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Abstract
There has been growing interest in using sensors mounted to warfighter’s equipment to measure threats they encounter in theatre.  Sensors that are capable of measuring the actual threats, such as blast overpressure or the reaction of the body after exposure to these threats, can lead to a wealth of data used in battlefield injury analysis, protective equipment development, and injury prevention protocols.  Sensors that measure the motion of the helmet during violent impacts, either from blast or impact, are easiest to deploy; however, the data collected by the helmet cannot be directly correlated into head motion.  There must be a transfer function that incorporates the interaction of the head, helmet, and pads to accurately predict the motion of the head after impact to the helmet.  A battery of tests was conducted to determine the resulting motion of a helmeted headform from a variety of impacts.  Impacts included overpressure from shocktubes, guided free drops onto flat anvils, pendulum, and airgun ballistic tests.  Triaxial translational accelerometers were mounted at strategic points on the helmet to minimize noise caused by helmet vibration and to calculate the translation and rotational motion at the center of gravity of the helmet.  Thin contact force sensors were used to investigate the force delivered to the headform via pads.  A finite element model (FEM) was developed to act as a transfer function that uses helmet motion to predict the resultant head motion.  The FEM mesh was created using CT images of the helmet, pads, straps, and headform.  Material properties for each component in the FEM were determined using material tests to find the static and dynamic material properties of the Kevlar, straps, and helmet pads.  The FEM was able to accurately predict the kinematic motion of the headform from each of the laboratory tests, as well as reproduce the locations and magnitudes of forces delivered to the headform by the pads.  In conclusion, a method for determining head motion from helmet sensor data was developed using FEM.  The FEM can accurately predict head motion across a wide spectrum of insults to the helmet and has brought new insight to the complicated interaction between the helmet, pads, and head.  

1.0
Introduction
Improvised Explosive Devices (IEDs) have become one of the dominant threats to coalition warfighters in Iraq and Afghanistan.  Injuries from these devices occur not only from the shockwave and debris when the warfighter is dismounted, but also from impacts while mounted in armoured vehicles.  Due to the improved protective equipment and prompt medical treatment on the modern battlefield, the mortality rate of the warfighter is lower than previous conflicts.  However, there has been an increase in traumatic brain injury (TBI) and other long term injuries.  Injury analysis on returning U.S. Army Brigade Combat Team showed that approximately 22.8% of soldiers had clinician-confirmed TBI with the majority of the mild TBI (mTBI) correlated to blast [1].  
In order to better understand the causes of mTBI, there is an interest in measuring the events, or measuring how the body reacts to the events, that cause injury to warfighters while in theatre.  A number of sensors have been fielded, or will be fielded soon, to measure the threats encountered by the modern warfighter. It is hoped that by better understanding the threats that cause injury and how the body interacts with these threats, improved protective equipment and operation protocols can be developed to prevent injuries.  One such sensor being fielded is the helmet mounted sensor system (HMSS), which records the motion of a warfighter’s helmet during an event.
In order to design the helmet sensors, an injury criterion is needed on which to base the sensor design.  There have been a number of studies correlating concussion to the motion of the head.  The Wayne State Tolerance Curve predicts a threshold of 60 to 80 g for concussion. Pellman et al. [2] found the peak acceleration in concussion-causing impacts in profes​sional American football to be 98 ± 28 g. Using logistic regression analysis, Zhang et al. [3] reported a 5% probability of mild TBI when the head reaches an acceleration of 50 g. However, these criteria are based on much longer impact durations (20-50 msec) than those produced from blast. In a study using non-human primates, Ono et al. [4] showed a trend that as the impact duration decreases, it takes a higher acceleration to cause concussion.  Ono et al. reported concussion at an average acceleration of 200 g using a 1.5 msec impact.  Based off this research, it was decided that it was important to be able to measure the motion of the helmet.  Then, based on correlation or mathematical models, the motion of the head could be determined.  
A helmet mounted sensor records the motion of the helmet when the helmet exceeds an acceleration threshold.  In Generation II of the helmet mounted sensors, both translational and rotational sensors are used to capture the full motion of the helmet.  These sensors measure forces that act on the equipment of the warfighter but not the motion of the warfighter himself.  In the case of the helmet, there are pads between the head and the helmet that cushion the blow experienced by the head.  In order to determine the motion of the head, a transfer function is needed that takes the helmet motion and calculates the corresponding head motion.

The purpose of this study was to develop a transfer function that, when supplied with the motion data from the helmet mounted sensors, would calculate the motion the head experiences.  In order to achieve this goal, the following plan was used.  1.  Conduct baseline tests to measure helmet motion, head motion, and contact forces between the pads and head when the helmet is subjected to a variety of impact types from different directions.  2.  Construct a finite element model (FEM) of the complete helmet and head assembly including pads and straps.  3.  Validate the FEM for all of the test cases.  4.  Use the FEM to guide the development of a simplified model that can be run quickly and provides accurate results.
2.0
Baseline helmet testing

The baseline helmet/head tests were conducted to provide insight into how the helmet and head interact for a variety of impact types.  The baseline tests were also used to populate a database of test data which the FEM will be validated against.  Test setups were broken into four different areas to simulate the likely impact events seen in theatre.
1. Shock Overpressure – Blast overpressure such as from IEDs

2. Drop Tower – Impacts against rigid objects (impacts against ground or interior of vehicles)

3. Pendulum – Impacts against low velocity, large mass objects (thrown rocks)

4. Airgun – Impacts against higher velocity, lower mass objects (shrapnel)
Ballistic tests were conducted, but due to the large local plastic deformation experienced by the helmet at the impact site, the tests were not used in this study.  
2.1
Test Setup
Prior to testing, helmets were marked to aid in proper test setup. Accurate marks allowed consistent positioning of laboratory instruments and also provide a consistent point-of-aim for all impact types.  Helmet marks in the form of lines also aided in proper alignment within holding fixtures and with the headform when applicable. 
Baseline accelerations were recorded by four triaxial accelerometers mounted to the helmet. Due to the flex and vibrations that transmit through the helmet during an impact, the accelerometers were located in areas of the helmet that experience small amounts of vibration so the acceleration data are not corrupted.  Head acceleration is provided by a triaxial accelerometer mounted at the center of gravity of the full-faced ISO headform, as well as three additional triaxial accelerometers at the base of the headform.  The chinstrap on the helmet securely fastened the helmet to the headform during the tests. 

2.1.1
Angular Measurements
In order to determine the rigid body motion of the helmet, both translational and rotational motion is required.  There have been many methods developed that use linear acceleration signals to calculate the rotational acceleration of a rigid body. Six acceleration signals are required from at least three non-collinear points in order to measure the complete motion of a rotating and translating rigid body [5]. Many of the methods which use only six acceleration signals tend to be inaccurate due to the accumulation of error while integrating to calculate the rotation. Therefore, any amount of sensor error or noise would cause the calculated rotation to be imprecise.  During an impact, the helmet experiences a significant amount of flex and vibration, and it is important that this flex does not have a dramatic effect on the calculation of the angular acceleration.  The method for calculating the rotation needs to be robust enough to handle signal error and discrepancies between acceleration signals since the helmet is not truly a rigid body.
A significant issue when addressing the rotation is the accumulation of error cause by the integration necessary to calculate the angular acceleration. The Nine Accelerometer Package (NAP) method developed by A.J. Padgaonkar et al. [5], which does not rely on integration, was used. This method uses nine acceleration signals from four different locations. The accelerometers are oriented in an orthogonal configuration where there is one triaxial accelerometer at the center and three biaxial accelerometers located along each axis of the center accelerometer (Figure 1).  
For this method, the calculation of the angular acceleration at each time step is independent of any previous time step due to the redundant information provided by the nine accelerations. In other words, the rotational accelerations only depend on accelerations and distances, and no velocities. Therefore, this method is relatively robust since it is not affected by any error accumulation.
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Figure 1: NAP method accelerometer configuration.

The accelerometers used in the NAP method need to be oriented in an orthogonal configuration where there is one accelerometer at the center and the other three are located along each axis of the center accelerometer. For implementation on the helmet, a triaxial accelerometer was mounted on the front, back, right side, and left side of the helmet (Figure 2). Since an accelerometer cannot be mounted in the center of the helmet, the left and right side acceleration signals were averaged to get the center acceleration, and this average data acts as a “virtual” center accelerometer needed for the NAP equations. This averaging technique is valid for the dynamics of a rigid body and helps to minimize the effects of helmet vibration. For crown and front impacts, the flex and vibration on the sides of the helmet tend to be equal and opposite and will get cancelled out when the left and right accelerations are averaged. 
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Figure 2: Triaxial accelerometer configuration on the helmet and headform.

2.1.2
Contact Force Measurements

During an impact, the head is acted on by the contact forces from the pads, which are the product of the helmet motion relative to the head. Knowing the forces applied to the head provides useful information concerning the head and helmet interaction. This force contour on the head will show which pads transmit the most force to the head and where the loading is concentrated during an impact.
The force sensors were attached to the headform directly under each pad (Figure 3). A total of 46 force sensors were used to determine the forces applied to the helmet by the seven different pads. Doing so did not affect the accuracy of the force sensors. 
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Figure 3: Force sensor locations relative to the helmet pads.

Validation of the contact force measurements was performed using the finite element software LS-DYNA (LSTC, Livermore, CA). The sensor locations were mapped onto a model of the headform in DYNA, and the sensor pressure data was applied to the headform (Figure 4). Using this data, DYNA then calculated the resultant headform acceleration. The results of the DYNA simulation were compared with the data from the triaxial accelerometer at the center of the headform used during the test (Figure 5). For all of the tested impact directions (front, left side, crown, and back) the recorded acceleration and the DYNA calculated acceleration matched very well. The DYNA result was typically about 5-10% lower than the recorded acceleration.
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Figure 4: Force sensor mapping in DYNA (left) and pressure contour (right).
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Figure 5: Headform resultant acceleration comparison.

2.2
Shock Tube Tests

The shock tube is a steel tube with a 4-inch inner diameter that can be used to create a blast loading on a helmet.  The shock tube consists of a 6-inch long compression section and a 6-foot long expansion section. A Mylar diaphragm is mounted between the compression section and the expansion section. To produce the blast loading, helium is bled into the compression section until the diaphragm bursts. The shock wave develops along the expansion section of the shock tube.  The burst pressure is controlled by selecting the appropriate diaphragm thickness.

For shock tube tests, the helmet/headform is allowed to move freely in the direction of the blast.  This is achieved by hanging the assembly in front of the shock tube inside a nylon mesh bag (Figure 6).  The helmet/headform assembly can be placed directly against the end of the shock tube or at an offset distance from the end of the shock tube, depending on the desired impulse to the helmet.

[image: image7.jpg]



Figure 6: Shock tube experimental setup for a crown impact.
2.3
Drop Tower Tests

Laboratory drop tests are performed using a drop tower that controls the impact between the helmet and an anvil. The drop tower has a linear bearing system with a sliding sled that moves along the vertical track of the drop tower rail. A release mechanism frees the sled at a predetermined height, and an optical timer at the bottom of the drop tower measures the actual drop velocity for each drop test. The helmet impacts an anvil at the bottom of the drop tower, and a force plate under the anvil measures the impact force. For free drops, a guiding ring is attached to the sliding sled, and the Advanced Combat Helmet (with ISO headform) is oriented on the ring to achieve the desired impact location (Figure 7). The ring guides the helmet during the free fall to control the orientation of the helmet impact during the drop test. During and after the impact, the helmet/headform assembly is allowed to freely move and is not constrained in any direction. 
[image: image8.jpg]



Figure 7: Free drop experimental setup for a side impact.

2.4
Pendulum Tests

The pendulum consists of a large metal frame surrounding a pendulum arm with a weight attached to the end. The pendulum arm swings around a pivot point at the top of the pendulum, which constrains the pendulum motion to a 2-D plane (Figure 8). A heavy duty releasing strap is used to raise the pendulum arm to a predetermined height and then release the arm to swing down and hit a helmet. This creates a blunt impact on the helmet, which simulates a heavy object hitting the helmet at a low velocity. The intensity of the impact is controlled by selecting the appropriate pendulum arm length, pendulum weight, and release angle of the pendulum arm.  For pendulum tests, the helmet/headform assembly is allowed to move freely in the direction of impact and is not constrained in any direction. This is achieved by hanging the assembly in front of the pendulum inside a nylon mesh bag. 
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Figure 8: Pendulum experimental setup for a crown impact.

2.5
Airgun Tests

The laboratory air gun is a bench-mounted device used to perform low velocity ballistic impact tests. It uses a laser aiming sight device to impact the helmet at the correct location. A chronograph is placed between the air gun and the target to record the projectile speed for each shot. This chronograph also triggers the high-speed camera and data collection for the laboratory instrumentation. The instrumented helmet and headform are placed in a nylon mesh bag and are allowed to hang freely as shown in Figure 9. The helmet is oriented within the mesh bag so the projectile impacts the desired site on the helmet. A cut-out in the mesh bag allows the projectile to directly impact the helmet. Each helmet is only hit once at each location due to the damage caused by the impacting projectile. 
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Figure 9: Air gun experimental setup for a crown impact.

2.6
Helmet and Head Motion Traces
Representations of the helmet and headform acceleration profiles for each test configuration are shown in Figure 10.  In each test type, the helmet acceleration was completely different from the head acceleration.  The two accelerations occur at different times, different magnitudes, and different durations.  Analysis showed no meaningful correlation between the peak helmet acceleration and peak headform accelerations.  The relationship between the helmet and head motion must be described using a model of the system dynamics.
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Figure 10: Helmet and head acceleration profiles.
3.0
finite element model development

3.1
Geometry

Developing a finite element model (FEM) consists of three main steps: helmet system geometry definition, material modelling, and laboratory validation.  A series of computed tomography (CT) scans were conducted to create the Advanced Combat Helmet (ACH) and Team Wendy Pads.  For accurate configuration guidance, a plastic ISO full-faced headform was fabricated to allow scanning of the complete helmet system.  Figures 11a through c show the progress overview of the geometries that were created.  All meshes were created with HyperWorks.
	[image: image14.jpg]



	[image: image15.png]



	[image: image16.png]




	a) Helmet construction
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	b) Pad construction
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	c) Fitting of helmet and pads to headform


Figure 11: Geometry creation of the helmeted head system.
The helmet mesh was then validated through an overlay of CT isosurfaces and the actual mesh. Figure 12 demonstrates this comparison. The helmet and pads were modelled using 8-node hexahedrons or brick elements from the CT scan images provided by Michigan State University.  The ISO headform was modelled as rigid thin shell elements with its respective weight matching the actual value measured in the laboratory.  The pads were inserted into the helmet with placement guided by the CT scan of the entire system.  The pads were precompressed by the headform to a depth also indicated by the CT images.
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Figure 12: Helmet mesh compared with CT isosurfaces. The top figures show a 3-D view of 
an overlay of the CT isosurface and the mesh created with the cross-sectional plane. 
The bottom set of figures are the two representative cross-sections.

3.2
Material  Models

Selecting the proper material models is important when developing a finite element model. The helmet’s Kevlar material properties were determined through a series of tests by Exova (Anaheim, CA).  Team Wendy Pad material properties were completed through a series of drop and shock tests done at the author’s in-house lab.  The pads are placed between metal plates and subjected to loads used in regular testing.  The pad forces and displacements are then measured to obtain stress-strain loading and unloading curves. Material testing for the helmet straps was performed by the Biomechanical Engineering Department of Michigan State University (East Lansing, MI).  MSU first detailed the tensile property of the straps as a function of loading rates; then the material properties were calibrated through simulations for each individual part. The headforms were modelled as steel. 

Due to the different strain rates experienced by the pads when the helmet is subjected to various stimuli, Team Wendy Pad material validations were done for both drop and shock tests. Finite element models were created to reproduce the hysteresis curves for Team Wendy pads in both cases. Figure 13 represents the overlay of the experimental and simulation hysteresis curves for shock (left) and drop (right) tests.  The material properties incorporated into the LS-DYNA material models were COMPOSITE_DAMAGE, RIGID, LOW_DENSITY_FOAM, and SEATBELT for the helmet, head, pads, and straps, respectively. Since the pads are attached to the helmet using Velcro tapes per the ACH manual instruction, it is assumed that there is no slip between the pads and the helmet; therefore, tie-node conditions were applied to the contacts between the helmet and pads. However, the interaction between the pads and the head form was modelled as elastic frictional contact.  The same contact type was used between the strap pad and head.
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	Figure 13: Reproduction of the hysteresis curves by simulation for both shock (left) 
and drop (right) tests.  Solid lines represent the simulation results
 and dashed lines represent the testing data.


3.3
Modal Analysis

To validate a helmet’s material properties, a series of modal analyses was performed. Modal analysis provides information about the natural vibration frequencies and vibration shapes of the ACH (Figure 14). The dominant vibration modes from the modal analysis (Table 1) are consistent with vibrations measured in data recorded during laboratory testing, confirming that the material properties for the helmet are correct.
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Figure 14: Modal analysis of ACH.
Table 1: Modal frequency comparison between data and simulation.
	
	Frequency (Hz)
	Frequency (Hz)

	Mode
	Data
	Sim

	1
	187-244
	200

	2
	206-262
	223

	3
	488-638
	530


4.0
finite element model Validation

4.1
Drop Tests

To simulate the drop tests, a FEM was constructed using the medium-sized ISO headform and a helmet with pads. Both the headform and helmet were allowed to move freely to match the conditions of the laboratory tests. The flat anvil was modeled using 3-D brick elements with the mechanical properties of steel. The bottom layer of nodes of the anvil was fixed with no displacement to simulate rigid mounting on the ground. The helmet impact on top of the anvil was modeled as elastic contact. A simulation was initiated by prescribing the initial velocity of the helmeted headform toward the anvil. Simulations were performed for crown, front, back, and left side drops at three drop velocities. A comparison of these simulations with the baseline data provided from the laboratory is shown in Figure 15. 
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	Figure 15: Validation of FEM for drop test data.


4.2
Shock Tests

For shock test simulations, a medium-sized ISO headform was used. The blast loading boundary condition for each test configuration and blast level was first inspired by flat plate shock experimental data. This test was done to determine the reflected pressure produced by mounting a flat plate against the shock tube with 1 inch offset and with no offset.  These two pressures were then combined to derive a user-defined pressure wave. The criterion for choosing the most accurate pressure wave was to match the total momentum of the head-helmet system produced by the “derived” pressure wave with the total momentum of the system calculated from the laboratory test data.  The blast load (or pressure wave) was assumed to be delivered to the helmet over a 4-inch diameter projected blast area, matching the diameter of the shock tube. In carrying out the model simulation, the blast load is applied as the product of an averaged pressure and the blast area. The helmet will undergo nonuniform structural deformation as the blast pressure is only applied to a confined area.  Comparison of simulation results with laboratory test data are shown in Figure 16.
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	Figure 16: Validation of FEM for shock tube test data.


4.3
Force Distribution

To better understand how individual pads deliver loads to the head, it is necessary to inspect pad force distribution, magnitude, and timing.  Simulations reveal that loads are not always evenly distributed over the entire pad but rather focused at “hot spots,” and there also could be significant pad property differences when only a portion of the pad is loaded. Figure 17 shows a pressure contour diagram of the crown drop and shock for both laboratory data and simulation.
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Figure 17: Pressure contour comparison of the pad 
influence on the headform for crown impacts.
Pressure sensors also show that different pads interact with the head, depending on the impact direction. Due to helmet flex and pad configuration, the areas of greatest force do not always act at the direct impact site. Finite element methods are also capable of predicting each pad engagement for a certain impact type and direction. Lists of the total impulse per pad for drop (Table 2) and shock (Table 3) tests in the crown direction are provided below, comparing the impulse measured in the laboratory with that obtained from simulation.
Table 2: Total impulse (N(ms) per pad for a crown drop test.
[image: image34.emf]Drop Data Simulation

CrownPad 1240.4 1362.1

Front Pad 458.2 301.5

FrontRight Pad 419.3 246.2

FrontLeft Pad 215.5 352.5

BackPad 29.4 89.6

Back Right Pad 48.4 85.9

Back Left Pad 11.0 159.1

Total 2422.2 2597.0


Table 3: Total impulse (N(ms) per pad for a crown shock test.
[image: image35.emf]Shock Data Simulation

CrownPad 639.19 647.9

Front Pad 122.6 159.3

FrontRight Pad 116.7 111.7

FrontLeft Pad 125.5 172.6

BackPad 52.7 53.0

Back Right Pad 53.1 51.3

Back Left Pad 64.9 83.9

Total 1174.7 1279.8


4.4
FEM Supporting Simple Model Development
With the right material properties for each component of the helmet-head system, the FEM was able to (1) reproduce similar results to the experimental data, (2) provide a better understanding of how individual pads deliver loads to the head, and (3) verify pad distribution, magnitude, and timing.  The FEM can accurately predict head motion across a wide spectrum of insults to the helmet and can be used as a transfer function to characterize the complicated interaction between the helmet, pads, and head.  However, due to the time and computer power needed to run a complete test case using the FEM, a simple 1-D model is needed to produce the expected head motion from the large amount of theatre data expected.
From the FEM calculations, it has been found that the simple model must account for non-uniform force contours, varying pad contact areas, and impact type.  Both the pressure sensors and the FEM showed a non-uniform pad force distribution on the head.  The FEM also showed different pad contact area engagement for each impact direction.  The impact direction will be known from the data on the helmet sensor.  Using the direction data, the simple model will need to account for pad area engagement.  Finally, depending on the impact type, the FEM used a different pad material input curve.  Depending on the helmet sensor data characteristics, the simple model will need to change material properties to account for the shockwave or blunt impact strain rates experienced by the pads.
5.0
Conclusions

A set of baseline data has been collected detailing the motion of both the helmet and headform over a variety of impact types.  These impacts include tests meant to represent shockwaves, drops, impacts into firm unmoving objects, impacts by large slow moving objects, and shrapnel.  A FEM was constructed from CT scans using a helmet, pads, strap, and headform.   Material models for each component were determined from laboratory tests and validated by comparing FEM simulation results with experimental data, including an examination of the pad strain rates during shock and drop impacts.  The FEM was capable of predicting the motion and the force contour applied to the head for both shockwave and drop tests.  The knowledge gained from the FEM about the complex helmet, pad, and head interaction helped guide the construction of a simple model that can accurately predict head motion using helmet sensor data.
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