompanied by an explanation of how it was 
performed and what limitations I caveats are. It is as important to identify 
where NOT valid and where valid and where to stop believing. 

- Can we develop a standard for validation ? (method, metrics, data, etc) 
- Hierarchical model development 
- Occupant I Surrogate must interact with environment, so don 't forget 

models for vehicle, seating, restraints, PPE 

e What constitutes valid scaling? 

UNCLASSIFIED 

'!: ""- Session Four • Summary Observations and AR11 
Research Challenges (2) &.. 

• Variability 
- Accounting for unknowns; physiology; muscle activation; structure 

• What's important to model & what's not? 
- Sensitivity analysis and focus on what's important based on 
requirements not on inclusion of the n1h detail 

• What are the ultimate goals of the program? 
- What do we want from the modeling? If, for example, it's a design tool 
then it needs to be driven by operational requirements (persistent, 
common injuries- don't focus on unsurvivable injuries) 

- Ultimately, we want to develop modes of mitigation (technology or 
behavior) 

- Prioritize investments based on the goal 
• The goal is NOT a manikin. We are building a manikin, but it is protection for 

the HUMAN occupant 
UNCLASSIFIED 
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~ ...__ Session Four • Summary Observations and ARII 
Research Challenges (3) &.. 

• Modeling Issues 
- Model requirements inform test requirements, not vice-versa 
- If the underlying component characteristics and behaviors are correct, 
then the model can be used for future threats 

- The 5Q1h percentile of what? What about the rest of the population? 
What about sensitivities across the population? 

- Posture and motion must not be neglected 
- Input parameter variability with distributions (working to probablistic?) 
- Resolution (fidelity) should be based on operational requirement 
- Post-failure behavior and cascading responses 
- Muscular responses 

- Automotive may be good starting point, but require modification for 
blast 

- Clearly define operationally relevant injuries- informs experimentalist 
requirements for modeling 

UNCLASSIFIED 
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Henninger HB, Reese SP, Anderson AE & Weiss JA; 'Validation of 
computational models in biomechanics' Proc /MechE 224 Part H: J 
Engineering in Medicine, pp. 801-812 (2010). 

Anderson AE, Ellis BJ & Weiss JA; 'Verification, validation and 
sensitivity studies in computational biomechanics' Computer 
Methods in Biomechanics and Biomedical Engineering 10, pp. 
171-184 (2007). 

ASME V&V 10-2006; Guide for Verification and Validation in 
Computational Solid Mechanics. 

ASME V&V 20-2009; Standard for Verification and Validation in 
Computational Fluid Dynamics and Heat Transfer. 
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~ ~ Session Four- References (2) ARL 
Francis, Eliason, Thacker, Paskoff, Shender and Nicolella; 

'Implementation & Validation of probablistic models of the anterior 
longitudinal ligament and posterior longitudinal ligament of the 
cervical spine' Computer Methods in Biomechanics and 
Biomedical Engineering (2012). 

Nicolella, Francis, Bonivtch, Thacker, Paskoff, Shender; 
'Development, verification and validation of a parametric cervical 
spine injury prediction model' AIAA SDM Conference 6, pp. 3977-
3985 (2006). 

Thacker, Francis, Nicolella; 'Model Validation and Uncertainty 
Quantification Applied to Cervical Spine Injury Assessment' NATO 
Computational Uncertainty in Military Vehicle Design, pp. 22-1-26-
30 (2007). 
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\l lllll!!t:tiiiJI u.s. Anny Research, Development and Engineering Command - ca-~ - -
Numerical Analysis Methodologies 
for Human Body Subject to High 

Rate Loading 

Session Five ARL 
TECHNOLOGY DRIVEN. WARRGHTER. FOCUSED. 

Spyros Masouros, Imperial College, and Sarah Hug (ARL) 

09 January 2014 

""-...... .Ailil-1!: ~ Session Five· Presentations ""'-L 
Numerical Analysis Methodologies for Human Body Subject to High Rate Loading 

• Constitutive Model and Parameter Sensit ivity In Predict ing Lower Leg 
Res ponse for Underbody Blast Events -Megan Lynch 

• Coupled Euler ian and Lagrangian Approac hes for Dynamic Injury 
Ana lys is -Timothy P. Harrigan 

• Crew Response In Full System HFCP -Allen Shirley 

• Evaluating t he Effectiveness of Various Blast Load ing Descriptors as 
Occupant Injury Predictors for Underbody B last Events - Jai Ramalingam 

• Neck Response of a Finite Element Human Body Model During a 
Simulated Rotary-Wing Aircraft Impact - Joel Stitzel 
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.... _ ,....~ AR-
~ ~ Session Five • Critical Research Challenges L 

• Applicability of available human and H3 models to UBB 

• Applicability of some injury criteria (eg DRiz, HIC)­
consensus that they are not good enough for UBB. 

• Requirement (YIN?) for Eulerian I ALE models to look at injury 
to human organs. 

• Muscle inputs to lower and cervical spine in UBB? 

• Material properties I constitutive models of relevant human 
tissue at appropriate rates 

• The 'WIAMan' FE model 
- is it required (seems that the consensus is yes) 
- Where do we start from (is the global human model an appropriate 

starting point?) 
- What strategy do we take to get there 

UNCLASSIFIED 

J!; ...__ Session Five. Challenges not Being AR11 
Addressed by the Research Community &. 

• The 'WIAMan' FE model 
- is it required (seems that the consensus is yes) 
- Where do we start from (is the global human model an appropriate 
starting point?) 

- What strategy do we take to get there 

• Sensitivity of human FE models to input parameters on 
appropriate outputs 
- which of the material parameters are actually important and so which 
ones do we need to capture as accurately as we can. 
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\l lllll!!t:tiiiJI u.s. Anny Research, Development and Engineering Command - ca-~ - -
Numerical Methods for ~nalysis of _- ,_-

ATD Materials (lncludmg Soft A 
Materials) Undergoing High-Rate 

Loading 

Session Six 

TECHNOLOGY DRIVEN. WARRGHTER. FOCUSED. 

Tusit Weerasooriya (ARL) and Joel Stitzel (Wake Forest) 
09 January2014 

T ·- ~......... ~--~ Session& 

• Need (critical) tedious iterative computational methods (including 
people who are willing to do this) to extract APPROXIMATE 
mathematical representations (models) of the material constitutive 
response of materials such as foams, very soft polymers, skull, 
calcaneus, connective tissues (tendons, ligaments) etc, especially 
for high loading rates 

• DMA data alone may not be good enough to represent material 
response of viscoelastic materials; material scientists regularly use 
only DMA data 

• Relaxation or cyclic data alone may not represent the v iscoelast ic 
stress-strain material response 
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T ·- ~-,_. ~--~ Session6 

All tissues are anisotropic or not uniform- need to start thinking 
about designing, characterizing and modeling methods for new 
surrogate materials that actually mimic real hard, connective and 
soft tissues to capture real human response 

It is almost impossible to extract specimens (uniform with needed 
sizes) from all the components of the human for experimental 
characterization; need to think different- how do we extract 
APPROXIMATE material response models from these possible 
human samples (small structures) with a combined 
computational/experimental hybrid approach 

LSDYNA (widely used) could have an easy user interface to 
incorporate new material models or variations of existing models 
(without going through the code company) 

·- ~--..... ~--T ~ Session6 

It is almost IMPOSSIBLE to tune any of the material model concepts 
(including state of the art) to all possible experimental data types- so 
focus on the application specific material behavior experiments 

Need to understand the change in response (and hence the change in 
canst response) of the ATD after repeated use 

Fracture of bones: we may need to develop new replaceable 
components (with novel designed-materials tuned to bone fracture 
response) in future Gen Xs to capture actual fracture response of bones 

Experiments should have enough tissue samples to extract variability 
and future models should have variability built in to them? A tough 
task .. 
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