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1.0 OVERVIEW OF RESEARCH PROGRAM 

In the United States roughly half of the head injuries can be attributed to motor 

vehicle accidents (1-3)'. Investigations of trauma to the head and of mechanisms of 

injury become invaluable for allocating resources and for formulating policy to reduce its 

incidence, morbidity, and mortality. 

A major difficulty in the investigation of head trauma is designing kinematic 

experiments which minimally interfere with the biological and physical systems being 

observed, yet produce results that correspond well with clinically observed trauma. Some 

understanding of head injury mechanisms as a result of blunt impact has resulted from 

relating kinematic parameters to injury modes. However, with the possibility of several 

injury mechanisms, correlations of this type do not always imply causation. The 

parameters commonly used for describing head mechanical response during impact have 

been angular and translational accelerations, velocities, displacements of the head as a 

rigid body, skull bone deformations, and internal pressures in the brain. Many 

investigations have chosen to study but a single parameter, and later employ it as an index 

of severity or tolerance threshold (e.g,, resultant head acceleration used to calculate the 

Head Injury Criterion). 

The dynamic-biomechanics literature concerning mechanisms of injury is a rich 

one (4-60). However, despite conscientious speculation as to the mechanics which 

produce head trauma and theoretical and experimental scrutiny of various hypotheses 

about it, considerable controversy still exists. The hypotheses usually cannot wholly fit 

1 Numbers in parentheses refer to references found at the end of the text. 



clinical or pathological observations, assessment of biomaterial properties, or predictions 

of mathematical models. 

Several of these controversies involve angular and linear accelerations and skull 

deformation (5-8,12,16-17,21-22,35,39,41). The debates are confounded by the complex 

mechanical structure of the head and brain. A number of mathematical analyses (e.g., 

finite element analyses, in particular) have attempted to model the brain with reasonable 

geometric precision. However, the calculations involve over-simplifying the 

characteristics of the biomaterials (e.g., by assuming simple elasticity or homogeneity) as 

well as of the dynamics (12-13,23,24,39,42-45). A number of investigators have 

attempted to define the pressure-volume response of the skull-brain system to impact 

using dynamic-biomechanics experiments (19,25-26,28-30,32,37,44-45). However, the 

skull-brain interface as well as the effects of skull deformation on the impact response of 

the brain and its cerebrospinal system are still not well understood. 

Mechanisms of blunt-impact head trauma must be investigated with human 

surrogate models because the human volunteer and accident investigation data do not 

provide the information needed to determine head injury mechanisms. A dynamic- 

biomechanics trauma model, the laboratory animal, is chosen in order to monitor the 

physiological response associated with the neuropathology (46-60). Although the 

subhuman primate geometry is the most similar to man's of the available animal 

surrogates, the laboratory Rhesus' geometry, in particular, is significantly different in 

soft-tissue distribution and skull morphology. Translating and scaling laboratory Rhesus' 

dynamic-biomechanics data are constrained not only by statistical, mathematical, and 

experimental techniques but also by what is still unknown about quantifying the 
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differences among Rhesus subjects and between the Rhesus model and the expected 

response in the live human. 

An alternative model, the unembalmed cadaver, is often chosen as a dynamic- 

biomechanics experimental model because its geometry and soft-tissue distribution is 

similar to that of the live human. In addition, the gross soft-tissue damage can be directly 

related to the injury patterns observed in clinical settings. However, postmortem changes 

of brain tissues may lead to the misinterpretation of the damage and kinematic responses 

in the cadaver model. 

Some laboratory evidence has indicated that the repressurized human cadaver 

model provides a better estimate of the expected response in the live human than that of 

the unrepressurized human cadaver model (28-30). However, to date few dynamic- 

biomechanics experiments have compared the available human surrogates (69). Of the 

anesthetized laboratory animal surrogates which have been selected to investigate trauma, 

the lower subhuman primates have not been adequately characterized in terms of 

response between the anesthetized versus the postmortem and/or the unrepressurized 

postmortem versus the repressurized postmortem. One purpose of the dynamic- 

biomechanics blunt head impact project being reported here was to qualify, in a limited 

sense, the differences among the anesthetized-, the unrepressurized-postmortem, and the 

repressurized-postmortem Rhesus models. It was hoped that this information would 

assist the evaluation of the unembalmed repressurized human cadaver model as a 

dynamic-biomechanics surrogate for the injurious blunt head impact response of the live 

human. 

This final report discusses techniques developed and used by the University of 

Michigan Transportation Research Institute (UMTRI) for measuring three-dimensional 



head motion and epidural pressure. Live anesthetized and repressurized/unrepressurized 

postmortem Rhesus were subjected to a posterior-to-anterior direction occipital head 

impact. The results are compared to those previously presented (30-32,34) so that they 

cover the data from related research programs conducted over the last nine years. 

1.1 Brief Summary of Project - The response of the head to blunt impact was 

investigated using anesthetized- and repressurized/unrepressurized postmortem Rhesus. 

The stationary test subject was struck by a 10 kg guided moving impactor on the 

occipital. The impactor striking surface was fitted with padding to vary the contact force- 

time characteristics. A nine-accelerometer system, rigidly affixed to the skull, measured 

head motion. Transducers placed at specific points below the skull recorded epidural 

pressure. For the repressurized postmortem subjects, both the vascular and cerebrospinal 

systems were repressurized. The results of the tests demonstrate that: 

1) In terms of peak pressure, the repressurized postmortem and the anesthetized 

Rhesus responses were significantly different from that of the 

unrepressurized postmortem Rhesus; 

2) Although the repressurized Rhesus was more similar in response to the 

anesthetized Rhesus (in terns of transfer functions of tangential acceleration 

divided by epidural pressure), the differences detected between them may 

be important kinematic differences; 

3) In terms of subarachnoid hemorrhage in the medulla pons area associated with 

skull fracture, the repressurized-postmortem and anesthetized Rhesus were 

similar in injury response; 

4) The initial position of the head-neck system was a critical factor associated 

with the cerebrospinal system's response to head impact; 



5) J3e thermodynamic response of the cerebrospinal system was an important 

consideration when the impact produced significant tension; and 

6) No relationships could be found between injury and negative pressures equal 

to one atmosphere. 

2.0 RESEARCH APPROACH AND METHODOLOGY 

The goal of the dynamic biomechanics blunt head impact project was to qualify, 

in a limited sense, the differences among the anesthetized, the repressurized-postmortem, 

and the unrepressurized-postmortem Rhesus models. The purpose was to gather 

experimental data which would add to the existing knowledge of head trauma. 

The methods and procedures that were used in this dynarnic-biomechanics trauma 

research are outlined below. Additional information can be found elsewhere (30-34). 

Appendix H is the impact testing protocol. 

2.1 Impact Testing - Using the pneumatic impacting device with a 10 kg 

impactor, five anesthetized and five postmortem Rhesus were subjected to a single head 

impact to the occipital region. The ten adult laboratory animal subjects used in these 

experiments were obtained by UMTRI from the University of Michigan Unit for 

Laboratory Animal Medicine. The final analysis included a comparison with 5 

anesthetized Rhesus and 6 postmortem Rhesus from a previous project (30) plus a 

comparison with 26 unembalmed repressurized human cadavers from 

previous/concurrent projects (33). The Rhesus were instrumented using procedures 

similar to those used to instrument human cadaver subjects (31). A nine-accelerometer 

array was rigidly affixed to the skull and epidural pressure transducers were used to 

document pressure changes. The cerebrospinal and vascular systems of four of the 

postmortem Rhesus were repressurized. 



2.11 UMTRI Pneumatic Impact Device. The pneumatic impact device consists 

of an air reservoir, a ground and honed cylinder, and two carefully fitted pistons (See 

Figure 1). The driver piston was secured at the reservoir end of the cylinder by an 

electronically controlled locking mechanism. At the opposite end of the cylinder, the 

striker piston was rigidly connected to the impact force head. Both steel pistons have 

interchangeable elastic bumpers. Compressed air from the building's air compression 

system was introduced into the reservoir. When the air reservoir was pressurized and the 

locking mechanism released, the driver piston was propelled by the compressed air 

through the cylinder until its bumper impacted the bumper on the striker piston, which 

was allowed to travel up to 25.4 cm. 

The impactor surface was a 10.2 cm rigid metal plate padded with 2.5 cm 

Ensolite. The impactor force transducer assembly consisted of a Kistler 904A 

piezoelectric load washer with a Kistler 804A piezoelectric accelerometer mounted 

internally for inertial compensation. 

A specially designed timer box was used to synchronize the impact events during 

each test, such as the release of the striker and activation and de-activation of the high- 

speed photographic equipment. The impact conditions between tests were controlled by 

varying the impact velocity and the initial positioning of the test subject. The piston 

velocity was measured by timing the pulses from a magnetic probe which sensed the 

motion of targets in the piston. 

2.12 Cineradiomaph - High speed cineradiographs were taken of the impact 

events at 400 or 1000 frames per second, The UMTRI high-speed cineradiographic 

system (61) consists of a Milliken high-speed 16 rnm motion-picture camera which views 

a 5 cm diameter output phosphor of a high-gain, four-stage, magnetically focused image 





intensifier tube, gated on and off synchronously with shutter pulses from the motion- 

picture camera. A lens optically couples the input photocathode of the image intensifier 

tube to x-ray images produced on a fluorescent screen by a smoothed direct-current x-ray 

generator. Smoothing of the full-wave rectified x-ray output is accomplished by placing 

a pair of high-voltage capacitors in parallel with the x-ray tube. The viewing field for 

these experiments was between 20-by-40 cm 

2.13 Acceleration Measurement - An interrelated set of three triaxial 

accelerometers (the nine-accelerometer array) recorded head accelerations. The 

accelerometers were either Endevco 2264-2000 piezoresistive ones or Kistler Model 8694 

piezoelectric ones. 

2.14 Epidural Pressure Measurement - Epidural pressures were measured with 

Kulite model MCP-055-5F catheter tip pressure transducers or with Endevco 8507-50 

pressure transducers. 

2.15 Data Handling - All transducer time-histories (i.e., impact force, impact 

acceleration, epidural pressures, nine head-accelerations) were recorded unfiltered on a 

Honeywell 96 FM Tape Recorder with an EMI multiplex unit or a Honeywell 7600 FM 

Tape Recorder. A synchronizing gate was recorded on all tapes. The analog data on the 

FM tapes were played back for digitizing through proper anti-aliasing analog filters. The 

analog-to-digital process for all data resulted in a digital signal sampled at 6400 Hz 

equivalent sampling rate. 

2.16 Test Synopsis 

Test Subject Preparation - Five head impacts were conducted on postmortem 

Rhesus. Upon termination, they were stored in a cooler at 4" for 5 days (85R005- 

86R015)/3 weeks (85R002) prior to testing. Anesthetized Rhesus were used in the other 
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five experiments. Six additional head impacts were conducted in a previous project on 

postmortem Rhesus (30). Upon termination, those subjects had been stored in a cooler at 

4°C for 72 hours (78A232-79A260). That previous study also included five additional 

anesthetized Rhesus (78A239-78A253). The protocol for postmortem animals presented 

in detail elsewhere (32) was less complex than that for the anesthetized laboratory 

animals, which is outlined below. 

The animal was first anesthetized with an injection of ketarnine and then 

maintained with ketarnine and sodium pentobarbital by means of a catheter with a three- 

way valve which had been inserted into the long saphenous vein of the leg. An airway 

was established to aid breathing when necessary. Then the subject was weighed and 

measured. Next, using a cauterizing scalpel, the scalp and muscle mass were removed 

from the frontal bone and the screws used to secure the epidural pressure transducer 

coupling devices were screwed into place. Then the nine-accelerometer plate was 

installed. The subject was then taken to the impact laboratory and placed in an erect 

sitting position with its posterior side towards the impactor, so that the line of impact was 

in the mid-sagittal plane in the posterior-anterior direction. 

Subiect Positioning - The subject was held in place with paper tape which secured 

the body under the armpits, suspending the head and torso from an overhead hoist. For 

tests 85R002-86R015, the subjects were positioned such that the eyes were raised above 

the horizontal line through the impact site; thus, the estimated center of mass was above 

the line of impact. In the previous study, in tests 78A232 and 78A234 the eyes were on a 

horizontal line through the impact site, thus the estimated center of mass was below the 

line of impact. In tests 78A236 and 78A239 the eyes were raised to a point slightly above 

a horizontal line through the impact site, thus the line of impact was through the 



estimated center of mass. In tests 78A238 and 78A241 the eyes were raised higher than 

the previous two tests, thus the center of mass was above the line of impact (See Figure 

2). Tests 79A249-79A260 were similar to those just described except that higher impact 

energy levels were used and the subjects were positioned so that impact occurred through 

the estimated center of mass. 

The initial positioning of the subject also included placing the subject in either the 

neck-stretched (86ROll-86R013) or neck-unstretched position (85R002-8 and 86R014- 

15). See Figure 3 for illustration of the initial positioning of the head-neck. To achieve 

the neck-stretched configuration, strings were placed in the ears and the subject was 

suspended by an overhead hoist so that approximately one-half of its entire body weight 

was supported by the neck. To achieve the neck-unstretched configuration, paper tape 

was used to support the head via the overhead hoist so that only one-half the weight of 

the head and none of the remaining body weight was supported by the neck. 

After the positioning, three triaxial accelerometer clusters were fastened to the 

nine-accelerometer plate. Silicon fluid was injected into the pressure couplings, 

removing all air, and the pressure transducers were inserted. The subject was positioned 

in front of the impactor and stabilized with paper tape. All of the transducer wires were 

then connected and cabled, and the transducers checked for continuity and function. 

Then the subject was impacted at the occiput. 

Figure 4 shows the basic dynamic-biomechanics impact test setup. One and a half 

hours after impact for Tests 85R002-86R015, a 5 ml dose of Uthol (concentrated, unpure 

sodium pentobarbital) was injected via the hind leg intravenous catheter to euthanize the 

anesthetized laboratory animal subjects. A bilateral pneumothorax was performed to 

insure termination. A necropsy was performed. 
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2.17 Surgical Instrumentation 

Nine-Accelerometer Head Plate - To install the nine-accelerometer plate, the scalp 

was removed from the frontal bone over the orbital ridges. Five metal self-tapping 

screws were attached f d y  to the skull through small pilot holes drilled into the orbital 

ridges and into the dental palate above the canine teeth. Quick-setting acrylic plastic was 

molded around each of the screws and the nine-accelerometer plate mount, embedding 

the mount in the plastic. After the acrylic set, the plate was rigidly attached to the skull. 

The orientation of the plate in this position is shown in Figure 5 ,  

Since it was necessary to determine the instrumentation frame's exact location and 

orientation in relation to the anatomical frame, a three-dimensional x-ray technique was 

developed. Two orthogonal radiographs of the instrumented head were taken as part of 

the necropsy examination. The procedure required the identification of four anatomical 

landmarks (i.e. two superior edges of the auditory meati and two infraorbital notches) 

with four distinguishable lead pellets, plus the identification of four lead pellets inlaid in 

the plate which defined the instrumentation frame. The targets were digitized and related 

using a mathematical algorithm which resolved the instrumentation center of gravity into 

the translations and rotations of the anatomical center of gravity. 

Epidural Pressure Couplings - After the scalp was removed from a small area over 

the right and left side of the frontal bone, the surface was sanded. Next, two 0.3 cm 

diameter holes were drilled using a Stryker bone coring tool, the bone was tapped, and 

the dura muter was punctured under each hole. Aluminum couplings for the pressure 

transducers were screwed into the tapped holes (See Figure 6). Dental acrylic was 

applied around the base of the couplings to secure them. 
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Figure 6 

Epidural Pressure Coup1 er 



Cerebrospinal Repressurization - A small hole was cored in the L2 lumbar 

vertebra and a Foley catheter was inserted under the dura of the spinal cord such that the 

balloon of the catheter reached mid-thorax level (See Figure 7). The point at which the 

catheter passed through the lamina of the second lumbar vertebra was sealed with plastic 

acrylic. To check fluid flow through the ventricles, saline was injected through the Foley 

catheter until it rose to the top of the couplings, The couplings were capped until the 

pressure transducers (either Kulite Model MCP-055-5F catheter tip or Endevco series 

85 10 piezoelectric transducers) were attached in the impact laboratory. Dow Corning 

dielectric gel (silicon fluid) was injected into each coupling device to act as a securing 

medium. The pressure transducer was then inserted and secured at the proper depth. 

Then a setup radiograph was made of the head. 

Vascular Repressurization - The common carotid artery was located at a point in 

the neck and an incision was made. String was looped around the common carotid and it 

was cut lengthwise. A polyethylene tube was inserted into the ascending common 

carotid, and the descending common carotid was ligated. The opposite common carotid 

was located and similarly cut. Vascular flow was checked. Then a Millar catheter tip 

pressure transducer was inserted into the ascending common carotid to the point of its 

branching with the external carotid, secured with tape and sewn in place. (See Figure 8). 

2.2 Method of Analysis 

The techniques used to analyze the results are outlined below. Additional 

information can be found elsewhere (30-34,61-66). 

2.21 Reference Frames - The impact response of the human body and its 

surrogates may be described as kinematic quantities derived from experimental 

measurements and expressed as vectors in reference frames which vary from one 
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Cerebrospinal Repressurizati on of Rhesus Subject 
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Vascular Repressurization Tecnl~ique f o r  Rhesus Subject 
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instrumentation method to another. In general, comparison of mechanical responses 

between subjects is achieved by refemng results to a "standard" anatomical frame which 

may be easily identified. However, it is impractical to require that transducers be aligned 

with this anatomical frame, since this may create unnecessary problems. Our alternative 

is to mount transducers in an arbitrary and convenient reference frame, then describe the 

transformation necessary to convert the data from this frame to the desired anatomical 

frame (4). 

The three basic reference frames which were used to describe the kinematic 

quantities are: the instrumentation frame, the anatomical frame, and the inertial (or 

laboratory) frame. An additional method used to describe the motion in space are the 

concepts of vectors and frame fields. 

Anatomical Reference Frame (i,ik). The :-axis and the i-axis of this 

reference frame lie in the Frankfort plane. The Frankfort plane is defined as passing 

through the superior edges of the two auditory meati and the two infraorbital notches. 

The :-axis is defned along the intersection of the Frankfort and mid-sagittal planes in the 

posterior-to-anterior (P-A) direction. The j-axis is defined along the line joining the two 

superior edges of the auditory meati, in the right-to-left (R-L) direction. The i-axis is 

perpendicular to the mid-sagittal plane at the "anatomical center," which is taken as the 

origin of the anatomical frame (Figure 9). Finally, the k-axis is defined as the cross- 

product of the unit vectors of the :- and j-axes, and therefore, will lie in the mid-sagittal 

plane perpendicular to the Frankfort plane, and will be in the inferior-to-superior (I-S) 

direction. Thus, the anatomical reference frame (i,i,@, can be completely defined once 

the four anatomical landmarks are specified. 



Figure 9 

Reference Frames 



Instrumentation Reference Frame (61, k2,83). This orthogonal kame is 

embedded in the rigid magnesium plate which carries the nine-accelerometers and is 

defined by its origin and the plane of (61, fi2) which is parallel to the plate (Figure 9). 

The 8 3  axis is defined as the cross-product 6 1  x k2. During 3-D radiographic 

reconstruction this reference plane is identified by the coordinates of four lead pellets 

permanently installed in the plate to serve as instrumentation landmarks. 

The nine-accelerometers are arranged in three clusters, each forming an 

orthogonal triad, and are designed to be installed on the plate at precise locations and 

orientations. Thus, once instrumentation reference frame ( E ~ , E ? , E ~ )  has been 

determined, the location and direction of all nine acceleration readings may be accurately 

determined. These readings are immediately transformed to the anatomical reference 

frame before any 3-D motion computations are carried out. 
A A  6 

Laboratory Reference Frame (I,J,K). It is desired to describe the 

instrumentation reference frame (61, k2,k3) in terms of the anatomical reference 

frame (i,j,k) unit vectors: 

6 1 
A 

i 

8 2  = [El I 
6 3  i 

where [El is an orthogonal transformation matrix consisting of the nine unknown 

direction cosines. This matrix may be determined by first expressing each of the 
A A  A 

(el ,22,k3) and (i,j,k) in terms of an arbitrary frame (I,J,K): 

I? 1 i: 
A 

i 

fi2 = [u] j j = (v) 
fi3 I? i; 



* A  1. 

then eliminating the (I,J,K) between the two expressions to obtain the matrix [El: 

[El = [Ul [VI*' 

Since [Q and [V] are determined from coordinates of several points, the arbitrary 
1.1. * 

frame (I,J,K) will simply be the laboratory frame in which these coordinates are 

measured. The x-ray method used at UMTRI to measure the points automatically defines 

the laboratory reference frame. 

2.22 Frame Fields - As the head moves through space, any point on the head 

generates a path in space. In head injury research we are interested in the description of 

the path of the anatomical center and in events which occur as it moves. A very effective 

tool for analyzing the motion of the anatomical center as it moves along a curved path (a 

one-dimensional manifold) in space is the concept of a moving frame (62-65). The path 

generated as the anatomical center travels through space is a function of time and 

velocity. A vector field is a function which assigns a uniquely defined vector to each 

point (such as the anatomical center) along a path. Thus, any collection of three mutually 

orthogonal unit.vectors defined on a path is a frame field. Therefore, any vector defined 

on such a path (for example, acceleration) may be resolved into three orthogonal 

components of any well-defined frame field, such as the laboratory or anatomical 

reference frames. Changes in a frame field over time (e.g, the angular velocity of the 

frame field) can also be resolved into three components and are then expressed in the dual 

frame field for the analysis. 

In dynamic-biomechanics trauma research, frame fields are defined based on 

anatomical reference frames. Other frame fields, such as the Frenet-Serret frame (62-64), 

which contain information about the motion embedded in the frame field, are also useful 

for describing the motion caused by blunt impact. 



The curvilinear distance traveled along the path of the anatomical center is a 

function of time and can be denoted by s(t) as shown in Figure 10. For a point moving 

along the path, the absolute vector (s(t)) is then defined relative to the initial starting 

position at t=O. The first and second derivatives of the position vector with respect to 

time yield the velocity and acceleration vectors of the point (the anatomical center), 

respectively. The time derivative of the path distance, denoted V(t), is called the speed of 

the curve. At any instant of time, a unit vector (T) which is tangent to the path at that 

point on the curve is defined as the derivative ( a d s )  of the position vector with respect 

to the curvilinear distances. Since the velocity vector of the point ( a d t )  can be written 

as d$ds.ds/dt, it is possible to substitute the tangent vector (T) for a d s  and the 
1 

speed of the curve (V(t)) for ds/dt resulting in the expression W d t  = T.V(t) or = 

dR/dt/V(t). Thus, T can be considered a normalized velocity vector. A second unit 

vector which is perpendicular to T, called the principal normal unit vector, m, can be 

defined as co-directional with the vector dT/ds (since the derivative of a vector is normal 

to the vector). A third unit vector, the binormal unit (B=?xR), completes the 

orthongal frame and is defined as the cross product of T and R. It can be shown that 
2 R lies in the plane that contains both the acceleration vector (A) and velocity vector 

-I 

(V) of the moving point. Since fi is perpendicular to both T and R, it is computed as 
2 1 

a normalized cross product V x A and then fi is obtained by forming the cross product 

B xT .  

The three orthogonal unit vectors (?,&,B) shown in Figure 10 form aright- 

handed triad, called the Frenet-Serret triad at each point along the space cuwe. The 

collection of these triads along a given curve is shown as a Frenet-Serret frame field, 

which is stationary in three-dimensional space. The turning and twisting of a space curve 
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generated by a moving point can be described in terms of curvature, K, and torsion, 2. 

Curvature, in terms of the Frenet-Serret mad, is defined as N = dT/ds, while the torsion 

is given by NT = - &/ds. The rates of change of (T,R,8) with respect to time may be 

obtained from the following relations: (T-rate) d v s r  = -~VN,dlV/dt = -KVT+KVB, and 

(B-rate) &/dt = - KVR. Thus, the turning and twisting of a space c w e  and the rates of 

turning and twisting are described by the Frenet-Serret triad (?,R,B). 

In many instances, the motion of a point along a path in space can be usefully 

reparameterized to describe the motion in terms of distance along the path rather than in 

terms of time. Such a procedure can simplify the formulas associated with the description 

of the curves and clarifies the similarities and differences in the events that occur as the 

curve is transversed. Transfer Function Analysis works in this manner. 

2.23 Transfer Function Analysis - With blunt impacts, the relationship between a 

transducer time history at a given point and the transducer time history of another given 

point of a system can be expressed in the frequency domain through the use of a transfer 

function. A Fast Fourier Transformation of simultaneously monitored transducer time- 

histories can be used to obtain the frequency response functions of the impact force and 

the accelerations of remote points. Once obtained, a transfer function of the form: 

(Z>(iw> = ( a )  ~[F(O/F[A(t)l 

can be calculated from the transformed quantities where o is the given frequency, and 

F[F(t)] and F[A(t)] are the Fourier transforms of the impact force and acceleration of the 

point of interest, at the given frequency. This particular transfer function is closely 

related to a mechanical transfer impedance (66) which can be defined as the ratio between 

the harmonic driving force and the corresponding velocity of the point of interest. 

Mechanical transfer impedance is a complex valued function which will be discussed 



simply in terms of its magnitude and its phase angle. In addition to a transfer function 

relating force to velocity, a transfer function can be generated which relates the response 

of one point in the system to another point in the system, the response being expressed in 

the frequency domain. Analogous to mechanical impedance, a Fast Fourier 

Transformation of simultaneously monitored transducer time-histories from any two 

points in the system can be used to obtain the frequency response functions relating those 

two points. In the case of a force and a pressure, such as impact force and epidural 

pressure, a transformation of the form: 

(X>(iN = F[F(~)l/F[p(t)l 

can be calculated from the transformed quantities, where o is the given frequency, and 

F[F(t)] and F[p(t)] are the Fourier transforms of the impact force time-history and the 

pressure time-history. 

2.24 Spectral Coherence - The coherence function cxy2(o) is not strictly speaking 

a transfer function, but instead is a measure of the quality of a given transfer function at a 

given frequency. 

c x y 2 ( ~ )  = I G X ~ ( ~ ) I ~ I ( G X X ( U ) G ~ ~ ( ~ ) )  

where G w ( o )  and Gyy(o) are the power spectral densities of the two signals, 

respectively. Power Spectral Density is a Fourier Transform of each signal's auto- 

correlation. l ~ x ~ ( w ) l ~  is the Cross-Spectral Density function squared. Cross-Spectral 

Density is the Fourier Transform of the cross-correlation of the two signals and o at the 

given frequency. By definition, 0 1  Gxy2 ( o ) 1  1. Values of cxy2(o) near 1 indicate that 

the two signals may be considered causally connected at that frequency. Values 

significantly below 1 at a given frequency indicate that the transfer function at that 

frequency cannot accurately be determined. In the case of an input-output relationship, 



values of cxy2(w) less than 1 indicate that the output is not attributable to the input and is 

perhaps due to extraneous noise. The coherence function in the frequency domain is 

analogous to the correlation coefficient in the time domain. The coherence function can 

be used to determine the useful ranges of the data in the frequency domain. 

2.25 Pulse Duration - In order to define the pulse duration, a standard procedure 

was adopted which determined the beginning and end of the pulse. The procedure was to 

determine fust the peak and the time at which it occurred. Next, the left half of the pulse, 

defined from the point where the pulse started to rise to the time of peak, was least- 

squares fitted with a straight line. The rise line intersected the time-axis at a point which 

was taken as the formal beginning of the pulse. A similar procedure was followed for the 

right half of the pulse, i.e., a least squares straight line was fitted to the fall section of the 

pulse which was defined from the peak to the point where the fust pulse minimum 

occurred. The formal end of the pulse was defined then as the point where the fall line 

intersected the time axis. 

2.26 Correlation Functions - Correlation functions will also be used in the analysis 

of the data. To describe some of the fundamental properties of a time-history, such as 

acceleration or force, two types of statistical measures may be used: 

Auto-correlation Function. This measure is the correlation between two points on 

a time-history and is a measure of the dependence of the amplitude at time t, on the 

amplitude at 4. 

Cross-correlation Function. This is a measure of how predictable, on the average, 

a signal (transducer time-history) at any particular moment in time is from a second 

signal at any other particular moment in time. 



The auto-correlation function is formally defined as the average over the ensemble 

of the product of two amplitudes. 

~ ( t 1 , t 3 = ~ x l ~ x 2 ~ p ( x 1 ¶ x 2 , t 1 , t z ) ~ 1 ~ ~ 2  

where xl,x2 are the amplitudes of the time-history and p(xl,x,,tl,tJ is the joint 

probability density. Normally, the above definition cannot be used to generate an auto- 

correlation function directly, However, it can be shown that for a discrete time-history of 

a finite duration, a close approximation of the auto-correlation function can be obtained 

through the use of a Fourier transform. 

In addition to auto-correlation, cross-correlation can be used to obtain useful 

information about the relationship between two different time-historik For example, the 

cross-correlation between the acceleration measurements at two different points of a 

material body may be determined for the purpose of studying the propagation of 

differential motion through the material body. Cross-correlation functions are not 

restricted to correlations of parameters with the same physical units; for example, one 

might determine the cross-correlation between the applied force and the acceleration 

response to that force. Similar to the auto-correlation function, the calculation of the 

cross-correlation of two signals begins by taking the Fourier transform of both time- 

histories (Yl,YJ. The cross-spectral density is the complex valued function (Y, . Y,*). 

The cross-correlation is then the Fourier transform of the cross-spectral density. 

3.0 RESULTS 

Table 1 lists the initial test conditions. Table 2 lists the Rhesus biometric 

measurements. Table 3 summarizes the head impacts. Table 4 reports the 

injuries/damages for which the preliminary analysis of the kinematic response was 



reported earlier (30) and Table 5 reports the injuriesldamages for which the kinematic 

response is being reported here. 

A gross pathological inspection was carried out for each test subject. The 

observed injuries included linear and basilar skull fractures as well as subdural/ 

subarachnoid hemorrhaging. These have been coded in DOT format and are illustrated in 

Appendix A. All of the injuries reported are focal injuries. No attempt was made to 

analyze diffuse injuries. 

The general kinematic relationships associated with injury were that when skull 

fracture occurs, a rapid increase in angular velocity, acceleration, and the nonnal 

components of the translational acceleration results. These are illustrated in the data 

included in Appendix B. Particularly significant mechanisms are presented in the 

discussion section. 

Appendix C is the ECG information from selected subjects (30). Appendix D is 

the preliminary data reported at the 23rd Stapp Car Crash Conference. Appendix E is the 

preliminary data reported at the 28th Stapp Car Crash Conference. Appendix F is a paper 

on the finite element modeling analysis reported in the Journal of Space. Aviation and 

Environmental Medicine. Appendix G is the preliminary analysis submitted to the 30th 

Stapp Car Crash Conference. Appendix H is the testing protocol. 



Table 1 .  Rt- 
Initial 7 

I Subject I Repressurization 
Condition Condition 

postmortem 
postmortem 
postmortem 
postmortem 
anesthetized 
anesthetized 
anesthetized 
anesthetized 
anesthetized 
postmortem 
postmortem 
postmortem 
postmortem 
postmortem 
postmortem 
postmortem 
postmortem 
anesthetized 
anesthetized 
anesthetized 
anesthetized 
anesthetized 

unrepressurized 
unrepressurized 
unrepressurized 
unrepressurized 
- - 

unrepressurized 
unrepressurized 
unrepressurized 
repressurized 
repressurized 
repressurized 
repressurized 
unrepressurized 
- - 

!sus Head Impact 
!st Conditions 

be1 ow 
below 
at 
above 
at 
above 
at 
at 
at 
at 
at 
at 
above 
above 
above 
above 
above 
above 
above 
above 
above 
above 

Subject Positioning 
Center of Gravity 

With Respect 
to Occipital Impact 

unstretched 
unstretched 
unstretched 
unstretched 
unstretched 
unstretched 
unstretched 
unstretched 
unstretched 
unstretched 
unstretched 
unstretched 
unstretched 
unstretched 
unstretched 
unstretched 
unstretched 
stretched 
stretched 
stretched 
unstretched 
unstretched 

Neck 
Condition 

Velocity 



T a b l e  2 .  R t i e s u s  B i o r n e t r i c  M e a s u r e m e n t s *  

* A l l  t e s t  s u b j e c t s  w e r e  M a c a c a  m u l a t t a  e x c e p t  78A232 w h i c h  w a s  M a c a c a  a s s a m e n i s .  

T e s t  
No. 

78A232 
78A234 
78A236 
788238 
78A239 
78A24 1  
79A249 
79A25 1  
79A253 
79A256 
79A258 
79A260 
85R002 
85R005 
85R006 
85R008 
86R0 10 
86R0 1  1  
86R012 
86R013 
86R0 14 
86R015 

H e i g h t  
( S i t t i n g )  

( c m  

4 9 . 1  
53 .6  
5 3 . 4  
5 3 . 9  
48.8  
47 .O 
5 5 . 0  
6 6 .  I 
58 .5  
6 1 . 3  
62  .O 
6 1 . 8  
71 .O 
7 2 . 3  
6 7 . 3  
65 .O 
7 0 . 0  
6 6 . 0  
6 8 . 5  
8 6 . 5  
71 .O 
6 9 . 0  

M a s s  
( k g )  

6 . 9  
9 . 5  
8 . 2  
8 . 2  
8 . 2  

10 .6  
5 . 8  
7 . 7  
5 . 0  
6 . 9  
7 . 6  
7 . 1  
5  - 0  
9 . 1  
8 . 4  
6 . 8  
7 . 3  
4 . 9  
6 . 9  
8 . 7  
8 . 6  
8  .O 

M a x .  S k u 1  1  
L e n g t h  

( c m )  

7 . 4  
7 . 4  
6 . 6  
6 . 9  
6 . 4  
8 . 4  
6 . 5  
8.0 
6 . 8  
7  .O 
7  .O 
7 . 3  
6 . 2  
7 . 5  
7 . 2  
N/ A 
7.2 
6 . 5  
6 . 5  
6 . 8  
6 . 5  
7  .O 

M a x .  S k u 1  1  
B r e a d t h  

( c m )  

6 . 1  
5 . 6  
5 . 6  

. 5 . 6  
5 . 3  
6 . 4  
5 . 5  
6  .O 
5 . 5  
6  .O 
5 . 5  
6  .O 
5 . 8  
6  .O 
6  .O 
N/A 
5 . 5  
5 . 0  
5 . 5  
5 . 6  
5 . 5  
6  .O 

A v e  . S k u  1 1 
T h i c k n e s s  

( c m )  

0 . 4 7  
0 . 2 8  
0 . 2 4  
0 . 2 3  
0 .22  
0 . 4 3  
0 . 4 0  
0 . 4 5  
0 . 2 5  
0 . 1 0  
0 . 2 6  
0 . 4 1  
0 . 3 8  
0 . 3 8  
0 . 3 1  
0 . 2 5  

. 0 . 2 5  
0 . 4 1  
0 . 3 5  
0 . 3 0  
0 . 3 5  
0 . 2 5  

Head 
M u s c  1  e 

M a s s  (g )  

9  4  
135 
149 
130 
8 0  

190 
128 
113 
99 

106 
8  5  

113 
116 
287 
191 
156 
198 
142 
170 
225 
298 
255 

H e a d  
M a s s  

( g )  

276 
907 
5  10 
540 
5  10 
7 50  
454 
726 
6  10 
823 
595 
957 
475 
N/ A 
48 1  
51  1  
595 
425 
479 
709 
759 
7  30  

B r a i n  
M a s s  
(9 

7 0  
105 
100 
115 
85 

125 
85 

113 
9  2  
99  

110 
85 
7  1  
99 
99  

N/A 
9  9 
99  
9  9  

113 
113 
113 

B r a i n  
V o l  u m e  

( m l )  

N/A 
9  5  

100 
9 0  
75 

115 
8 0  

105 
8  5  
8 0  
9 0  
90  
75 

1  00 
9 0  
70  
8 0  
80  
70  

100 
9  5  
9 0  
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Tab1 e 4 .  Rhesus Injur ies/Datnage Summary 

*Abnormality - Test subject had very thin skull 

Test 
No. 

78A232  

78A234 

78A236  

78A238  

78A239  

78A24 1 

79A249  

7 9 2 5  1 

79A253  

79A256  

79A258  

7 9 A 2 6 0  

Gross 
Sku1 1 

No injury 

No injury 

No injury 

No injury 

No injury 

No injury 

Basilar fracture (ring) 

Linear basilar fracture 
from foramen magnum to occi- 
pital contact point 

Basilar fracture (quasi- 
ring). temporal fracture 

Basilar fracture (petrous 
to petrous). Con- 
nected linear fracture to 
parietal bone* 

Basilar fracture (quasi- 
ring) 

Basilar fracture (right 
petrous ) 

Gross 
Brain 

No injury 

No injury 

No injury 

No injury 

No injury 

No injury 

3 / 4  cc subdural hematoma right 
frontal lobe (cerebrum) sub- 
arachnoid hemorrhage base of 
cerebellum. pons, and medulla 

No injury 

Petechial lesion left 
frontal lobe (cerebrum) 
subarachnoid hemorrhage base. 
pons. medulla and vermis 
of cerebellum 

Dura torn along 
sagittal sinus, emaciated 
tissue cerebellum. medulla 

Lacerated medulla 

Subdural hematoma along 
sagittal sinus 

Gross 
Other 

Epidural hematoma at C 1 .  
dura lacerated at C1 

Epidural hematoma at C 1 .  
torn muscle at base of 
occ i pu t 

No abnormality or Injury 

Epidural hematoma at C1 disk 

1/4  cc blood in occiput from 
epidural hematoma at C1 

Epidural hematoma at C1 

Epidural hematoma at C 1 .  
occipital muscles damaged 

Epidural hematoma at C1 and C 2  

Damaged neck ligaments 

Lacerated spinal cord 

Epidural hematoma at C1 

Epidural hematoma at C1 



Table 5 .  Rhesus Injuries/Darnage Summary 

85R002 I No i n j u r y  I No i n j u r y  I No i n j u r y  

Test 
No. 

85R008 I B a s i l a r  r i n g  f r a c t u r e *  

Gross 
Sku1 1 

85R005 

85R006 

Subarachnoid hemorrhage a t  
medulla and b r a i n  stem 

No i n j u r y  

Gross 
B r a i n  

B a s i l a r  s k u l l  f r a c t u r e  

No i n j u r y  

86R010 I B a s i l a r  r i n g  f r a c t u r e  I NO i n j u r y  

Gross 
Other 

No i n j u r y  

Subarachnoid hemorrhage a t  
medulla and b r a i n  stem 

No i n j u r y  

No i n j u r y  

No i n j u r y  

No i n j u r y  

No i n j u r y  I Subdural hemorrhage o f  
sp ina l  co rd  a t  base 
o f  b r a i n  

No i n j u r y  

No i n j u r y  

No i n j u r y  Subdural hemorrhage l e f t  
f r o n t a l  lobe 

Subdural hemorrhage l e f t  
f r o n t a l  lobe 

No i n j u r y  

No i n j u r y  

L inear f r a c t u r e  o f  
super io r  r i g h t  petrous 
Linear f r a c t u r e  o f  l e f t  
o c c i p i t a l .  L inear f r a c -  
t u r e  o f  r i g h t  temporal 

*Abnormali ty - Test subject  had a  t h i n  s k u l l  

No i n j u r y  

No i n j u r y  

Subdural hemorrhage o f  
sp ina l  co rd  a t  base 
o f  b r a i n  

B i l a t e r a l  hemorrhage t o  
s ide  o f  sp ina l  co rd  a t  
base o f  medulla 



4.0 DISCUSSION 

The results of a series of head impact experiments conducted over the past nine 

years at the University of Michigan Transportation Research Institute (UMTRI) using 

anesthetized and postmortem Rhesus are presented. The tests entail different initial 

conditions and are compared to tests of another human surrogate (i.e., the repressurized 

human cadaver) reported previously (30-34). Frame-independent variables and vectors 

were used to compare these different tests. The frame-independent vectors used included 

tangential and normal acceleration. The significant frame-independent vector, tangential 

acceleration, will be presented in detail throughout the discussion. 

It would be preferable to be able to run a limited set of experiments and to 

generalize the results. However, because of the geometry of the skull-brain-spinal cord, 

the possible different initial conditions, the complex interaction of the skull with the 

brain, and the different injury modes that can result from blunt impact, the results 

presented here apply only to the test conditions in which the experiments were run and . 

may not apply to all situations. The features of the data, discussed in this section in 

abbreviated form, represent trends that are felt to be important factors in head injury 

research. 

Head impact response is a complicated phenomenon; however, the results from 

these experiments indicated that, in a limited sense, the injury and kinematic response of 

a repressurized-postmortem subject is probably closer to that of the live subject than is 

that of the unrepressurized-postmortem subject. In all cases, negative pressure peaks 

occurring during an impact event equal to or greater than one atmosphere did not appear 

to produce injury in Rhesus subjects. The cervical cord and foramen magnum seemed to 

be important structural features in head impact response, and their interaction with the 



rest of the head (e.g., the skull, brain, cerebrospinal fluid) was an important aspect of the 

injury mechanisms. 

The experiments can be broken into three significant classes: repressurized- 

postmortem subjects, unrepressurized-postmortem subjects and live anesthetized subjects. 

Each class can be divided into two groups, skull fracture and no skull fracture. In 

addition, the anesthetized test subjects can be divided into two groups, neck-stretched and 

neck-unstretched. In general, there were two-four subjects in each grouping. Therefore, 

when comparing between groupings, it is necessary to use only the most robust aspects of 

the data. 

4.1 Overview of Previous Studies - A previous study indicated that frame fields, 

such as the Frenet-Serret Frame, would be useful in describing head impact motion (30). 

The study also showed that the response of the head in blunt impact is affected by the 

geometry of the skull in the region of contact during the time of contact, that is, during 

the interval between the initiation of head impact response (Q,) and the positive 

maximum (Q) of the tangential acceleration time-history. During the Q,-Q interval, 

the angular acceleration of the head was found to be principally in the binormal direction 

(although lesser components in the normal and tangential directions also were found). 

This implies that the skull may have been rotating about a point of closest approach of the 

skull to the impactor (soft tissue prevented the actual contact of the skull and impactor 

surface). Figure 11, a reconstruction of subject x-rays, shows that the shape of the human 

skull in the posterior region is considerably different from the non-human macaques2. 

? h e  study consisted of a sample of macaques. All of the macaques were Macaca 

mulatta (Rhesus), except one which was Macaca assamenis. 





By varying the center of mass of the macaque subjects in relation to the applied impact 

force axis to adjust the applied torque, this study demonstrated that head motions 

dynamically similar to cadaver impacts can be generated only if the macaque subjects are 

placed in an initial position which compensates for the difference in skull geometry 

between the lower primate and cadaver. 

Similarly, this study showed that the differences between the macaque and the 

cadaver in soft tissue distribution and mass of the head-neck also significantly affected 

the response of the head during blunt impact. Physically, head impact response is 

interpreted as the response of a material body (the skull) which is in contact with other 

material bodies (e,g., the neck, the impactor, the brain and soft tissues). In the cadaver, 

the brain is the primary source of soft tissue, while in the macaque, the external head and 

neck muscle masses constitute the majority of the soft tissue. These differences in the 

mass and distribution of the soft tissues of the cadaver and macaque may create problems 

in determining which of the material bodies conmbute more to the impact motion of the 

skull. For example, the motion of the external muscle masses in the macaques can mask 

the effects of the motion of the brain on skull response. 

This study also indicated that differences in impact response exist between 

anesthetized and postmortem macaque subjects. In addition, the values for peak epidural 

pressures in anesthetized macaques were found to be two to five times the values of those 

in the postmortem macaques. A comparison between the power spectra of the two 

conditions implied that the brain of the anesthetized subject was "stiffer" than that of 

unrepressurized postmortem subject. 

The differences between the live anesthetized and postmortem macaque brains 

were further substantiated in a study conducted in which the results from five Rhesus 



head impacts were integrated by simulating the tests using a three-dimensional 

mathematical model of the macaque brain (34). The results of the modeling showed that 

to simulate the live, anesthetized response, the mathematical model (a finite element 

model) must have a Poisson's ratio of .4999 and a 20 cm cervical cord. In order to 

simulate a postmortem response, the mathematical model must have a lower Poisson's 

rat0 of .499 and no cervical cord. These results implied that the response of the 

postmortem brain is slower and more damped than that of the live brain. Also, the 

postmortem brain was, in effect, more compressible than the anesthetized brain and, as a 

result, pressure (stress) in the postmortem brain was lower than what would have 

occurred in the live brain under similar conditions. In addition, the unpressurized cervical 

cord and flaccid neck in the postmortem subject may uncouple the cervical cord from 

brain response. Thus, it appeared that one effect of the spinal cord was to increase the 

intracranial pressure of the impact response for the live, anesthetized macaque subjects. 

In another previous study, it was concluded that the three-dimensional rigid body 

motion of the head is not well defined during a "severe head impact" when the motion is 

measured by accelerometers affixed to the skull (31). In such impacts, local skull 

deformation near the accelerometers was interpreted by the nine-accelerometer array as 

an angular acceleration. Therefore, when the skull deformations were significant, the 

three-dimensional motion recorded by the nine-accelerometer array and the interpreted 

motion of the skull local to the instrumentation mount could only be used to estimate the 

motion of the rest of the skull. This study also showed that skull deformation correlated 

well with injury. Subarachnoid hemorrhage, especially, did not occur without significant 

skull deformation being present. In addition, it was shown that two skull-brain ' 

interactions seem to operate in head impacts. Initially, during impact, energy is 



transferred from the skull to the brain with a pressure gradient, positive pressures near the 

frontal bone to negative pressures near the occipital bones, resulting. Secondly, the 

energy stored in the brain is transmitted during or after impact back to the skull, with 

positive pressures occurring at the frontal, parietal, and occipital bones. 

When observed injuries were correlated with epidural pressure changes, this study 

also implied that cavitation might not be a mechanism of injury. For some anesthetized 

Rhesus subjects, for example, the epidural pressure transducers measured negative 

pressure peaks of -1 atmosphere or slightly greater during an impact event, yet no injuries 

were observed near the pressure transducer sites. 

The preliminary analysis of the data being reported here (33) compared the results 

of two Rhesus head impact studies and qualified, in a limited sense, the differences 

among the anesthetized, the unrepressurized-postmortem, and the repressurized- 

postmortem Rhesus models. It was anticipated that the information would assist the 

evaluation of the unembalmed repressurized human cadaver model as a dynamic- 

biomechanics surrogate for the injurious blunt head impact response of the live human. 

That analysis generated conclusions which may prove significant for modeling 

head impact response. First, in terms of peak pressure, the repressurized-postmortem and 

the anesthetized Rhesus were significantly different from the unrepressurized-postmortem 

Rhesus. The peak pressures of the unrepressurized-postmortem Rhesus were between 95 

and 150 kpa and the peak pressures for the anesthetized and repressurized-postmortem 

Rhesus were between 250 and 500 kpa. In addition, for some tests, the peak pressures for 

unrepressurized-postmortem Rhesus were opposite in sign to those of the anesthetized 

and repressurized-postmortem Rhesus. Second, the repressurized-postmortem Rhesus, 

when compared to the unrepressurized-postmortem Rhesus, was more similar in response 



to that of the anesthetized Rhesus, as determined by the similarities in the transfer 

functions between tangential acceleration divided by epidural pressure for the two 

classes. However, the differences detected between the repressurized-postmortem and 

anesthetized Rhesus may be important in terms of kinematic response. When a cross- 

correlation function was done between tangential acceleration and epidural pressure, 

analysis showed that the anesthetized and repressurized-postmortem subjects had very 

similar phase lags. However, it seemed that the postmortem brain, whether repressurized 

or unrepressurized, was not as "stiff' as that of an anesthetized subject, either due to 

postmortem degradation of brain tissues or incomplete repressurization. Third, in terms 

of subarachnoid hemorrhage in the medulla-pons area associated with skull fracture, the 

repressurized-postmortem and anesthetized Rhesus were similar in focal injury response. 

Therefore, for the above reasons, it appears that the repressurized-postmortem Rhesus 

subjects may most closely approximate the anesthetized subject. This result may have 

important implications on the use and effectiveness of unembalrned repressurized human 

cadavers as surrogates for live humans in dynamic-biomechanics studies. 

The final analysis of the data being reported here reconfirmed the preliminary 

analysis reported earlier (33). The most recent Rhesus impacts clearly indicate that: 1) 

The initial positioning of the head-neck system is a critical factor associated with the 

brain-cerebrospinal fluid system's response to head impact; 2) The thermodynamic 

response of the cerebrospinal system is an important consideration when the impact 

produced significant tension; 3) No relationship could be found between focal injury and 

negative pressures equal to one atmosphere; and 4) The stress in the brain, as well as the 

interaction of the brain with the skull, are significantly affected by: the tension in the 

brain, limited by vaporization in "severe impact"; the interial properties of the cervical 



cord as well as the flow of material through the foramen magnum; the initial position of 

the head-neck system; and the repressurization of postmortem surrogates. 

4.2 Impact Response Definition - Using the UMTRI nine-accelerometer array, it 

is possible to record three-dimensional six-degrees-of-freedom motion of an area of the 

skull in which the accelerometers are located. Thus, head impact response can be defined 

as a continuum of "events" characterized by the path traced by the motion of the 

"estimated anatomical center," by all the vectors defined on that path, and by the changes 

of the accelerated frame fields. Physically, head impact response is interpreted as the 

response of a material body (i.e. the nine-accelerometer array and the area of the skull 

local to it) in contact with other material bodies. The c w e  and the vectors generated as 

the "estimated anatomical center" moves in time are, therefore, a result of the interactions 

of the skull-mount area with other material bodies. 

The motion of a rigid body in space is the result of generalized forces: the total 

force and the total torque about an axis. The dynamic problem of the motion of the area 

of the skull local to the nine-accelerometer array can be interpreted similarly. However, 

because of the complex interactions of the area of the skull local to the nine- 

accelerometer array with the other material bodies involved (i.e. the muscle soft tissues of 

the neck, the rest of the skull, the brain, or the impactor), serious problems can arise in 

determining which of the bodies contributes more to these generalized forces. 

Specifically, when the head receives an impact, several events occur: 1) stress 

waves are propagated from the impact site, 2) the skull starts to deform, and 3) the skull 

begins to move due to the impact, transmitting energy to the brain via the dura mater. 

Eventually, the stress waves are dissipated, the deformation of the skull recovers partially 

or fully on removal of the impact loads, and the acceleration of the skull continues 



primarily from forces generated by the brain and neck. If the differential skull motion is 

severe, essentially due to the high frequency components of the force time-history or to 

injurious peak force, the stresses at some point in the skull may exceed the failure 

strength of the bone, thereby producing fracture. Dynamic human cadaver impact 

experiments have shown that the motion of the entire skull as a rigid body as estimated by 

the nine-accelerometer array depends on the degree of skull deformation as well as on the 

degree of precision being used in the investigation (31). If the skull deformations are 

small during and after impact and the accelerometers are sufficiently far from the impact 

contact point, then valid rigid body motion can be assumed. However, if skull 

deformations are significant, then the three-dimensional motion of the nine-accelerometer 

array and of the skull local to its instrumentation mount can only be used to approximate 

the motion of the rest of the skull through the use of an "estimated anatomical center." 

Interpretation of the data from the nine-accelerometer array, therefore, must take into 

account the non-rigid body motion taking place during "significant skull deformation" 

impacts. Using translations obtained from x-rays, the three-dimensional approximate 

motion of an "estimated anatomical center" can be determined. For the Rhesus model, 

however, the accelerometers are located on the orbital ridges and dental palate, 

sufficiently far from the impact site so that the local perturbations are small even when 

the skull fractures (30-3 1). If the skull near the nine-accelerometer array had been 

significantly perturbed by skull fracture, then the mechanical impedance of the skull 

fracture tests should have been different from that of the no-skull-fracture tests. This, in 

general, was not the case. The mechanical impedance transfer functions in the appendix 

show that the Rhesus mechanical impedance for both skull-fracture and no-skull-fracture 

tests were the same. Based upon human cadaver data, that result is different from what 



would be expected for the live human. It is believed that the mechanical impedance 

observed for the Rhesus tests was a result of the different skull geometry and soft-tissue 

distribution between the Rhesus and human cadaver models. The observation implies 

that the effect of skull deformation on the nine-accelerometer recording is different for 

the Rhesus as compared to the human cadaver models. 

4.3 Repressurization Technique - The results presented here regarding the 

repressurized-postmortem Rhesus are potentially a function of the repressurization 

technique used. Different repressurization techniques may give different results. The 

repessurization techniques developed for Rhesus subjects are similar to those used for 

repressurized human cadavers (30-34). However, because of the smaller size of the 

vessels of the vascular system of the Rhesus as compared to that of the human cadaver, 

somewhat different procedures had to be used (See Figure 12). The Rhesus vertebral 

arteries were not ligated. The pressure transducer used to monitor the carotid pressures, 

and, therefore, used to determine the vascular pressure in the brain, was placed in 

different locations in the two species. In the cadaver model the transducer was in the 

internal carotid close to the entrance of the carotid into the brain. In the Rhesus model 

the transducer was in the external carotid distal to the brain. In the Rhesus model the 

pressure transducer in the external carotid artery restricts the flow of the internal carotid 

artery at the measurement site. The precise differences this makes between the results is 

unknown. The initial repressurization levels may not be comparable. In addition, it was 

more difficult to remove the air in the Rhesus skull-brain area than in the cadaver model; 

thus, a greater proportion of the Rhesus brain cavity may have contained air than that of 

the cadaver brain cavity. 
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Transfer functions are useful tools in characterizing the impact response of a 

material body (e.g., a biological subsystem). In the case of the head, energy is transferred 

from the impactor to the skull and from the skull to the brain. Therefore, to assist in 

characterizing this energy flow, transfer functions, such as ones for tangential 

acceleration divided by epidural pressure, are useful. Successful understanding of the 

performance of a given system depends on being able to predict accurately the output 

response for a given input. In the case of a time invariant linear system, a transfer 

function can be generated that characterizes the system and is independent of the input to 

the system, i.e., it is an invariant of the system. Comparisons of outputs for different 

inputs will show some variations, but transfer functions that characterize the system will 

not. In general, systems in the real world are inherently non-linear and that is probably 

also true for the head when struck by a blunt impactor. We can, however, assert that a 

linear system is a valid approximation of a non-linear one over a limited range such as 

the range seen in these experiments. For example, if a transfer function generated for a 

tangential acceleration divided by epidural pressure for an impact to an unrepressurized 

Rhesus subject is compared to another transfer function of the same parameters for an 

anesthetized Rhesus subject and is found to be similar, then the transfer functions 

correlated well and represent the same biological system, when they are found 

different, then the transfer functions not correlate well and are said to be representing 

different biological systems. For the tests being reported here the force time-histories are 

similar enough so that a valid linear range can be assumed. 

4.4 The No-Skull-Fracture-Impacts - Comparison of the three classes of no- 

fracture head impacts in which the initial conditions were impact velocity of 11.5- 

neck-unstretched positioning, line of impact below the head center of mass, 



2.5 cm Ensolite paddina and the pressure transducer located at the front of the skull imply 

that: 

1. The unrepressurized-postmortem Rhesus is significantly different than the 

anesthetized Rhesus as shown by the transfer function relationships of - 

tangential acceleration divided by epidural pressure. 

2. In terms of peak pressure (largest absolute value), the repressurized 

postmortem Rhesus' response is more similar to the anesthetized Rhesus' 

than the unrepressurized-postmortem Rhesus'. 

3. The impact responses of the anesthetized and unrepressurized/repressurized 

postmortem Rhesus were all different as shown by the transfer function 

relationships of tangential acceleration divided by epidural pressure. 

Inspection of the peak pressures presented in Table 3 shows that the peak 

pressures of the unrepressurized-postmortem Rhesus were between 95 and 150 kpa and 

that the peak pressures for the anesthetized and repressurized-postmortem Rhesus were 

between 250 and 500 kpa. Although there was a limited number of tests in each category, 

the results were consistent enough to show that in terms of peak pressures, the 

anesthetized and the repressurized-postmortem subjects were similar. In addition, for 

some of the tests, the peak pressures for the unrepressurized postmortem Rhesus were 

opposite in sign to those of the anesthetized- and repressurized-postmortem Rhesus. See 

Test 78A236 in the appendix. 

Figure 13 represents the transfer function corridors for the tangential acceleration 

divided by the epidural pressure for the no-fracture class of Rhesus subjects. The key 

defines the corridors for the anesthetized, the unrepressurized-postmortem, and the 

repressurized-postmortem Rheus subjects. It is clear from this figure that the analysis of 
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the relative magnitudes of the signals agrees with that associated with the comparison of 

the peak pressures. However, it is also evident that the waveforms of the epidural 

pressures with respect to the tangential acceleration have some detectable differences. 

Therefore, it can be concluded that even though the repressurized-postmortem Rhesus 

was more similar than the unrepressurized-postmortem Rhesus to the anesthetized Rhesus 

in response, there were still detectable differences between them. 

Transfer functions are complex-valued, including both magnitude and phase. The 

phase relationship was evaluated with the cross-correlation function. The analysis 

obtained from the cross-correlation function between the tangential acceleration and the 

epidural pressures shows that: 1) Effectively there was no phase lag between the 

tangential acceleration and the epidural pressure for the anesthetized subjects (See Figure 

14 which illustrates the maximum positive cross-correlation at zero lag; 2) An effective 

phase lag between the tangential acceleration and the epidural pressure of one or two 

milliseconds for repressurized postmortem Rhesus was observed (See Figure 15 which 

illustrates the maximum positive cross-correlation at one to two milliseconds); and 3) the 

greatest phase lags between tangential acceleration and the epidural pressure were 

observed for unrepressurized subjects (See Figure 16 which illustrates the maximum 

negative cross-correlation for some of the tests). The anesthetized and the repressurized- 

postmortem subjects had very similar phase lags between tangential acceleration and 

epidural pressure. Therefore, repressurization seemed to make the postmortem subject a 

better model of the anesthetized subject. However, it seems that the postmortem brain, 

whether repressurized or unrepressurized, was not as "stiff" as that of an anesthetized 

subject. This may have been due to the postmortem degradation of the brain tissues, 

incomplete repressurization, or to the repressurization process not removing all of the air 
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from the skull-brain area. 

The results reported elsewhere (3 1) indicated that when basal skull fracture 

occurred in Rhesus subjects, subarachnoid hemorrhaging was common in the medulla 

pons area. In addition, this focal injury did not occur in the unrepressurized-postmortem 

Rhesus. For the repressurized~ostmortem Rhesus, injuries similar to those of the 

anesthetized subject were observed. The implications were that in terms of focal injury 

response for this type of injury mode, the repressurized-postmortem subject was similar 

to the anesthetized subject. Caution must be exercised in interpreting these results 

because one injury mode for a very particular type of impact was involved and the sample 

size was small. The results may not occur for other injury modes or impact conditions. 

The results reported elsewhere (34) indicated that the interaction of the cervical 

cord and the foramen magnum with the rest of the brain-cerebrospinal fluid system was a 

critical factor in certain types of head impact response. In an attempt to determine the 

effect of the interaction of the head with the cervical spine, a series of impacts were run 

with the neck stretched. (Figure 3 is an x-ray of the two types of initial neck conditions: 

the neck-stretched configuration, and the neck-unstretched configuration). Although the 

impedance values between force and tangential acceleration as well as the time-histories 

of the linear and angular accelerations for the two neck conditions were similar (See 

appendix), the transfer functions for the tangential acceleration divided by epidural 

pressure were not (Figure 17). This implies that the flow of material through the foramen 

magnum as well as the inertial properties of the cord may have been critical factors in 

determining the type of pressure and stress that developed in the brain during impact. In 

addition, the neck-stretched tests were the only ones in which subdural hemorrhaging was 

observed in the frontal lobes of the brain. Therefore, not only was the impact response in 
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terms of transfer functions for tangential acceleration divided by epidural pressure 

different, but the focal injury response also changed. Potentially, the difference in initial 

positioning may have changed the hydrodynamic lubrication and the mechanical 

restriction associated with the skull-brain interface. In addition, the large pressures that 

developed during impact in the neck-unstretched anesthetized Rhesus subject and the 

inertial properties of the restricted flow of the spinal cord - cerebrospinal fluid through 

the foramen magnum may have helped to reduce the differential motion between the 

brain and the skull during impact. The observed focal injuries (subdural hematomas in 

the frontal lobes) in the neck-stretched case with angular acceleration similar to the neck- 

unstretched case imply that the interaction of the cervical cord and the head and material 

flow through the foramen magnum may be critical for these types of focal injury, and 

perhaps are more important than the angular or linear velocity/accelerations for 

determining head-impact tolerance levels. 

4.5 The Skull-Deformation Impacts - In a manner similar to that of the 

repressurized cadaver, skull deformation played a small part in the pressure response of 

the anesthetized Rhesus brain up to the level where the skull fractured. The features of 

the data that indicated this are: 1) The auto-correlations of the tangential acceleration and 

epidural pressure were similar to those of the cross-correlation between the two signals 

(Figure 14 illustrates this); and 2) The greatest absolute maximum value for severe skull- 

fracture subjects was generally a negative quantity (i.e. a negative cross-conelation near 

zero lag as shown in Figure 18), whereas for simple skull fracture subjects the tangential 

acceleration correlated better with epidural pressure than for severe skull fracture 

subjects. 
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This result that skull deformation played a small part in the epidural pressure 

response of the anesthetized Rhesus brain up to the level where the skull fractured has 

important implications in terms of head trauma modeling. If the head is viewed as a 

closed shell and the brain and its surrounding tissues and fluids as an incompressible, or 

nearly incompressible, viscoelastic material (i.e. as having a bulk modulus near that of 

water), then small changes in volume would be expected to produce larger pressure 

changes than those observed in the response of the anesthetized test subjects. In addition, 

one would expect negative pressures and a negative cross-corelation between tangential 

acceleration and epidural pressure for the no-skull fracture subjects, because the pressure 

volume change mechanism would dominate any of the inertial phenomena. The results 

imply three possibilities for head trauma modelers: 1) the foramen magnum was 

significantly large enough so that it needs to be included in modeling of blunt head 

impact response; 2) the effective bulk modulus of the brain may need to be viewed as 

significantly less than that of water or an equivalent system should be used; and 3) or 

both. 

In addition, during skull-fracture Rhesus tests, pressures only slightly below one 

negative atmosphere were observed. These were the only tests in which negative 

pressures of that magnitude were produced. Therefore, it seems that vaporization of the 

fluid near the pressure transducer was rapid enough to effectively act as a pressure 

limiting function. This thermodynamic phenomenon would have affected significantly 

the stresses that were being produced in other parts of the brain during the severe 

impacts. It seems that injury prediction based on stress or the differential motion between 

the skull and the brain should address this phenomenon. Therefore, it may be essential to 

include this phenomenon in any modeling effort of head impact response. 



4.6 Summan, Conclusions - However, the following conclusions result from the 

comparisons of the head trauma research data from Rheus and human cadaver model 

experiments conducted by UMTRI over the last nine years (30-34). This has been a 

limited study of a few important kinematic factors and injury modes associated with blunt 

impact to the head. Because of the complex nature of the head during impact, more work 

is necessary before these kinematic factors can be generalized to describe the responses of 

the skull, brain, cerebrospinal fluid, and the neck to blunt head impact. 

1. In terms of peak pressure, the repressurized-postmortem and the anesthetized 

Rhesus responses were significantly different from that of the unrepressurized- 

postmortem Rhesus. 

2. Although the repressurized-postmortem Rhesus, when compared to the 

unrepressurized-postmortem Rhesus, was more similar in response to that of the 

anesthetized Rhesus (as shown by transfer functions of tangential acceleration divided by 

epidural pressure), the differences detected between the repressurized-postmortem and 

the anesthetized Rhesus may be important in tenns of kinematic response. 

3. In terms of subarachnoid hemorrhage in the medulla-pons area associated with 

skull fracture, the repressurized-postmortem and the anesthetized Rhesus were similar in 

injury response. 

4. The initial positioning of the head-neck system is a critical factor associated 

with the cerebrospinal system's response to head impact. For given linear and angular 

acceleration time-histories, the initial positioning of the head-neck system was, in 

general, successful in predicting the pressure and focal injury response. Unless the initial 

position of the head-neck system is included in the head tolerance criteria functions 



(unlike those currently popular functions solely based on linear and angular 

accelerations, intracranial pressure, and skull strain), they may prove less useful. 

5. The thermodynamic response (fluid vaporization) of the cerebrospinal system 

is an important consideration when the impact produces significant tension. 

6. In the results presented here for anesthetized Rhesus and in the results 

presented elsewhere (3 1,34), no relationships could be found between focal injury and 

negative pressures equal to one atmosphere. This implies that cavitation does not seem to 

be a mechanism of injury in head impact response. 

7. The above conclusions are important for both the mathematical modeling of 

head trauma and the determination of the injury;olerance of the head. The following 

factors significantly affect the stress in the brain as well as the interaction of the brain 

with the skull. 

The tension in the brain, limited by vaporization in "severe impacts"; 

The inertial properties of the cervical cord as well as the flow of material 

through the foramen magnum; 

The initial positioning of the head-neck system; and 

The repressurization of postmortem surrogates, 



5.0 RECOMMENDATIONS FOR FUTURE RESEARCH 

The analysis of these related head injury research programs (30-34) implies that 

further dynamic experimental work in a controlled laboratory setting is justified and 

necessary to enable meaningful modeling of head trauma. The following research 

programs are suggested to answer questions presented from the analysis being reported in 

this document: 

1. An unembalmed repressurized cadaver dynamic-biomechanics experiment 

that contrasts neck-stretched vs. neck-unstretched positioning while 

measuring intracranial pressure at the foramen magnum, as well as flow 

through the foramen magnum. 

2. An unembalmed repressurized cadaver dynamic-biomechanics experiment 

using high-speed x-ray cineradiography to evaluate whether increased 

intracranial pressure and the initial positioning of the cervical spine can 

effect the differential motion of the brain cortex with the skull. 

3. Mathematical modeling efforts which address the interaction of the skull 

with the brain. 

4. An additional dynamic-biomechanics research program that evaluates 

repressurization techniques for postmortem subjects by contrasting the 

repressurized postmortem and anesthetized response of a laboratory animal 

surrogate. 
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9.0 A P P E N D I X  A :  I N J U R Y I D A M A G E  REPORT 

DOT GENERAL TEST INJURY INFORMATION 
EVALUATION OF EXPERIMENTAL TECHNIQUES IN 
HEAD INJURY RESEARCH TITLE 
CONTRACT NO: ADTNH22-83-C-07095 CONNO 
LABORATORY : TRI TSTPRF' 
TEST OBJECTIVE: OCCIPITAL HEAD P-A TSTOBJ 
TEST NO: 85R002 TSTREF 
TEST DATE: 08/NOV/85 TSTDAT 
TOTAL NUMBER TESTS THIS SUBJECT 1 NOTEST 
SUBJECT NO: 85R1 CADREF 
(F/M/N) F OCCSEX 
(AN/CD) POSTMORTEM AN OCCTYP 
AGE 99 OCCAGE 
WEIGHT 5.0 OCCWT (Kg) 
STATURE 71.0 STATUR (cm) 
TEST TYPE: HEAD BIO TSTTYP 
(DRP/PED/PEN/OTH) OTH CANNON TSTCFN 

0 VEHNO 
OT OCCLOC 

RESTRAINT SYSTEM 1: NON RESTRl 
RESTRAINT SYSTEM 2: NON RESTR2 
CANNON VELOCITY (m/s) : 11 IMPACTOR MASS (Kg) : 10 
PADDING: 2.5 cm Ensolite. STRIKER: 10 cm round flat 
OCCUPANT INJURY GROUP IDENTIFIER 8 
NUMBER OF FRACTURED RIBS: 0 FRCTRB 
NUMBER OF RIB FRACTURES: 0 RBFRCT 

BODYRG ASPECT LESION SYSORG A1 S 

INJTXT: TEXT OF INJURY Note:  Up t o  80 characters of  text. 

1 NO INJURY OBSERVED. 
2 
3 

L U  

ANOMALY NOTES: 



POSTMORTEM 

DOT GENERAL TEST ANTHROPOMETRIC INFORMATION 
EVALUATION OF EXPERIMENTAL TECHNIQUES IN 
HEAD INJURY RESEARCH 
CONTRACT NO: ADTNH22-83-C-07095 
LABORATORY : TRI 
TEST NO: 85R002 
TEST DATE: 08/NOV/85 
TOTAL NUMBER TESTS THIS SUBJECT 1 
ANTHROPOMETRIC GROUP IDENTIFIER 1 
SUBJECT NO: 8 5RP 
(F/M/N) F 
(AN/CD) AN 
AGE 99 
WEIGHT 5.0 

crn 
STATURE 71,O 
BUTTOCK-CROWN 53.0 
TOP HEAD TOP SHOULDER 62.8 
SHOULDER ELBOW 15.6 
HEEL-TOE ( f o o t )  1 4 , 5  
FOREARM-HAND 23.7 
NECK CIR. 23.0 
CHEST CIR. 31.5 
THIGH CIR. 22,O 
CALF CIR. 13.0 
ANKLE CIR. 10.5 
POPLITEAL HEIGHT 18.0 
TRUNK LENGTH 40.2 
BUTTOCK-KNEE 18.6 
TOTAL ARM REACH 31.5 
HAND 10.1 
HEAD CIR. 28.0 
SHOULDER CIR. 33.5 

EUTHANIZED AT ULAM FOR SICKNESS 
POSTMORTEM ADULT RHESUS 
UNREMARKABLE 

TITLE 
CONNO 
TSTPRF 
TSTREF 
TSTDAT 
NOTEST 

CADREF 
OCCSEX 
OCCTYP 
OCCAGE 

OCCTWT (Kg) 
in 
28.0 
20.9 
24.7 
06.1 
05.7 
89.3 
09.1 
12.4 
08.7 
05.1 
04.1 
07.1 
15.7 
07.3 
12.4 
04.0 
11.0 
13.2 

999 BEDCON 
07/OCT/85 DTEDTD 

CSEDTH 
CADAP P 
CAD AN 

S TATUR 
SEATHT 
SHLDHT 
SHLDEL 
FOOTLN 
F W D  
NECKCR 
CHESTCR 
THGHCR 
CALFCR 
ANKLCR 



DOT GENERAL TEST INJURY INFORMATION 
EVALUATION OF EXPERIMENTAL TECHNIQUES IN 
HEAD INJURY RESEARCH TITLE 
CONTRACT NO: ADTNH22-83-C-07095 CONNO 
LABORATORY: TRI TSTPRF 
TEST OBJECTIVE: OCCIPITAL HEAD P-A TSTOBJ 
TEST NO: 85R005 TSTREF 
TEST DATE: 25/NOV/85 TSTDAT 
TOTAL NUMBER TESTS THIS SUBJECT 1 NOTEST 
SUBjECT NO: 8 5R2 CAD REF 
(F/M/N) M OCCSEX 
(AN/CD POSTMORTEM AN OCCTYP 
AGE 99 OCCAGE 
WEIGHT 9.0 OCCWT (Kg) 
STATURE 72.3 STATUR (cm) 
TEST TYPE: BIO TSTTYP 
(DRP/PED/PEN/OTH) OTH CANNON TSTCFN 

0 VEHNO 
OT OCCLOC 

RESTRAINT SYSTEM 1: NON RESTRl 
RESTRAINT SYSTEM 2: NON RE S TR2 
CANNON VELOCITY (m/s) : 12.2 IMPACTOR MASS (Kg) : 10 
PADDING: 2.5 cm Ensolite. STRIKER: 10 cm round flat 
OCCUPANT INJURY GROUP IDENTIFIER 8 
NUMBER OF FRACTURED RIBS: 0 FRCTRB 
NUMBER OF RIB FRACTURES: 0 RBFRCT 

BODYRG ASPECT LESION SYSORG A1 S 
H I L B 6 

HEAD 

INJTXT: TEXT OF INJURY Note: Up to 80 characters of text. 

1 Subarachnoid hemorrhage at medulla and brain stem 
2 Two basilar skull fractures 
'Z 

A. u 
ANOMALY NOTES: 



Test No: 858085 babe~a to ry  : TRI 

2 Basilar skull fractures 



#..' Test No: 65R005 Laboratory:  T R I  

i d  hemor 
l a  and b 
i c a t e s  1 

Base o f  the Sra!n -he b r a i n  from above 

i g h t  cerebral hemi s p h e r ~  
jlateral v j e t d  

L e f t  ce.eS.2 ; heni sphere 
1 I . . 
-3ti.r; iv:e!a!' 

l i ssect ion o f  brain s tem A 5  
(aorsal v i e w )  



DOT GENERAL TEST ANTHROPOMETRIC INFORMATION 
EVALUATION OF EXPERIMENTAL TECHNIQUES IN 
HEAD INJURY RESEARCH 
CONTRACT NO: ADTNH22-83-C-01095 
LABORATORY: TRI 

85R005 
TEST DATE: 25/NOV/85 
TOTAL NUMBER TESTS THIS SUBJECT 1 
ANTHROPOMETRIC GROUP IDENTIFIER 7 
SUBJECT NO: 85R2 
(F/M/N) M 
(AN/CD) POSTMORTEM AN 
AGE 99 
WE I GHT 9.0 

cm in 
STATURE 72.3 28.5 
BUTTOCK-CROWN 59,5 23.4 
TOP HEAD TOP SHOULDER 58.1 22.9 
SHOULDER ELBOW 15.3 06.0 
HEAL-TOE (foot) 14.0 05.5 
FOREARM-HAND 24.6 09.7 
NECK CIR. 999 999 
CHEST CIR. 42.0 16.5 
THIGH CIR. 23.0 09.0 
CALF CIR. 15.0 05.9 
ANKLE CIR. 10 . 0 03.9 
POPLITEAL HEIGHT 13.0 05.1 
TRUNK LENGTH 45.0 17.7 
BUTTOCK-KNEE 18,6 07.3 
TOTAL ARM REACH 38.6 15.2 
HAND 09.0 03.5 
HEAD CIR. 33.0 13.0 
SHOULDER CIR. 49.0 19.3 

999 
20/NOV/85 

UTHOL AND BILATERAL PNEUMOTHORAX 
POSTMORTEM ADULT RHESUS 
UNREMARKABLE 

TITLE 
CONNO 
TSTPRF 
TSTREF 
TSTDAT 
NOTEST 

CAD REF 
OCCSEX 
OCCTYP 
OCCAGE 

OCCTWT (Kg) 

STATUR 
SEATHT 
SHLDHT 
SHLDEL 
FOOTLN 
FARMHD 
NECKCR 
CHESTCR 
THGHCR 
CALFCR 
ANKLCR 

BEBCON 
DTEDTD 
CSEDTH 
CADAPP 
CAD AN 



DOT GENERAL TEST INJURY INFORM?iTION 
EVALUATION OF EXPERIMENTAL TECHNIQUES IN 
HEAD INJURY RESEARCH TITLE 
CONTRACT NO: ADTNH22-83-C-07095 CONNO 
LABORATORY : TRI TSTPRF 
TEST OBJECTIVE: OCCIPITAL HEAD P-A TSTOBJ 
TEST NO: 85R006 TSTREF 
TEST DATE: 26/NOV/85 TSTDAT 
TOTAL NUMBER TESTS THIS SUBJECT 1 NOTEST 
SUBJECT NO: 85R3 CADREF 
(F/M/N) M OCCSEX 
(AN/CD) POSTMORTEM AN OCCTYP 
AGE 99 OCCAGE 
WE I GHT 8.4 OCCWT (Kg) 
STATURE 67.3 STATUR (cm) 
TEST TYPE: HEAD BIO TSTTYP 
(DRP/PED/PEN/OTH) OTH CANNON TSTCFN 

0 VEHNO 
OT OCCLOC 

RESTRAINT SYSTEM 1: NON RESTRl 
RESTRAINT SYSTEM 2: NON RESTR2 
CANNON VELOCITY (m/s) : 11.9 IMPACTOR MASS (Kg) : 10 
PADDING: 2.5 cm Ensolite. STRIKER: 10 cm round flat 
OCCUPANT INJURY GROUP IDENTIFIER 8 
NUMBER OF FRACTURED RIBS: 0 FRCTRB 
NUMBER OF RIB FRACTURES: 0 RBFRCT 

BODYRG ASPECT LESION SYSORG AIS 
i 

INJTXT: TEXT OF INJURY Note: Up to 80 characters of text. 

1 NO INJURY OBSERVED. 
2 
2 

ANOMALY NOTES: 



POSTMORTEM 

DOT GENERAL TEST ANTHROPOMETRIC INFORMATION 
EVALUATION OF EXPERIMENTAL TECHNIQUES IN 
HEAD INJURY RESEARCH 
CONTRACT NO: ADTNH22-83-C-07095 
LABORATORY: TRI 
TEST NO: 85R006 
TEST DATE: 26/NOV/85 
TOTAL NUMBER TESTS THIS SUBJECT 1 
MJTHROPOMETRIC GROUP IDENTIFIER 7 
SUBJECT NO: 85R3 
(F/M/N) M 
(AN/CD) AN 
AGE 99 
WEIGHT 8.4 

crn 
STATURE 67.3 
BUTTOCK-CROWN 54.2 
TOP HEAD TOP SHOULDER 55.3 
SHOULDER ELBOW 18.3 
HEEL-TOE ( foot ) 15.5 
FOREARM-HAND 25.5 
NECK CIR. 25.5 
CHEST CIR. 38.0 
THIGH CIR. 24.0 
CALF CIR. 15.0 
ANKLE CIR. 10.0 
POPLITEAL HEIGHT 13.0 
TRUNK LENGTH 42.2 
BUTTOCK-KNEE 19.6 
TOTAL ARM REACH 42.5 
HAND 07.0 
HEAD CIR. 36.0 
SHOULDER CIR. 43.0 

UTHOL AND BILATERAL PNEUMOTHORAX 
POSTMORTEM ADULT RHESUS 
UNREMARKABLE 

TITLE 
CONNO 
TSTPRF 
TSTREF 
TSTDAT 
NOTEST 

CABREP 
OCCSEX 
OCCTYP 
OCCAGE 

OCCTWT (Kg) 
in 
26.5 
21,3 
21,7 
07.2 
06,1 
10.0 
10.0 
15,O 
09.4 
05.9 
03.9 
05.1 
16.6 
07.7 
16.7 
02.8 
14.2 
16.9 

999 BEDCON 
22/NOV/85 DTEDTD 

CSEDTH 
CADAPP 
CAD AN 

S TATUR 
SEATHT 
SHLDHT 
SHLDEL 
FOOTLN 
FARMHD 
NECKCR 
CHESTCR 
THGHCR 
CALFCR 
ANKLCR 



DOT GENERAL TEST INJURY INFORMATION 
EVALUATION OF EXPERIMENTAL TECHNIQUES IN 
HEAD INJURY RESEARCH TITLE 
CONTRACT NO: ADTNH22-83-C-07095 CONNO 
LABORATORY : TRI TSTPRE' 
TEST OBJECTIVE: OCCIPITAL HEAD P-A TSTOBJ 
TEST NO: 85R008 TSTREF 
TEST DATE: 04/DEC/85 TSTDAT 
TOTAL NUMBER TESTS THIS SUBJECT 1 NOTEST 
SUBJECT NO: 8 5134 CADREF 
(F/M/N) F OCCSEX 
(AN/CD) POSTMORTEM AN OCCTYP 
AGE 99 OCCAGE 
WEIGHT 6.8 OCCWT (Kg) 
STATURE 65.0 STATUR (cm) 
TEST TYPE: BIO TSTTYP 
(DRP/PED/PEN/OTH) OTH CANNON TSTCFN 

0 VEHNO 
OT OCCLOC 

RESTRAINT SYSTEM 1: NON RESTRl 
RESTRAINT SYSTEM 2: NON RESTR2 
CANNON VELOCITY (m/s) : 11 IMPACTOR MASS (Kg) : 10 
PADDING: 2.5 crn Ensolite. STRIKER: 10 crn round flat 
OCCUPANT INJURY GROUP IDENTIFIER 8 
NUMBER OF FRACTURED RIBS: 0 FRCTRB 
NUMBER OF RIB FRACTURES: 0 RBFRCT 

BODYRG ASPECT LESION SYSORG A1 S 

HEAD 

INJTXT: TEXT OF INJURY Note: Up to 80 characters of text. 

1 Basilar ring skull fracture 
2 Subarachnoid hemorrhage at medulla and brain stem 
3 
4 
5 

10 
ANOMALY NOTES: 

Parietal thickness was 1 mrn, indicating thin skull 



Test r4o : 85R008 babora tory: T R I  

8 a s i  lar ring sku1 1 fracture 



Ses't No: 86R008 Laboratory: TRI 

Base o f  the brain The brain Prom above 

Right cerebral hemisphere 
(Lateral view) 

L e f t  cerebral hemi sphere 
(Lateral view) 

Subarachnoi 
at medulla 

d hemorrhage 
and brain stem 

, 3 1 7  

Cerebel i urn 
(Posterior v i e w )  

Dissection o f  brain stem 
(Dorsal view! 



DOT GENERAL TEST ANTHROPOMETRIC INFORMATION 
EVRLUATION OF EXPERIMENTAL TECHNIQUES IN 
HEAD INJURY RESEARCH TITLE 
CONTRFaCT NO: ADTNH22-83-C-07095 CONNO 
LABORATORY: TRI TSTPRF 
TEST NO: 85R008 TSTREF 
TEST DATE: 04/DEC/85 TSTDAT 
TOTAL NUMBER TESTS THIS SUBJECT 1 NOTEST 
ANTHROPOMETRIC GROUP IDENTIFIER 7 
SUBJECT NO: 85R4 CADREF 
(F/M/N) F OCCSEX 
(AN/CD) POSTMORTEM AN OCCTYP 
AGE 99 OCCAGE 
WEIGHT 6.8 OCCTWT (Kg) 

cm in 
STATURE 65,O %5,6 STATUR 
BUTTOCK-CROWN 52.0 20.5 SEATHT 
TOP HEAD TOP SHOULDER 5P,0 20.1 SHLDHT 
SHOULDER ELBOW 15.0 05.9 SHLDEL 
HEEL-TOE (foot) 13,O 05.1 FOOTLN 
FOREARM-HAND 24.0 09.4 FARMHD 
NECK CIR. 29.0 11.4 NECKCR 
CHEST CIR. 37,O 14.6 CHESTCR 
THIGH CIR. 21.0 08.3 THGHCR 
CALF CIR. 14.0 05.5 CALFCR 
ANKLE CIR. 09.0 03.5 ANKLCR 
POPLITEAL HEIGHT 13.0 05.1 
TRUNK LENGTH 38 .O 15.0 
BUTTOCK-KNEE 22.0 08.7 
TOTAL ARM REACH 36.0 14.2 
HAND 12.0 04.7 
HEAD CIR. 29.0 11.4 
SHOULDER CIR, 39.0 15.4 

999 BEDCON 
3/DEC/85 DTEDTD 

UTHOL AND BILATERAL PNEUMOTHORAX CSEDTH 
POSTMORTEM ADULT RHESUS CADAPP 
UNREMZWCABLE CADAN 



DOT GENERAL TEST INJURY INFORMATION 
EVALUATION OF EXPERIMENTAL TECHNIQUES IN 
HEAD INJURY RESEARCH TITLE 
CONTRACT NO: ADTNH22-83-C-0'7095 CONNO 
LABORATORY : TRI TSTPRF 
TEST OBJECTIVE : OCCIPITAL HEAD P-A TSTOBJ 
TEST NO: 86R010 TSTREF 
TEST DATE: 10/JAN/86 TSTDAT 
TOTAL NUMBER TESTS THIS SUBJECT 1 NOTEST 
SUBJECT NO: 8 5R5 CADREF 
(F/M/N) M OCCSEX 
(AN/CD) POSTMORTEM AN OCCTYP 
AGE 99 OCCAGE 
WEIGHT 7.4 OCCWT (Kg) 
STATURE 70.0 STATUR (cm) 
TEST TYPE: HEAD BIO TSTTYP 
(DRP/PED/PEN/OTH) OTH CANNON TSTCFN 

0 VEHNO 
OT OCCLOC 

RESTRAINT SYSTEM 1: NON RESTR1 
RESTRAINT SYSTEM 2: NON RESTR2 
CANNON VELOCITY (m/s) : 11 IMPACTOR MASS (Kg) : 10 
PADDING: 2.'5 cm Ensolite. STRIKER: 10 cm round flat 
OCCUPANT INJURY GROUP IDENTIFIER 8 
NUMBER OF FRACTURED RIBS: 0 FRCTRB 
NUMBER OF RIB FMCTURES: 0 RBFRCT 

BODYRG ASPECT LESION SYSORG AIS 

INJTXT: TEXT OF INJURY Note: Up to 80 characters of text. 

1 Basilar ring skull fracture 
2 
2 

9 
10 

ANOMALY NOTES: 



1 

- Pest No: 86R010 Laboratory: T R I  

Basi 7ar r i n g  sku1 1 fracture 



DOT GENERAL TEST ANTHROPOMETRIC INFORMATION 
EVALUATION OF EXPERIMENTAL TECHNIQUES IN 
HEAD INJURY RESEARCH 
CONTRACT NO: ADTNH22-83-C-07095 
LABORATORY: TRI 
TEST NO: 85R010 
TEST DATE: 10/~AN/86 
TOTAL NUMBER TESTS THIS SUBJECT 1 
ANTHROPOMETRIC GROUP IDENTIFIER 7 
SUBJECT NO: 8 6R5 
(F/M/N) M 
(AN/CD) POSTMORTEM AN 
AGE 99 
WEIGHT 7.4 

cm 
STATURE 70.0 
BUTTOCK-CROWN 53.0 
TOP HEAD TOP SHOULDER 58.0 
SHOULDER ELBOW 18.0 
HEEL-TOE ( f o o t )  16.0 
FOREARM-HAND 27.0 
NECK CIR. 22.0 
CHEST CIR. 35.0 
THIGH CIR. 20.0 
CALF CIR. 13.5 
ANKLE CIR. 11.0 
POPLITEAL HEIGHT 17.0 
TRUNK LENGTH 43.0 
BUTTOCK-KNEE 18.0 
TOTAL ARM REACH 40.0 
HAND 10.0 
HEAD CIR. 30.0 
SHOULDER CIR. 40.0 

UTHOL AND BILATERAL PNEUMOTHORAX 
POSTMORTEM ADULT RHESUS 
UNREMARKABLE 

TITLE 
CONNO 
TSTPRF 
TSTREF 
TSTDAT 
NOTEST 

CADREF 
OCCSEX 
OCCTYP 
OCCAGE 

OCCTWT (Kg) 
in 

27.6 
20.9 
22.8 
07.1 
06.3 
10.6 
08.7 
13.8 
07.9 
05.3 
04.3 
06.7 
16.9 
07.1 
15.7 
03.9 
11.8 
15.7 

999 BEDCON 
8/JAN/86 DTEDTD 

CSEDTH 
CADAPP 
CAD AN 

STATUR 
SEATHT 
SHLDHT 
SHLDEL 
FOOTLN 
FARMHD 
NECKCR 
CHESTCR 
THGHCR 
CALFCR 
ANKLCR 



DOT GENERAL TEST INJURY INFORMATION 
EVALUATION OF EXPERIMENTAL TECHNIQUES IN 
HEAD INJURY RESEARCH TITLE 
CONTRACT NO: ADTNH22-83-C-07095 CONNO 
LABORATORY : TRI TSTPRF 
TEST OBJECTIVE: OCCIPITAL HEAD P-A TSTOBJ 
TEST NO: 86R011 TSTREF 
TEST DATE: 15/JAN/86 TSTDAT 
TOTAL NUMBER TESTS THIS SUBJECT 1 NOTEST 
SUBJECT NO: 8 6R6 CADREF 
(F/M/N) F OCCSEX 
(AN/CD) ANESTHETIZED AN OCCTYP 
AGE 99 OCCAGE 
WEIGHT 4.9 OCCWT (Kg) 
STATURE 66.0 STATUR (cm) 
TEST TYPE: BIO TSTTYP 
(DRP /PED/PEN/OTH) OTH CANNON TSTCFN 

0 nHNO 
OT OCCLOC 

RESTRAINT SYSTEM 1: NON RESTRl 
RESTRAINT SYSTEM 2 :  NON RESTR2 
CANNON VELOCITY (m/s) : 10 IMPACTOR MASS (Kg) : 10 
PADDING: 2.5 crn Ensolite. STRIKER: 10 cm round flat 
OCCUPANT INJURY GROUP IDENTIFIER 8 
NUMBER OF FRACTURED RIBS: 0 FRCTRB 
NUMBER OF RIB FRACTURES: 0 RBFRCT 

BODYRG ASPECT LESION SYSORG A1 S 
H R F V 3 

HEAD 

INJTXT: TEXT OF INJURY Note: Up to 80 characters of text. 

1 Closed fracture C1 vertebra 
2 Subdural hemorrhage of spinal cord at base of brain 

ANOMALY NOTES: 
Epidural hematoma under EPI 1 



st No: 86R011 

1 hemorrh 
a1 cord a 
brain 

Laboratory: TRI 
A n  

Base o f  the brain The brain from above 

Right cerebral hemtsphere 
(Lateral view) 

Left cerebral hemi sphere 
(Lateral v i e w )  

Cerebel 1 urn 
(Posterior vie!v) 

Dissection of brain stern 
(Dorsal view) 



I 

DOT GENERAL TEST ANTHROPOMETRIC INFORMATION 
EVALUATION OF EXPERIMENTAL TECHNIQUES IN 
HEAD INJURY RESEARCH 
CONTRACT NO: ADTNH22-83-C-07095 
LABORATORY : TRI 
TEST NO: 86R011 
TEST DATE: 15/JAN/86 
TOTAL NUMBER TESTS THIS SUBJECT 1 
ANTHROPOMETRIC GROUP IDENTIFIER 7 
SUBJECT NO: 8 6R6 
(F/M/N) F 
(AN/CD) ANESTHETIZED AN 
AGE 99 
WEIGHT 4.9 

crn 
STATURE 66.0 
BUTTOCK-CROWN 50.0 
TOP HEAD TOP SHOULDER 54,O 
SHOULDER ELBOW 14.0 
HEEL-TOE (foot) 15.0 
FOREARM-HAND 24.0 
NECK CIR. 18.0 
CHEST CIR. 31.0 
THIGH CIR. 15.5 
CALF CIR. 10.0 
ANKLE CIR. 07.5 
POPLITEAL HEIGHT 19.0 
TRUNK LENGTH 40.0 
BUTTOCK-KNEE 17.0 
TOTAL ARM REACH 36.0 
HAND 08.5 
HEAD CIR. 31.0 
SHOULDER CIR. 30.5 

NOT APPLICABLE 
ANESTHETIZED ADULT RHESUS 
POOR HEALTH, WEAK SECTION OF SKULL 

TITLE 
CONNO 
TSTPRF 
TSTREF 
TSTBAT 
NOTEST 

CADREF 
OCCSEX 
OCCTYP 
OCCAGE 

OCCTWT (Kg) 
in 

26.0 
19.7 
21.3 
05.5 
05.9 
09.4 
07,1 
12.2 
06.1 
03.9 
03.0 
07.5 
15.7 
06.7 
14.2 
03.3 
12.2 
12.0 

999 BEDCON 
999 DTEDTD 

CSEDTH 
CADAPP 
CAD AN 

STATUR 
SEATHT 
SHLDHT 
SHLDEL 
FOOTLN 
FARMHD 
NECKCR 
CHESTCR 
THGHCR 
CAEFCR 
ANKLCR 



DOT GENERAL TEST INJURY INFORMATION 
EVALUATION OF EXPERIMENTAL TECHNIQUES IN 
HEAD IN JURY RESEARCH TITLE 
CONTRACT NO: ADTNH22-83-C-07'095 CONNO 
LABOR?lTORY: TRI TSTPRF 
TEST OBJECTIVE: OCCIPITAL HEAD P-A TSTOBJ 
TEST NO: 8 6R0 12 TSTREF 
TEST DATE: 17/JAN/86 TSTDAT 
TOTAL NUMBER TESTS THIS SUBJECT 1 NOTEST 
SUBJECT NO: 8 6127 CADREF 
(F/M/N) F OCCSEX 
(AN/CD) ANESTHETIZED AN OCCTYP 
AGE 99 OCCAGE 
WEIGHT 6.9 OCCWT (Kg) 
STATURE 68.5 STATUR (cm) 
TEST TYPE: HEAD BIO TSTTYP 
(DRP/PED/PEN/OTH) OTH CANNON TSTCFN 

0 VEHNO 
OT OCCLOC 

RESTRAINT SYSTEM 1: NON RESTRl 
RESTRAINT SYSTEM 2: NON RE STR2 
CANNON VELOCITY (m/s) : 12.2 IMPACTOR MASS (Kg) : 10 
PADDING: 2.5 cm Ensolite. STRIKER: 10 cm round flat 
OCCUPANT INJURY GROUP IDENTIFIER 8 
NUMBER OF FRACTURED RIBS: 0 FRCTRB 
NUMBER OF RIB FRACTURES: 0 RBFRCT 

BODYRG ASPECT LESION SYSORG AIS 

INJTXT: TEXT OF INJURY Note: Up to 80 characters of text. 

1 Subdural hemorrhage left frontal lobe 
2 
3 
4 
5 
6 

9 
10 

ANOMALY NOTES: 



Test No: 86R012 

ural hem 
frontal 

The brain from above 

R i g h t  cerebral hemi sphere 
(Lateral view) 

Laboratory: TRI 

\ I d  

Base of the brain 

Left cerebra 1 herni sphere 
(Lateral v iew)  

Cerebel 1 urn 
( P o s t e r i o r  v i ew )  

Dissection of brain stem 
(Dorsal v i e w )  



DOT GENERAL TEST ANTHROPOMETRIC INFORMATION 
EVALUATION OF EXPERIMENTAL TECHNIQUES IN 
HEAD INJURY RESEARCH 
CONTRACT NO: ADTNH22-83-C-07095 
LABORATORY : TRI 
TEST NO: 86R012 
TEST DATE: 17/JAN/86 
TOTAL NUMBER TESTS THIS SUBJECT 1 
ANTHROPOMETRIC GROUP IDENTIFIER 7 
SUBJECT NO: 8 6R7 
(F/M/N) F 
(AN/CD) ANESTHETIZED AN 
AGE 99 
WEIGHT 6.9 

cm 
STATURE 68.5 
BUTTOCK-CROWN 49.5 
TOP HEAD TOP SHOULDER 59.0 
SHOULDER ELBOW 14.0 
HEEL-TOE ( f O O ~ )  15.0 
FOREARM-HAND 24.0 
NECK CIR. 21.0 
CHEST CIR. 36.0 
THIGH CIR. 24.0 
CALF CIR. 13.0 
ANKLE CIR. 11.0 
POPLITEAL HEIGHT 19.0 
TRUNK LENGTH 41.0 
BUTTOCK-KNEE 18.0 
TOTAL ARM REACH 34.5 
HAND 08.5 
HEAD CIR. 29.5 
SHOULDER CIR. 41.0 

NOT APPLICABLE 
ANESTHETIZED ADULT RHESUS 
FAT, THICK SKULL AT EPI1,2 

TITLE 
CONNO 
TSTPRF 
TSTREF 
TSTDAT 
NOTEST 

CADREF 
OCCSEX 
OCCTYP 
OCCAGE 

OCCTWT (Kg) 
in 
27.0 
19.5 
23.2 
05.5 
05.9 
09.4 
08.3 
14.2 
09.4 
05.1 
04.3 
07.5 
16.1 
07.1 
13.6 
03.3 
11.6 
16.1 

999 BEDCON 
999 DTEDTD 

CSEDTH 
CADAPP 
CAD AN 

NECKCR 
CHESTCR 
THGHCR 
CALFCR 
ANKLCR 

STATUR 
SEATHT 
SHLDHT 
SHLDEL 
FOOTLN 
FARMHD 



DOT GENERAL TEST INJURY INFORMATION 
EVALUATION OF EXPERIMENTAL TECHNIQUES IN 
HEAD INJURY RESEARCH TITLE 
CONTRACT NO: ADTNH22-83-C-07095 CONNO 
LABORATORY: TRI TSTPRF 
TEST OBJECTIVE: OCCIPITAL HEAD P-A TSTOBJ 
TEST NO: 86R013 TSTREF 
TEST DATE: 2O/JAN/86 TSTDAT 
TOTAL NUMBER TESTS THIS SUBJECT 1 NOTEST 
SUBJECT NO: 8 6R8 CADREF 
(F/M/N) 6.1 OCCSEX 
(AES/CD) ANESTHETIZED AN OCCTYP 
AGE 99 OCCAGE 
WE I GHT 8.7 OCCWT (Kg) 
STATURE 86.5 STATUR (cm) 
TEST TYPE: HEAD BIO TSTTYP 
(DRP/PED/PEN/OTH) OTH CANNON TSTCFN 

0 VEHNO 
OT OCCLOC 

RESTRAINT SYSTEM 1: NON RESTRl 
RESTRAINT SYSTEM 2: NON RES TR2 
CANNON VELOCITY (m/s) : 11.9 IMPACTOR MASS (Kg) : 10 
PADDING: 2.5 cm Ensolite. STRIKER: 10 cm round flat 
OCCUPANT INJURY GROUP IDENTIFIER 8 
NUMBER OF FRACTURED RIBS: 0 FRCTRB 
NUMBER OF RIB FRACTURES: 0 RBFRCT 

BODYRG ASPECT LESION SYSORG AIS 

INJTXT: TEXT OF INJURY Mote: Up to 80 characters of text, 

1 Subdural hemorrhage superior left frontal lobe 
2 Subdural hemorrhage inferior left frontal lobe 
3 
4 - 

1 U  

ANOMALY NOTES: 





DOT GENERAL TEST ANTHROPOMETRIC INFORMATION 
EVALUATION OF EXPERIMENTAL TECHNIQUES IN 
HEAD INJURY RESEARCH 
CONTRACT NO: ADTNH22-83-C-07095 
LABORATORY : TRI 
TEST NO: 86ROf3 
TEST DATE: 2O/JAN/86 
TOTAL NUMBER TESTS THIS SUBJECT 1 
ANTHROPOMETRIC GROUP IDENTIFIER 7 
SUBJECT NO: 8 6R8 
(F/M/N) M 
(AN/CD) ANESTHETIZED AN 
AGE 99 
WEIGHT 8.7 

cm 
STATURE 86.5 
BUTTOCK-CROWN 60.0 
TOP HEAD TOP SHOULDER 75.5 
SHOULDER ELBOW 18.5 
HEEL-TOE (foot) 18.0 
FOREARM-HAND 29.0 
NECK CIR. 20.0 
CHEST CIR. 35.0 
THIGH CIR. 21.0 
CALF CIR. 12.0 
ANKLE CIR. 09.0 
POPLITEAL HEIGHT 26.5 
TRUNK LENGTH 46,O 
BUTTOCK-KNEE 24.5 
TOTAL ARM REACH 41.0 
HAND 12.0 
HEAD CIR. 30.0 
SHOULDER CIR. 43.0 

NOT APPLICABLE 
ANESTHETIZED ADULT RHESUS 

UNREMARKABLE 

TITLE 
CONNO 
TSTPRF 
TSTREF 
TSTDAT 
NOTEST 

CAD REF 
OCCSEX 
OCCTYP 
OCCAGE 

OCCTWT (Kg) 
in 
34.1 
23.6 
29.7 
07.3 
07.1 
11,4 
07.9 
13.8 
08.3 
04.7 
03.6 
10.4 
18.1 
09.6 
16.1 
04.7 
11.8 
16.9 

999 BEDCON 
999 DTEDTD 

CSEDTH 
CADAPP 
CADAN 

STATUR 
SEATHT 
SHLDHT 
SHLDEL 
FOOTLN 
FARMHD 
NECKCR 
CHESTCR 
THGHCR 
CALFCR 
ANKLCR 



DOT GENERAL TEST INJURY INFORMATION 
EVALUATION OF EXPERIMENTAL TECHNIQUES IN 
HEAD INJURY RESEARCH TITLE 
CONTRACT NO: ADTNH22-83-C-07095 CONNO 
LABORATORY: TRI TSTPRF 
TEST OBJECTlIVE: OCCIPITAL HEAD P-A TSTOBJ 
TEST NO: 86R014 TSTREF 
TEST DATE: 22/JAN/86 TSTDAT 
TOTAL NUMBER TESTS THIS SUBJECT 1 NOTEST 
SUBJECT NO: 8 6R9 CADREF 
(F/M/N) M OCCSEX 
(AN/CD) ANESTHETIZED AN OCCTYP 
AGE 99 OCCAGE 
WE I GHT 8.6 OCCWT (Kg) 
STATURE 71.0 S TATUR ( cm) 
TEST TYPE: HEAD BIO TSTTYP 
(DRP/PED/PEN/OTH) OTH CANNON TSTCFN 

0 VEHNO 
OT OCCLOC 

RESTRAINT SYSTEM 1: NON RESTRl 
RESTRAINT SYSTEM 2: NON RE S TR2 
CANNON VELOCITY (m/s) : 11.9 IMPACTOR MASS (Kg) : 10 
PADDING: 2.5 cm Ensolite. STRIKER: 10 cm round flat 
OCCUPANT INJURY GROUP IDENTIFIER 8 
NUMBER OF FRACTURED RIBS: 0 FRCTRB 
NUMBER OF RIB FRACTURES: 0 RBFRCT 

BODYRG ASPECT LESION SYSORG AIS 

INJTXT: TEXT OF INJURY Note: Up to 80 characters of text. 

Subdural hemorrhage of spinal cord at base of brain 

ANOMALY NOTES: 



Test No: 86R014. Laboratory: TRI 

ral 
age of sp 
a t  base o 

8ase o f  tae brain The bra! n from above 

Right cerebral hemi sphere 
(Lateral v iew)  

Left cerebral hemi sphere 
(Lateral v iew)  

A26 
Cerebel 1 urn 

(Posterior v i e w )  

D i s s e c t i o n  o f  b r a i n  stem 
(Dorsal v i e w )  



DOT GENERAL TEST ANTHROPOMETRIC INFORMATION 
EVALUATION OF EXPERIMENTAL TECHNIQUES IN 
HEAD INJURY RESEARCH 
CONTRACT NO: ADTNH22-83-C-07095 
LABORATORY : TRI 
TEST NO: 86R014 
TEST DATE: 22/JAN/86 
TOTAL NUMBER TESTS THIS SUBJECT 1 
ANTHROPOMETRIC GROUP IDENTIFIER 7 
SUBJECT NO: 8 6R9 
(F/M/N) M 
(AN/CD) ANESTHETIZED AN 
AGE 99 
WEIGHT 8.6 

cm 
STATURE 71.0 
BUTTOCK-CROWN 56.0 
TOP HEAD TOP SHOULDER 999 
SHOULDER ELBOW 19.0 
HEEL-TOE (foot) 17.0 
FOREARM-HAND 28.0 
NECK CIR. 25.0 
CHEST CIR. 38.0 
THIGH CIR. 24.0 
CALF CIR. 14.5 
ANKLE CIR. 11.0 
POPLITEAL HEIGHT 15.0 
TRUNK LENGTH 45.5 
BUTTOCK-KNEE 22.5 
TOTAL ARM REACH 40.0 
HAND 11.0 
HEAD CIR. 32.0 
SHOULDER CIR. 42.0 

NOT APPLICABLE 
ANESTHETIZED ADULT RHESUS 

UNREMARKABLE 

TITLE 
CONNO 
TSTPRF 
TSTREF 
TSTDAT 
NOTEST 

CADREF 
OCCSEX 
OCCTYP 
OCCAGE 

OCCTWT (Kg) 

STATUR 
SEATHT 
SHLDHT 
SHLDEL 
FOOTLN 
FARMHD 
NECKCR 
CHESTCR 
THGHCR 
CALFCR 
rnTKLCR 

BEDCON 
DTEDTD 
CSEDTH 
CAD AP P 
CAD AN 



DOT GENERAL TEST INJURY INFORMATION 
EVALUATION OF EXPERIMENTAL TECHNIQUES IN 
HEAD INJURY RESEARCH TITLE 
CONTRACT NO: ADTNH22-83-(2-07095 CONNO 
LABORATORY: TRI TSTPRF 
TEST OBJECTIVE : OCCIPITAL HEAD P-A TSTOBJ 
TEST NO: 86R015 TSTREF 
TEST DATE: 24/JAN/86 TSTDAT 
TOTAL NUMBER TESTS THIS SUBJECT 1 NOTEST 
SUBJECT NO: 86Rf 0 CADREF 
(F/M/N) M OCCSEX 
(AN/CD) ANESTHETIZED AN OCCTYP 
AGE 99 OCCAGE 
WEIGHT 7.9 OCCWT (Kg) 
STATURE 69.0 STATUR (cm) 
TEST TYPE: HEAD BIO TSTTYP 
(DRP /PED/PEN/OTH) OTH CANNON TSTCFN 

0 VEHNO 
OT OCCLOC 

RESTRAINT SYSTEM 1: NQN RESTRl 
RESTRAINT SYSTEM 2: NON RESTR2 
CANNON VELOCITY (m/s) : 12.1 IMPACTOR MASS (Kg) : 10 
PADDING: 2.5 cm Ensolite. STRIKER: 10 cm round flat 
OCCUPANT INJURY GROUP IDENTIFIER 8 
NUMBER OF FRACTURED RIBS: 0 FRCTRB 
NUMBER OF RIB FRACTURES: 0 RBFRCT 

BODYRG ASPECT LESION SYSORG A1 S 

INJTXT: TEXT OF INJURY Note: Up to 80 characters of text. 

1 Linear fracture superior portion of right petrous 
2 Linear fracture left occipital 
3 Linear fracture right temporal 
4 Bi la te ra l  hemorrhage t o  s ide o f  spinal cord a t  base of  medulla 

8 
9 
10 

ANOMALY NOTES: 



Test No: 8CRO15 Laboratory: TRI 

Linear fracture superior portion of risht Detrous 
Linear fracture l e f t  occipital 
Linear fracture right temporal 



. Test No: 86R015 Laboratory: TRI 

I 
1 .. 

Basilar 
hema tomas 
indicate 
lesions 

Base of  the brain The brain from above 

Right  cerebral hemi sphere 
(Lateral view) 

Left cerebra 1 hemi sphere 
(Lateral view) 

Cerebel 7 urn 
(Posterior v i e w )  

Dissection of brain stem 
(Dorsal view) 



DOT GENERAL TEST ANTHROPOMETRIC INFORMATION 
EVALUATION OF EXPERIMENTAL TECHNIQUES IN 
HEAD INJURY RESEARCH 
CONTRACT NO: ADTNH22-83-C-07095 
LABORATORY: TRI 
TEST NO: 86R015 
TEST DATE: 24/JAN/86 
TOTAL NUMBER TESTS THIS SUBJECT 1 
ANTHROPOMETRIC GROUP IDENTIFIER 7 
SUBJECT NO: 8 6Rf 0 
(F/M/N) M 
(AN/CD) ANESTHETIZED AN 
AGE 99 
WE I GHT 7.9 

cm 
STATURE 69.0 
BUTTOCK-CROWN 56.0 
TOP HEAD TOP SHOULDER 54.0 
SHOULDER ELBOW 20.0 
HEEL-TOE ( f o o t )  18.0 
FOREARM-HAND 30.0 
NECK CIR. 20.0 
CHEST CIR. 34.0 
THIGH CIR. 21.0 
CALF CIR. 14.0 
ANKLE CIR. 09.0 
POPLITEAL HEIGHT 13.0 
TRUNK LENGTH 48.0 
BUTTOCK-KNEE 23.0 
TOTAL ARM REACH 40.0 
HAND 12.0 
HEAD CIR. 30.0 
SHOULDER CIR. 42.0 

NOT APPLICABLE 
ANESTHETIZED ADULT RHESUS 

UNREMARKABLE 

TITLE 
CONNO 
TSTPRF 
TSTREF 
TSTDAT 
NOTEST 

CADREF 
OCCSEX 
OCCTYP 
OCCAGE 

OCCTWT (Kg) 
in 
27.2 
22.0 
21.0 
07.9 
07.1 
11.8 
07.9 
13.4 
08.3 
05.5 
03.5 
05.1 
18.9 
09.1 
15.7 
04.7 
11.8 
16.5 

999 BEDCON 
999 DTEDTD 

CSEDTH 
CADAE'P 
CADAN 

STATUR 
SEATHT 
SHEDHT 
SHLDEL 
FOOTLN 
FARMHD 
NECKCR 
CHESTCR 
THGHCR 
CALFCR 
ANKLCR 
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uIN/IN 

TIME (ms) 10 20 30 4 0  TIME (ms) 10 20 30 40 

Run ID: 70A236 Disk: 78A236.S File: 1 Date: JUN 16, 1985 Sheet: 1 

F i l t e r : 1 6 0 0 * 4 C  Smooth:  3 S D  SIDFA DATA: F i l t e r  - 1600*4C,  S m o o t h  - 3SD 
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A P P E N D I X  C :  ECG R E P O R T  (30)  

Introduction 

Experimental impact testing of non-human primates provides basic 

neurophysiological information related to neuropathology. The 

cardiovascular system of the Rhesus monkey resembles that of the human 

in several details - the heart's internal structure, it's placement and 
attachments in the thoracic cavity, and the coronary distribution gives 

an advantage to the study of the ECG. However, although the Rhesus 

geometry is very similar to man's, it is significantly different in 

anatomic soft tissue distribution and skull morphology (Figure 1). Not 

only does this present problems when scaling the test results to human 

levels, ultimately these differences lead to complication in the very 

complex phenomena of head injury (Thomas, et al., 1974). (See Appendix 

C for a brief test protocol description.) 

ECG System 

The UMTRI ECG system is comprised of Honeywell parts no. 790802-001 

and 790808-001, the Accudata 108 AC Amplifier and the Accudata 109 DC 

Amplifier. The ECG is recorded unfiltered on a Honeywell 7600 (78 

series) or Honeywell 96 (79 series) tape recorder at 1-7/8 ips. Data is 

played back through a Brush recorder onto Brush Accuchart paper. The 

ECG's are recorded from a standard lead I1 configuration. ECG's are 

recorded before and after the test for each monkey. (About 5 seconds 

for 78 series and as indicated in Appendix A for 79 series). 

ECG Data 

In the experimental laboratory the anesthetized Rhesus is 

positioned, instrumented and setup photographs are taken. Then the ECG 

is checked and the experiment begins. After iplpact, the ECG is 

monitored for approximately 15 mintues, at which time a 5 ml dose of 

Uthol (concentrated, unpure sodium pentobarbitol) is injected via the 

hind leg I.V. catheter to uthanize the monkey. 

Next, the transducers are removed and the Rhesus moved to the 

autopsy room where a bilateral pneumothorax is performed to assure 

termination. 



RHESUS 

HUMAN 

Figure 1 

Rhesus-Human Head Anatomy 



Pre-test ECGs 

Pre-test ECG's of the five Rhesus monkeys were examined, and 

abnormalities noted, so they would not be attributed to  impact. (See 

Appendix A for complete results.)  

ECG Analysis 

Heart rates,  changes in the wave forms of the ECG (PI QRS complex, 

T )  were noted. P-R and Q-T intervals were measured for determination of 

the Q-Tc. (Singh, et a l . ,  1970) .  These results are summarized in 

Tables I.and 11. 

TABLE I ,  IMPACT SUMMARY 

*A problem with the amplifier elminated the f i r s t  three minutes 
of post-impact ECG. 

Test No. 

78A239 

78A241 

798249 

79A251 

79A253 

Monkeys 79A249 and 79A253 showed very normal ECG patterns (See 

Appendix A,  for a l l  ECG samples.) I n  Rhesus 78A239, i t  was diff icul t  to 

distinguish P and T waves. QRS was easily measured. Rhesus 78A241 

exhibited a rather peculiar ECG pattern. Due to  poor skin electrode 

contact, the pre-test ECG looked somewhat abnormal. However, a l l  

parameters measured were identical to  the post-test measurements. This 
impact produced only a minimal concussion (See Table I11 for autopsy 

Wgt. 
(kg) .  

8.2 

10.6 

5.8 

7.5 

5.2 

Impactor 
Vel. 

( f t /sec)  

40 

40 

46 

42 

48 

Impactor 
Force 
( lb)  

1130 

1950 

1450 

1650 

1100 

Time 
After 

Impact 
(min) 

1.5 

1.5 

3. OR 

1 .0  

2.0 

Heart Rate (beats/min) 

Pre-test 

120 

150 

1 3  5 

120 

105 - 
x=126 

Post-test 

150 

150 

8 4 

90 

7 5 - 
~ 1 1 0  



TABLE I 1  S u m m a r y  of ECG C h a n g e s  

* 1-3 m i n u t e s  a f t e r  i m p a c t  
* *  w a v e f o r m s  d i f f i cu l t  t o  dist inguish 

R h e s u s  
T e s t  

78A239 

78A24 1 

79A249 

79A25 1 

79A253 

- 

P - w a v e  

* +  

p e a k e d  no change 

+ * 

P e r  - 
c e n t  

R e d u c -  
t ion 

+ 20 

0  

5  1 

25 

2  8  

Heart R a t e / m i n  

OR S 
P a t t e r n  

t *  

qRS--  qRS 
R d e c r e a s e d  

a m p l  l tude 

QRs- -  QRs - -  qRS 
a m p l  i tude 
decreased 

s i nus 
a r r h y t h m i a  

inversion t o  
about 1  

m i n u t e  
post -  
i m p a c t  

QRS-- QRs - -  qRS 

* * 

P r e -  
t e s t  

4 20 

150 

135 

120 

105 

P o s t -  
t es t *  

150 

150 

66 

9 0  

7  5 

T - w a v e  

+ t 

no change 

f l a t t ened  

no change 

* * 

Q-Tc 

B e f o r e  

- - 

.36  

.39 

.38 

.45 

- 

(AIS) 
D e g r e e  

o f 
C o n c u s s  ion 

2-3 

2-3 

6 

5  

4 

P o s t  * 

- - 

.36 

. 3 6  

.35 

-37 

P e r  
cent 
S h o r -  

ten i ng 

- - 

0 

8 

8  

1 8  



TABLE 111. AUTOPSY RESULTS 

results.)  Rhesus 79A251 had a rather normal ECG except for an 

occasional inversion of the QRS complex (See Figure 2 ) .  

Monkey 

7 8A23 9 

78A241 

79A249 

7 9A251 

79A253 

The S-T segment (Fernando, e t  a l e ,  1969) was not examined because 

of the difficulty in determining the isoelectric axis in most of the 

Degree of 
Concussion 

(AIS)  - 
2 -3 

2-3 

6 

5 

4 

Heart Rate 

Nothing more than heart rates could be determined in Rhesus 78A239 

due to  poor quality of the ECG recording, Unlike the other four 

monkeys, which showed either a decrease or no change in the heart rate,  

78A239 underwent an increase. 

Sku l l  

No injury to  skull 

No injury to  skull 

Basilar skull 
fracture 

Occipital skull 
fracture 

Basilar skull 
fracture of 
occipital and 
temporal bone 

The P-wave underwent no change with impact in Rhesus 78A241. 

79A251 exhibited f i r s t  a broadening, then a flattening, while 79A253 had 

Brain 
Damage 

Epidural hematoma 
over occiput 

Hematoma in  muscle 
covering the 
occiput 

Hematom a t  brain 
stem between root 
of cerebellum and 
spinal cord 

Epidural Hematoma 
in cerebellum 

SuMural hematoma 
between cerebrum 
and cerebellum 
and subdural 
hematoma a t  base 
of brain stem 



Figure 2 
-- 

Rhesus 79A251 QRS Complex Inversion 



an i n i t i a l  decrease in  amplitude, but returned to  normal i n  a few 

minutes. There were definite changes i n  the P-wave configuration i n  the 

fa ta l  and seriously wounded animals. 

QRS Complex 

There were some interesting changes i n  the QRS complex of 798253, - 
complete inversion immediately af ter  impact, then reversion a t  50 

seconds, I n  79A249, the QRS underwent changes in amplitude associated 

w i t h  arrhythmia. 

Li t t le  or no change was seen i n  the T-wave except in 79A251 where 

it  became f l a t .  Again, the relatively f l a t  nature of the T-wave with 

respect to  the isoelectric l ine made i t  d i f f icu l t  t o  observe in most of 

the ECG's recorded. 

Q-TC i s  computed as: Q-Tc = Q-T (set)/ P-R (sec). The Q-Tc was 

shortened in the severely concussed subjects (798249, 79AZ51, and 

79A253), the percent shortening ranging from 8 - 18 percent. 



DISCUSSION 

Several problems were encountered in recording the ECG's. The poor 

quality of the 78 series can be attributed to problems with "ground 

loops" due to the large amount of instrumentation involved in the 

experiment. This problem was worked out for the 79 series, however a 

problem with the amplifier was encountered during Test 79A249, 

eliminating the first 3-minutes of post-impact ECG, 

Heart Rate 

Pre-test heart rates were lower than "normal" heart rates of Macaca 

mulatta found by others (Malinow, 1966; Singh, et al., 1970). This was 

attributed to the use of sodium pentabarbitol for anesthesia. 

In the mildly concussed animals, the heart rate remained the same 

in one, but increased (with arrhythmia) in the other. The severely 

concussed animals (See Table 11) all underwent a decrease in heart rate, 

This is in agreement with other studies (Fernando, et al., 1969). 

Atrepine studies (Jacobson and Danufsky, 1954) and vagotomy studies 

(Glasser, 1960) indicate that brachycardia is mediated by nerve fibers 

of the vagus. Miller (Miller, 1942) stated that =gal tone is largely, 

if not wholly, controlled by the medullary centers (See Figure 3). 

Changes in rate, rhythm and the wave configurations appeared too rapidly 

to be produced by the action of acetylcholine released into the blood. 

Post-test arrhythmias were produced in the mildly concussed 

(78A239) and in a severely concussed (79A249) monkey. Arrhythmias of 

all varieties have been attributed to vagal stimulation in humans 

(Hersch, 1961). 

The shortened Q-Tc (corrected Q-T interval) found in all the 

severely concussed monkeys indicates a hastened recovery process 

(repolarization) of the myocardium following ventricular contraction 

(depolarization). This shortening may be related to the automaticity of 

the heart following vagal discharges after impact (Fernando, et al., 

In one study (Fernando, et al., 1969) a correlation was found bet 

alween severity of concussion and the percent shortening of the Q-TO. 



Btain and prrr of the ccrvic~l  spinal cord fmm the left side, to show the 
romc of rhe cranial nerves. 

Figure 3 

Vagal Tone Controlled by Medullary Center 



Due to the small sample size, no such correlation i n  this study could be 

ascertained. 

The shortening of the Q-Tc i s  contrary to the lenthening of the 

Q-T after head i n  jury in humans (Hersch, 1961) . 
C 

The high voltage, peaked P-wave which was found i n  the tes t  monkeys 

i s  usually indicative of right a t r i a l  enlargement or disturbed 

intraatr ia l  conduction in  the human. Since this i s  seen so often i n  

Macacas, it can be assumed to represent the normal pattern. 

P-wave changes could be determined i n  only two of the monkeys - 
79A249 and 79A251. Both underwent a decrease af ter  impact, which 

returned to  the pre-test value within  a few minutes in 798251 and which 

flattened i n  798249. 

T-wave changes were diff icul t  to determine due to  a combination of 

poor quality recording and the relatively "f la t"  nature of this  wave. 

The appearance of the S-wave i n  monkeys 79A249 and 79A251 has the 

pattern of bundle branch block. When there i s  something producing a 

block i n  one branch, the impulse w i l l  f i r s t  invade the opposite 

ventricle and must reach the ventricle on the side of the lesion by way 

of the muscle of the interventricular septum (Ashman and H u l l ,  1941 ) .  

The appearance of the post-test ECG of monkey 79A253 also suggests a 

bundle branch block pattern. 

The inversion of the QRS complex in monkey 79A251 may not be 

significant since the errat ic  occurrence of QRS inversions was present 

before the impact. More samples are needed to determine whether this i s  

a general response to  head impact injury. 

Head impact has been shown to produce definite changes in  the ECG 

pattern of Macaca mulatta in  this  study. Arrhythmias, reduced heart 

rates,  shortened Q-Tc, and S waves were present in more than one subject 

af ter  impact. 

Analysis of the clinical manifestations of concussion in the cat, 

dog, and monkey have shown that they are the result of intense 

excitation of the central nervous system a t  the moment of the blow to 

the head (Walker, Kollres, Case, 1944). Mechanical forces produce a 



breakdown of the polarized cell membranes of many neurons in the central 

nervous system, thus discharging them (Walker, Kollres, Case, 1944). 

The neuronal discharge of the vagus from the medullary center seems to 

be the causative factor of ECG changes. 

Gross autopsy results (shown in Table 111) reveal that no damage to 

the heart muscle itself was found. Hematornas were present in all 

monkeys, with skull fractures present only in Rhesus 798249, 798251, and 

79A253. This indicates that changes in the heart beat as manifested by 

ECG changes are produced by occurrences in the brain and not by direct 

effect on the heart. 

Many more samples need to be gathered in order to understand the 

relation between head impact and heart function. The size of the sample 

in this study was much too small to make any statistically valid 

inferences from the data. 

CONCLUSIONS 

1. Heart rate can be significantly reduced in severely concussed 
, 

Rhesus monkeys. 

2. A direct occipital head impact can produce arrhythmia of the 
heart rate in Rhesus monkeys. 

3 ,  The appearance of an S-wave is common to the most severely 
concus sed Rhesus monkeys. 

4 .  The Q-T is shortened in the severely concussed Rhesus monkey. 
C 

Five non-human primate subjects1, Macaca mulatta, were used in 

these experiments. These were obtained by HSRI from the University of 

Michigan Unit for Laboratory Animal Medicine (ULAM). Prior to 

acquisition, the Rhesus subjects had been used in one or more 

pharmacological research projects. 

On the morning of the experiment, the Rhesus is given an 

intramuscular injection of ketamine (d~-2-10-;=hlorophenyl]-2- 

[methylamino] cyclohexanone hydrochloride) before being delivered to the 

'Animals cared for and handled according to American Association for 
Accreditation of Laboratory Animal Care and National Institute of Health 
guidelines. 



UMTRI Biomedical Laboratory by a ULM technician. A catheter with a 

three-way valve is inserted into the saphena parva vein in the hind leg, 

and sodium pentobarbital injected through the valve at a dosage of 25 

mg/kg, to effect. An airway is established. The upper M y  is prepared 

and the weight and biometrical measurements are taken with a standard 

anthropometer, a stainless steel tape, a ruler and a Homes Model 51HH 

beam scale. 

The Rhesus is then taken to the impact laboratory and placed in the 

impact chair. The monkey is positioned in front of the impactor with 

paper tape. All of the transducer wires are then connected and cabled, 

and the transducers checked for continuity and function. 

A Polaroid photograph is then taken through the cineradiograph to 

check the position of the monkey and the x-ray settings. Final 

adjustments are made on the x-ray settings, amplifier settings, and the 

position of the monkey. At this point, setup photographs are taken. 

The ECG is checked and the tape recording begins. Holes are then 

punched into the paper tape supporting the monkey. The Polaroid camera 

is exchanged for the Photosonics high-speed motion picture camera in the 

cineradiographic system. After impact, the ECG is monitored for 

approximately 15 minutes, at which time a 5 ml does of Uthol 

(concentrated, unpure sodium pentobarbital) is injected via the hind leg 

I .V. catheter to euthanize the monkey. 

Next, the transducers are removed and the Rhesus moved to the 

autopsy room where a bilateral pneumothorax is performed to assure 

termination. The autopsy is conducted with all injuries being recorded 

and photographed. The neck and spinal cord are carefully dissected and 

the coordinates of the instrumentation on the top of the skull measured 

and recorded. After removing the top of the skull, its measurements are 

also taken and recorded, 

The brain is then examined in situ for evidence of injuries. The 

cranial nerves are severed and the brain is extracted with the spinal 

cord attached. After further examination, the brain is weighed and its 

volume is measured. It is then preserved in a solution of excess 

calcium carbonate in 10 percent formalin for later histological studies. 
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Appendix A .  ECG Case by Case Summary (cont inued) .  

Rhesus 
Test 

79A25 1  

79A253 

Pre - tes t  
Heart Rate 

(beats 
min) 

120 

105 

Post-impact 
Heart Rate 

(beats 
min)  

90 
immediate1 y  

7  5  
020 sec. 

90 
c50 sec. 

80 
6320 sec. 

85 
61 h r s .  

105 
620 sec. 

75 
e l20  sec. 

82.5 
@6 min. 

90 
03 h r s .  

Pre- tes t  
P-R 

I sec 1 

0.48 

0.56 

Post-impact 
P-R 

( sec ) 

0 .60 
immediately 

0.80 
@ 2 0  sec. 

0.64 
@50 sec. 

0.72 
C320 sec. 

0.56 
(s20 sec. 

0.72 
e l 2 0  sec. 

0.72 
C6 min. 

Pos t - tes t  
Q-T 

( sec 

0.26 

0.34 

Post--impact 
Q-T 

( sec 

0.36 
immediately 

0.40 
e20 sec. 

0.28+ 
650 sec. 

0.36+ 
4320 sec. 

0.26 
@20 sec. 

0.32 
C120 sec. 

no t  rneasurabl e  
06 m i n .  

Pre- tes t  
Q-Tc 

0.38 

0.45 

Post-impact 
0-Tc 

0.46 
immediately 

0.44 
820 sec. 

0.35 
@50 sec. 

0.42 
@320 sec. 

0.34 
Q20 sec. 

0.37 
C120 sec. 

- 

Commen t  s 

Pre - tes t  h i g h  
peaked P, occasional 
i nve rs ion  o f  QRS ;Q.P waves 
present .  Immediate 
post- lmpact i nve r ted  
QRS. T peaked P. 
n o s .  2 0 s e c . '  
post- impact i nve r ted  
QRS. T poss ib l y  
Inver ted.  no S .  
A t  50 sec. pos t -  
impact, T ,  QRS 
rever ted.  h igh .  
peaked P, no S. 
A t  320 sec. P  has 
smal ler  ampli tude. 
hard t o  d i s t i n g u i s h  
0-S. A t  4  h r s .  
post- impact T-wave 
i s  d i f  f i c u l  t t o  
d i s t i n g u i s h  +Need 
t o  expand sca le  t o  
o b t a i n  more accurate 
read 1 ng . 

Pre- tes t  peaked 
P. A t  20 sec. pos t -  
impact peaked P. 
A t  120 sec. pos t -  
impact hard t o  
d i s t i n g u i s h  any waveforms 
except QRS. 



Appendix B 

SAMPLE ECG WAVEFORMS 





78A241 * 

Pre-test ECG 

Post-test ECG 
.-.. 

* ~ l l  ECG waveforms are inverted 



79A249 Pre-test ECG 

Post-test ECG ( 3  m f n )  I 

Post-test ECG (9 I 



79A251 Pre-test ECG 



79AZ53 P r e - t e s t  ECG 



Appendix C 

INTIAL CONDITIONS AND IMPACT TESTING 

Impact Testins. The impacts were conducted using the UMTiZI pneumatic 

impacting device, which was specifically constructed to give impacts of 

reproducible velocity. This instrument (Figure 4) is comprised of a 

0.43 cubic meter air reservoir attached to a 167 cm long by 10.2 cm 

diameter honed steel cylinder with two carefully fitted steel pistons. 

Compressed air from the building's air compression system is 

introduced into the reservoir. The pressure is regulated by a series of 

hand valves and measured with a gauge having an accuracy of 0.25 

percent. The driver piston is secured at the reservoir end of the 

cylinder by an electronically controlled locking mechanism. At the 

opposite end of the cylinder the striker piston is rigidly connected to 

the impact force head. Both steel pistons have interchangeable elastic 

bumpers. When the air reservoir is pressurized and the locking 

mechanism released, the driver piston is propelled by the compressed air 

through the cylinder until its' bumper impacts the bumper on the striker 

piston. Momentum is transferred to the striker piston, which is allowed 

to travel up to 25.1 cm. The excess kinetic energy is absorbed by a 

3003 H14 seamless aluminum inversion tube, 6.35 cm in diameter with a 

0.165 cm wall thickness. 

Impactor velocity is controlled by reservoir pressure and the ratio 

of the masses of the driver and striker pistons. The desired impactor 

stroke can be accurately controlled by the initial positioning of the 

striker piston with respect to the inversion tube. Both driver and 

striker pistons have a mass of 10 kg for these experiments. 

The impactor surface is a 10.2 cm rigid metal plate padded with 

2.5 crn Ensolite. The impactor force transducer assembly consists of a 

Kistler 904A piezoelectric load washer with a Kistler 804A piezoelectric 

accelerometer mounted internally for inertial compensation. 

Positioning. A chair was designed and constructed for positioning of 

the monkeys for impacting with the pneumatic impacting device which 

could be adapted to varying non-human primates and test conditions. In 

addition, a moveable overhead arm facilitated suspension of the monkey. 



The Rhesus is placed in an erect sitting position so that impact is 

to ,the sagittal plane of the occipital bone in the posterior-anterior 

direction (See Figure 5). The monkey is held in place with paper tape 

which grips the body under the armpits, suspending the head and torso 

from the overhead arm. Immediately before testing, holes are punched 

into the tape facilitating release upon impact. 

In Table I the pertinent impactor data are listed. 



APPENDIX  D: "HEAD IMPACT COMPARISONS OF HUMAN SURROGATES" 

Head Impact Response 

~umk Surrogates 

Guy S. Nusholtz, 
John W. Melvin, and 

Nabih M. Alem 
Biomechanics Department 

Highway Safety Research Institute 
University of Michigan 

A b s t r a c t  

The response o f  t h e  head t o  impact i n  t h e  p o s t e r i o r -  
t o - a n t e r i o r  d i r e c t i o n  was i n v e s t i g a t e d  w i t h  1  i v e  anesthe- 
t i z e d  and post-mortem pr imates . *  The purpose o f  t h e  p ro -  
j e c t  was t o  r e l a t e  animal t e s t  r e s u l t s  t o  p rev ious  head im- 
pac t  t e s t s  conducted w i t h  cadavers ( r e p o r t e d  a t  t h e  21s t  
Stapp Car Crash Conference ( I ) , * *  and t o  s tudy  t h e  d i f f e r -  
ences between t h e  l i v i n g  and post-mortem s t a t e  i n  t e n s  o f  
mechanical response. 

The th ree-d imens iona l  mot ion  o f  t h e  head, d u r i n g  and 
a f t e r  impact,  was d e r i v e d  from exper imenta l  measurements 
and expressed as k inemat i c  q u a n t i t i e s  i n  v a r i o u s  r e f e r e n c e  
frames. Comparison o f  k inemat i c  q u a n t i t i e s  between sub- 
j e c t s  i s  n o r m a l l y  done by r e f e r r i n g  t h e  r e s u l t s  t o  a  s tan-  
dard  anatomical  r e f e r e n c e  frame, o r  t o  a  p rede f ined  l a b o r a -  
t o r y  r e f e r e n c e  frame. T h i s  paper uses an a d d i t i o n a l  method 
f o r  d e s c r i b i n g  t h e  k inemat ics  o f  head mot ion  through t h e  
use o f  F rene t -Ser re t  frame f i e l d s .  

The exper imenta l  techn ique  used a  n ine-acce le romete r  
system, mounted r i g i d l y  t o  t h e  head, t o  measure head mo- 
t i o n s .  A d d i t i o n a l  measurements i n c l u d e d  impact f o r c e ,  e p i -  
du ra l  pressure,  and s t r a i n s  i n  the  s k u l l  bone. High-speed 

*Animals cared f o r  and handled accord ing  t o  AALAC guide1 ines .  
**Piumbers i n  parentheses i n d i c a t e  r e f e r e n c e  a t  t h e  end o f  

t h e  paper. 
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cineradiography (1000 frameslsecond) was used during the  
impact. A t o t a l  of  seven animals were t e s t ed  i n  t he  pro- 
j e c t ,  f i v e  post-mortem and two l ive .  

The r e s u l t s  of  the  t e s t s  a r e  presented to demonstrate 
the  s i m i l a r i t i e s  and di f ferences  found between animal and 
human cadaver sub jec t s  and between l i v i n g  and post-mortem 
sub jec t s .  The e f f e c t s  of the following fac to r s  a r e  d i s -  . 
cussed: 

1. Relative magnitudes of  brain mass, skull  mass and 
external  s o f t  t i s s u e  mass. 

2 .  Head surface  geometry a t  the impact s i t e  and mass 
d i s t r i b u t i o n .  

3 .  Differences i n  epidural  pressures and in head t r a -  
j ec to r i  es . 

FXPERIMENTAL INVESTIG4TIONS IN THE BIOMECHANICS OF HEAD IM- 
?ACT RESPONSE have used human cadavers and animals as surro- 
gates of the  l iv ing  human. The parameters commonly used f o r  
describing head mechanical response during d i r e c t  impact 
have been angular and t r ans la t iona l  accel e ra t ions ,  veloci - 
t i e s ,  and displacements o f  the  head as a r i g i d  body, skull  
bone defamations, and in ternal  pressures in  the brain.  The 
unembalmed cadaver i s  o f t en  chosen as an experimental model 
because i t s  geometry and so f t - t i s sue  d i s t r i b u t i o n  i s  s i m i l a r  
to  t h a t  of t h e  l i v e  human. In addi t ion ,  s o f t  t i s s u e  damage 
can be d i r e c t l y  r e l a t ed  to  in ju ry  pat terns  observed i n  cl  i n i -  
cal  s tud ies .  The disadvantages of the  cadaver include t h e  
inabi 1 i t y  t o  measure pathophysiological response and the  
suscept i  b i l  i t y  of some t i s s u e s  to  post-mortem degradation. 
A1 so,  i t  has been reported (1 ) t h a t ,  during the  contact  
time of  d i r e c t  Impact, the  motion o f  the  brain o f  t h e  unem- 
balmed cadaver can be .only p a r t i a l l y  constrained by the  
skul 1 ; the  degree o f  cons t r a in t  can depend on the  time a f t e r  
death and the  preparation of the  cadaver. This pa r t i a l  de- 
coupling may have marked e f f e c t s  on kinematic time h i s to ry  
of the  head during and following an impact. 

Experimental impact t e s t i n g  of  animals, in p a r t i c u l a r  
primates, provides basic neurophysiological information 
r e l a t ed  t o  neuropathology. However, although t h e  primate 
geometry i s  t he  most s imi l a r  to man's, i t  i s  s i g n i f i c a n t l y  
d i f f e r e n t  in anatomic s o f t  t i s s u e  d i s t r i b u t i o n  and skul 1 
morphology. This can present severe problems when scal ing 
the  t e s t  resui t s  to human l e v e l s .  Ultimately these  d i f -  
ferences lead to complications i n  the  very complex pheno- 
mena of  head in jury  ( 2 ) .  

Techniques have been developed in the  pas t  few years  
f o r  accura te  determi nation of  three-dimensional motion of 
the human head ( 3 , 4 , 5 , 6 , 7 , 5 ) ,  preparation of :he unembalmed 
human cadaver (1,9,10), and high speed cineradiography of 
the body (11) .  This paDer discusses techniques used a t  
the  Highway Safety Research I n s t i t u t e  (HSRI) f o r  conducting 
poster ior- to-anter ior  head impacts with primates while 
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measuring three-dimensional head motion, skull s t ra in ,  and 
epidural pressure. In addition, the resul ts  of the ser ies  
of l i ve  and post-mortem posterior-to-anterior impacts with 
primates are  compared to previous posterior-to-anterior 
direct  head impacts w i t h  unenbalmed human cadavers using 
the same technique. 
METHODOLOGY 

THREE-DIMENSIONAL MOTION DETERMINATION - The HSRI 
method used for  measuring the three-dimensional motion of 
the head i s  based on a technique used to measure the general 
motion of a vehicle under a simulated crash (12) .  In the 
current application, three t r iax ia l  c lusters  of Endevco 
Series 2264-2000 accelerometers are  affixed to a lightweight 
r igid magnesium plate (Figure 1 )  which i s  then sol idly a t -  
tached to the skul l .  With th i s  method i t  i s  possible to 
take advantage of the physical and geometrical properties . 
of the t e s t  subject as well as the s i t e  of impact, in the 
design of a system for measurement of 3-D motion. In the 
case of small primates, i t  i s  more convenient to design a 
specif ic  system for  each species and s i t e  of impact. Two 
systems were designed and constructed a t  HSRI, each u t i l  i -  
zing a lightweight magnesium plate t o  mount 9-accelerometers, 
one for  each of the two species tested. The prominent or- 
bital ridges and dental plate found in these species were 
used t o  ins ta l l  the rigid plate .  Using a multipoint attach- 
ment scheme, i t  i s  secured a t  a maximum distance from the 
point of impact. This minimizes the effect  of skull defor- 
mation on the 3-0 motion analysis during impact. The ap- 
proximate instal led weight of the plate and mounts i s  50 
grams. Typical distances between accelerometer c lusters  
i s   bout 6.5 cm. 

The nine acceleration signals obtained from the three 
t r iax ia l  c lusters  are  used for the computation of head mo- 
tion using a leas t  squares technique, the de ta i l s  of which 
a re  described elsewhere ( 1 ) .  The method takes advantage 
of the redundancy of nine independent acceleration measure- 
ments to  minimize the effect  of experimental error t o  pro- 
duce three angular accel erations and three estimates, in 
the l e a s t  square sense, of the t rue solution. 

REFERENCE FRAMES - The impact response of the human 
body and i t s  surrogates may be described as kinematic quan- 
t i t i e s  derived from experimental measurements and expressed 
as vectors in reference frames which vary from one instru- 
mentation method to another. In general , comparison of 
mechani cal responses between subjects i s  achieved by refer- 
ring resul ts  to a "standard" anatomical frame which may be 
easi ly  ident i f ied.  O n  the other hand, i t  i s  impractical t o  
require that  transducers be aligned with t h i s  anatomical 
frame, since t h i s  may create unnecessary problems. A n  a l -  
ternat ive i s  to mount transducers in an arbi t rary and con- 
venient reference frame, then describe the transformation 
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necessary to convert the data from this  frame to the de- 
sired anatomical frame ( 1  3) .  

The three basic reference frames which are used to 
describe kinematic quantities are: the instrumentation 
frame, the anatomical frame and the iner t ia l  (o r  laboratory) 
frame. An additional method to describe motion in space i s  
to  u t i l i z e  the concepts of vector and frame f ields .  The 
definitions of the reference frames used a t  HSRI are given 
in the following sections. .. A A 

Anatomical Reference Frame (i,j, k ) .  The ;-axis and the 
j-axis of th i s  reference frame l i e  in the Frankfort plane. 
The Frankfort plane i s  defined as passing through the su- 
perior edges of the two auditory meati and the two infraor- 
bital notches. The i-axis i s  defined along the intersection 
of the Frankfort and midsagittal planes in the posterior-to- 
anterior ( P - A )  direction. The 3-axis i s  defined along the 
l ine  joining the two superior edqes of the auditory meati, 
in the r ight- to- lef t  ( R - L )  direction. This j-axis i s  perpen- 
dicular to the midsagittal plane a t  the "Anatomical Center" 
( A .  C . ) ,  which i s  taken as the origin of the anatomical frame 
(Figure 2 ) .  Finally, the k-axis i s  defined as the cross- 
product of the unit vectors of i -  and j-axes, and therefore, 
will l i e  in the midsagittal plane perpendicular to the Frank- 
for t  plane, and will be in the inferior-to-superior ( I-S)  
direction. 

Thus, the anatomical reference frame ( ? ,  3 ,  k )  can be 
compl etely defined once the four anatomical landmarks are 
specified. 

Instrumentation Reference Frame (El ,  E2, E3). This 
orthogonal frame i s  embedded in the rigid magnesium plate 
which carries the 9 accel?rorneters and i s  defined by i t s  
origin and the plane of (El ,  E2) which i s  parallel to the 
plate (Figure-2). The E3 axis i s  defined as the cross- 
product El x E2. During 3-D radiographic reconstruction, 
th i s  reference plane i s  identified by the coordinates of 4 
lead pellets permanently instal led in the plate to serve as 
instrumentation 1 andmarks. 

The nine accelerometers are arranged in 3 ,  clusters ,  
each forming an orthogonal t r i ad ,  and are  designed to be 
instal led on the plate a t  precise locations and orienta-, 
$ions. Thus, once the instrumentation reference frame (El ,  
E2, E3) has been determined, the location and direction of 
a l l  nine acceleration readings may be accurately determined. 
These readings a re  imnediately transformed to the anatomical 
reference frame before any 3-D motion computations are car- 
ried out.  

Laboratory Reference Frame ( f ,  2 ,  k ) .  I t  is-desfred- 
to describe the instrumentation reference frame-(El, E2; E3) 
in terms of the anatomical reference frame ( i ,  j ,  k )  unit 
vectors : 



Fig. 2 - Instrumentation reference frame and location o f  
the three triaxial accelerometer 
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i 1 i 

i 2  = [E l  3 
i 3 C 

where [El i s  an or thogonal  t r a n s f o r m a t i o n  m a t r i x  c o n s i s t i n g  
o f  t h e  n i n e  unknown d i r e c t i o n  cos ines.  T h i s  ma;rix*may be 
detepni?ed by f i r s t  express ing  each o f  theAEl ,  E?, E3) and 
( i ,  j, k) i n  terms o f  an a r b i t r a r y  frame (I, J, K ) :  

i i 1 i i 
i 2  = [u] j and j = ( V )  i 
i 3 K k K 

then  e l i m i n a t i n g  t h e  ( i ,  3 ,  k) between t h e  two express ions 
t o  o b t a i n  t h e  m a t r i x  [ E l :  

[E l  = [U l  b1- l  
Since [U] and [v] a r e  determined. fqm soord ina tes  o f  

severa l  po in ts ,  t h e  a r b i t r a r y  frame (I, J, K )  w i l l  s i m p l y  
be t h e  l a b o r a t o r y  frame i n  which these coord ina tes  a r e  
measured. The x - r a y  method used a t  HSRI t o  measure t h e  
p o i n t s  a u t o m a t i c a l l y  de f ines  t h e  l a b o r a t o r y  re fe rence  frame. 

Frame Fie1 ds - The d e s c r i p t i o n  o f  t h e  mot ion  o f  t h e  
head i n  response t o  an impact has always been a  c e n t r a l  
theme i n  head i n j u r y  research.  Wi th  t h e  development o f  
three-d imensional  accel  erometry  techniques f o r  accura te  
measurement o f  head mot ions d u r i n g  impact,  i t  i s  now pos- 
s i b l e  t o  produce i n f o r m a t i o n  on t h r e e  components o f  t r a n s -  
l a t i o n a l  a c c e l e r a t i o n ,  t h r e e  components o f  r o t a t i o n a l  ac- 
ce l  e r a t i o n  and t h e  corresponding components o f  v e l o c i t i e s  
and d isp lacements.  I n  a p p l y i n g  such e x t e n s i v e  i n f o r m a t i o n  
t o  t h e  s tudy  o f  t h e  complex phenomena o f  head i n j u r y  i t  i s  
advantageous t o  use methods o f  mot ion  a n a l y s i s  which can 
simp1 i f y  and enhance o u r  i n s i g h t  i n t o  t h e  events t h a t  charac-  
t e r i z e  a  p a r t i c u l a r  impact s i t u a t i o n .  As t h e  head moves 
through space, any p o i n t  on t h e  head generates a  path i n  
space. I n  head i n j u r y  research  we a r e  i n t e r e s t e d  i n  t h e  
d e s c r i p t i o n  o f  t h e  p a t h  o f  t h e  anatomical  c e n t e r  and i n  
events which occur  as t h e  head A . C .  moves a long  t h a t  path.  
A very  e f f e c t i v e  method f o r  a n a l y z i n g  t h e  m o t i o n  o f  such a  
p o i n t ,  as i t  moves a long  a  curved path i n  space, i s  t o  i n t r o -  
duce t h e  concept o f  a  frame f i e l d .  The d i s t a n c e  the  p o i n t  
t r a v e l s  a long t h e  path i s  a  f u n c t i o n  o f  t ime  which de f ines  
the  path and the p o i n t  o f  a p p l i c a t i o n  o f  any v e c t o r  on t h e  
curve. A v e c t o r  f i e l d  i s  a  f u n c t i o n  which ass igns a  u n i q u e l y  
d e f i n e d  v e c t o r  t o  each p o i n t  a long  a  path.  S i m i l a r l y ,  any 
c o l l e c t i o n  o f  t h r e e  m u t u a l l y  o r thogona l  u n i t  vec to rs  d e f i n e d  
on a  p a t h  i s  a  frame f i e l d .  Thus, any v e c t o r  d e f i n e d  on t h e  
p a t h  ( f o r  example, a c c e l e r a t i o n )  may be r e s o l v e d  i n t o  t h r e e  
o r thogona l  components o f  any w e l l - d e f i n e d  frame f i e l d ,  such 
as t h e  l a b o r a t o r y  o r  anatomical r e f e r e n c e  frames. Changes 
i n  a  frame f i e l d  w i t h  t i m e  ( f o r  example, angu la r  a c c e l e r a t i o n  
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of the frame f ie ld)  are interpreted as vectors defined on 
the curve and a re  also resolved into three components. 

A frame f ield which i s  particularly useful for des- 
cribing motion alon a curved path in space i s  the Frenet- 
Serret frame f ield 7 discovered by Frenet i n  1847, and inde- 
pendently by Serret in 1851). This orthogonal frame i s  
derived f r o m  the three-dimensional space curve traveled by 
the point of interest  ( the  anatomical center,  in our case) 
and the velocity of travel of the point. A complete dis- 
cussion of this method can be found el sewhere (1 4) and will 
on1 y be sumari zed here. 

The curvilinear distance traveled along the oath i s  a 
function of time and i s  denoted by s ( t )  (see Figure 3 ) .  
For a point moving along the path, the absolute position 
vector (1 ( t ) )  can be defined relat ive to the in i t i a l  
s tar t ing position a t  t = 0, The f i r s t  and second deriva- 
t ives of the position vector with respect to time yield 
the velocity and acceleration vectors of the point, respec- 
t ively.  The time derivative of the path distance, denoted 
V( t ) ,  i s  called the speed of the curve. A t  any instant of 
time, a u n i t  vector ( T )  which i s  tangent to the path a: that 
point on the curve can be defined as the derivative (dR/ds) 
of the position vector with respect to the curvili_?ear dis- 
tance s. Since the ~ e l o c i t y  vector of the point (dR/dt) 
can be written as dR/ds.dz/dt, i t  i s  possible to subst i tute  
the tangent unit vector ( T )  for d@ds and the speed qf the 
curve ( ~ ( t ] )  fox ds/dt resulting jn the expression dR/dt = 
T . V ( t )  or  T + dR/dt/V(t). Thus, T can be considered a 
normalized velocify vector. A second unit vector which i s  

! erpendicular t o  T, called the principal normal unit veGtor, 
I , can be defined t o  be codirectional with the vector dT/ds 
(since the derivative of a vector i s  normal to the vector). 
A third unit vector to complete the orthogonal frame can be 
defined as the cross ppdugt-of T and N and i s  called fhe 
binormal unit vector ( 0  = T x N ) .  I t  can be shown that  N 
l i e s  in the plane that  contails both the acceleration vector 
(1) and the velocity  vector,(^) nf the moving point. Since 
B i s  perpendicular to  both T and N, i t .  i s  computed as a 
normalized cross ppduct Txff and then N i s  obtained by fom- 
i ng  cross product BxT. 

The three orthogonal unit vectors ( 7 ,  a, B )  shown in 
Figure 3 form a right-handed t r iad ,  called the Frenet t r i ad  
a t  each point along the space curve. The collection of these 
t r iads along a given curve i s  known as a Frenet-Serret frame 
fie1 d,  which i s  stationary in three-dimensional space. The 
turning and twisting of a space curve generated by a moving 
point can be described in terms of curvature, r ,  and tor- 
sion, t .  Curvature i s  defined i n  terms of the..Frenet t r iad 
as K.N = di/ds, while the-torsion i s  given by TN = -dB/ds. 
The rates of change of ( T ,  N ,  8 )  with respect to time-may 
be-obtained fmm-the followin relations : (T-rat?) dT/dt = 
K Y N ,  dN/d t  = 4 V T  + T Y B ,  and 98-rate) dB/dt = - ab'. Thus, 
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the turning and twisting of a 'space curve and the rates of 
t ~ r n j n g ~ a n d  twisting are described by the Frenet t r iad 
( T I  N, 5 ) .  

In principle, every geometric problem involving motion 
along a curved path can be solved by means of the Frenet- 
Serret method. For simple cases,. i t  may be suff icient  to 
record the acceleration'data and express i t  in a convenient 
f o n .  Examples of such instances are: for zero curvature 
the motion of a point will be a straight l ine;  for positive 
curvature (r.0) and zero torsion the motion of a point will 
be in a plane; and for constant positive curvature with zero 
torsion, the motion of a point will be in a c i rcle .  For 
more complicated motions, which are common even in simple 
head impact experiments, i t  i s  desirable t o  be able to  
classify the types of mations in a convenient manner. The 
Frenet-Serret frame fie1 d approach provides such a method. 

In many instances, the motion of a point along a path 
in space can be usefully reparameterized to describe the 
motion i n  terms of distance along the path (s) rather than 
in time ( t ) .  Such a procedure can simplify the formulas 
associated with the description of the curves and can c1 ar- 
i fy  s imilar i t ies  and differences in events that occur as the 
curve i s  traversed. 

EXPERIMENTAL TECHNIQUES - The instal la t ion of the 9- 
accelerometer plate i s  accomplished in the following manner. 
The scalp i s  removed from the frontal bone over the orbital 
ridges. Several metal self- tapping screws are attached 
firmly to the skull through small pi lot  holes dr i l led in the 
orbttal ridges and in the dental plate above the eye teeth. 
Several magnesium feet are attached to the plate. Quick- 
set t ing acrylic plast ic  i s  molded around each of the screws 
and the feet are embedded in the plastic.  In fifteen min- 
utes when the acryl ic  has se t ,  the plate i s  rigidly attached 
to the skull .  The orientation of the plate in this position 
i s  sjown in Figure 2 .  

Since this instrumentation frame does not coincide with 
the standard anatomical reference frame, i t  i s  neczssary to 
determine i t s  exact location and orientation in relation to 
the anatomical frame. A three-dimensional x-ray technique 
was developed which requires taking two orthogonal radio- 
graphs of the instrumented head. The procedure requires the 
identification of four anatomical landmarks (two superior 
edges of the auditory meati and two infraorbital notches) 
with four distinguishable lead pel le ts ,  and the identifica- 
tion of four lead pellets inlaid in the plate to define the 
instrumentation frame. Lead pellets were located beneath 
the effective center o f  gravity of each of the three t r i -  
axial accelerometer c lusters ,  and the fourth was placed 
beneath the effective center of gravity of the three other 
centroids. 

These eight lead pellets are then radiographed twice: 
once in the x-z  plane a n d  once i n  the y-z plane. On each of 
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t h e  two radiographs,  t h e  o p t i c a l  c e n t e r  and t h e  l a b o r a t o r y  
v e r t i c a l  z -ax is  a re  s imu l taneous ly  x-rayed, t h e  d is tances  
between t h e  x - ray  f i l m  and each t a r 5 e t  a r e  recorded f o r  
each view. 

The computat ions which f o l l o w  r e c o n s t r u c t  t h e  l a b o r -  
a t o r y  coord ina tes  ( x ,  y, z )  o f  each ' o f  t h e  e i g h t  pe l1  e t s .  
The anatomical  r e f e r e n c e  frame i s  r e c o n s t r u c t e d  from t h e  
f o u r  anatomical  p o i n t s .  The i n s t r u m e n t a t i o n  frame and i t s  
o r i g i n  a r e  determined f rom t h e  f o u r  p l a t e  t a r g e t s .  F i n a l l y ,  
t h e  t r a n s f o r m a t i o n  m a t r i x  between t h e  i n s t r u m e n t a t i o n  and 
t h e  anatomical  frame i s  ob ta ined .  

The method used f o r  o b t a i n i n g  e p i d u r a l  pressures em- 
p loys  a  K u l i t e  model MCP-055-SF c a t h e t e r  t i p  pressure t r a n s -  
ducer. A  S t r y k e r  bone c o r i n g  t o o l  i s  used t o  make a  h o l e  
w i t h  a  s p e c i a l  3 mn c i r c u l a r  b i t .  An a d j u s t a b l e  set-screwed 
c o l l e t  i s  used which enables t h e  t e c h n i c i a n s  t o  co re  i n t o  
t h e  s k u l l  i n  smal l  increments, p r e v e n t i n g  damage t o  t h e  
dura mater .  The increment  o f  t h e  bone i s  t h e n  removed u s i n g  
a  den ta l  scoop, and t h e  r e s u l t i n g  hore i s  tapped f o r  a  
coarse th read .  

A  t u b u l a r  magnesium c o u p l i n g  dev ice  i s  screwed i n t o  the  
tapped h o l e  i n  t h e  s k u l l .  I t  i s  anchored i n t o  p lace  us ing  
q u i c k - s e t t i n g  a c r y l i c  p l a s t i c  molded around t h e  base. A  one 
cm s e c t i o n  o f  rubber  t u b i n g  i s  then clamped on to  t h e  t o p  o f  
t h e  d e v i c e  and Dow Corn ing d i e l e c t r i c  ge l  ( s i l i c o n  f l u i d )  i s  
i n j e c t e d  i n t o  t h e  t u b i n g  t o  a c t  as a  c o u p l i n g  medium. The 
K u l i t e  p ressure  t ransducer  i s  then i n s e r t e d ,  and secured a t  
p roper  depth. 

S t r a i n  gauges a r e  used on t h e  s k u l l  bone t o  r e c o r d  t h e  
v i b r a t i o n s  o f  t h e  s k u l l  d u r i n g  impact f o r  t h e  purpose o f  
e s t i m a t i n g  t h e i r  e f f e c t  on t h e  accelerometer  s i g n a l s .  A  
Micro-Measurements Type EA-13-015Y-120 s t r a i n  gauge r o s e t t e  
i s  bonded w i t h  M-bond 200 cyanoacry la te  adhesive t o  t h e  
s u r f a c e  o f  t h e  f r o n t a l  bone, a n t e r i o r  t o  t h e  Bregma o v e r  
t h e  s a g i t t a l  s inus.  A f t e r  t h e  leads  a r e  so ldered,  t h e  
r o s e t t e  and leads a r e  covered and sealed by a  coa t  o f  M-coat 
D p a i n t .  

TEST SUBJECT PREPARATION 

Seven p r imate  s u b j e c t s  were used i n  these  exoer iments:  
f i v e  ~ l a c a c a ' m u l a t t a ,  one Macaca assamensis, and o;le Papio 
cynocephalus. These were ob ta ined  by HSRI from t h e  Univ- 
e r s i t y  o f  Mich igan U n i t  f o r  Labora to ry  Animal Medic ine 
(ULAM). P r i o r  t o  a c q u i s i t i o n ,  the  ~ a c a c a  s u b j e c t s  had been 
used i n  one o r  more pharmacologica l  research p r o j e c t s  and 
t h e  Papio cynocephal us had been used i n  a  t e r m i n a l  phys i -  
o l o g y  exper iment .  -- . 

The impacts o f  t h e  Papio and t h e  f i r s t  f o u r  Macacas 
were conducted on post-mortem s u b j e c t s .  Upon t e n i n a t i o n ,  
t h e y  were s t o r e d  i n  a  c o o l e r  a t  4 O C  f o r  48 hours b e f o r e  
t e s t i n g .  L i v i n g  Macacas were used i n  t h e  two f i n a l  e x p e r i -  
ments. The p r o t o c o l  f o r  post-mortem pr imates  was l e s s  



510 HEAD IhPACT RESPONSE 

complex than fo r  tha t  of the  l i v e  primates, which i s  out-  
1 incd below. Notes, da ta ,  and changes in procedures were 
recorded on a chronological check1 i  s t .  

On the  morning of  the  experiment the  primate i s  given 
an intramuscular in j ec t ion  of ketainine (dl-2-(0-chlorophen- 
yl l-2- [methylami no] cyclohexanone hydrochloride) before 
being delivered to  the  HSRI Biomedical Laboratory by a ULAM 
technician.  A ca the te r  w i t h  a  three-way valve was inse r t ed  
in to  t h e  saohena parva vein i n  the  hind l eg ,  and sodium 
pentobarbital  in jec ted  through the valve a t  a dosage of 15 
mg/kg, to  e f f e c t .  An airway i s  es tabl ished.  The upper body 
i s  prepared and t h e  weight and biometrical measurements a re  
taken with a standard anthropometer, a  s t a i n l e s s  s t ee l  tape ,  
a r u l e r  and a Homes Model 5lHH beam sca le .  Body measure- 
ments a re  i1 lus t r a t ed  i n  Figure 4 ;  head measurements in 
Figure 5.  Using a cauter iz ing s c a l p e l ,  the  sca lp  and muscle 

' mass a r e  removed from the  frontal  bone and the screws used 
to moor the  nine-accelerometer p l a t e  and the  epidural 
pressure transducer skull  f i t t i n g  a re  screwed in to  place. 
The f ronta l  bone i s  sanded w i t h  200, then 400 weight wet/dry 
sandpaper and t h e  s t r a i n  gauge rose t t e  i s  then cemented in to  
posit ion.  The s t r a i n  gauge wires a r e  soldered t o  t h e  leads 
and the  assembly covered with sea lant .  Quick-sett ing 
a c r y l i c  i s  molded around t h e  pressure transducer f i t t i n g  and 
nine-accelerometer moorings. When the  acryl i c  i s  s e t ,  t he  
s t r a i n  gauge wires a r e  s t ra in-re l ieved by being secured t o  . 
the  nine-accelerometer p l a t e  w i t h  nylon wire wrap. Fig- 
ures 2 and 6 show the  posit ioning of  the  instrumentation on 
the  sku1 1 . 

Next, eye and ear  x-ray t a r g e t s  a re  positioned. The 
primate i s  transported to  the  x-ray room where two head x- 
rays (x-z and y-z views) are  taken. The dis tance  between 
each of the  eight t a rge t s  and the surface  of the  x-ray t a b l e  
i s  measured and recorded. 

The primate i s  then taken to the  impact laboratory and 
placed in the impact c h a i r .  Three t r i a x i a l  accelerometer 
c lus t e r s  a r e  fastened to  t h e  nine-accel erometer p l a t e .  
S i l icon f lu id  i s  in jec ted  into t h e  pressure coupler,  thus 
removing a l l  a i r ,  and the  pressure transducer i s  inser ted .  
The primate i s  positioned in f ron t  of  the  impactor and s t a -  
b i l ized w i t h  paper t a p e . ,  All of the transducer wires a r e  
then connected i n d  cabled, and t h e  transducers checked fo r  
cont inui ty  and function.  

A Polaroid photograph i s  then taken through the  cine- 
radiograph to check the  posit ion of  the  primate and the  x- 
ray s e t t i n g s .  Final adjustments a r e  made on the  x-ray se t -  
t i n g s ,  ampl i f ier  s e t t i n g s ,  and the  posit ion of the  primate. 
The x-ray s e t t i n g s ,  t he  d is tance  from the  x-ray head to 
cineradiograph screen,  and the  d is tance  from t h e  mid-1 ine  
of the  primate to  t h e  cineradiograph screen a r e  recorded. 
A t  t h i s  point  setup photographs a re  taken. Holes a r e  then 
punched in to  the  paper tape supporting the  primate. The 
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Polaroid camera i s  exchanged for the Photosonics high-speed 
motion picture camera in the cineradiographic system. One 
hour a f te r  impact, a 5 ml dose of Uthol (concentrated, 
unpure sodium pentobarbital) i s  injected via the hind leg 
I.V. catheter t o  euthanize the primate. 

IMPACT TEST CONDITIONS - The impacts were conducted 
using the HSRI pneumatic impacting device, which was 
speci f ical l  y constrrlcted t o  give impacts of reproducible 
velocity. This instrument is comprised of a 0.43 cubic 
meter a i r  reservoir attached t o  167 an long by 10.2  an 
diameter honed steel cylinder with two carefully f i t t ed  
steel pistons. 

Compressed a i r  from the buildings's a i r  compression 
system i s  introduced into the reservoir. The pressure i s  
regulated by a series of hand valves a n d  measured with a 
gauge having a n  accuracy of 0.25%. The driver piston i s  
secured a t  t h e  reservoir end of the cylinder by an electron- 
ical ly  controlled locking mechanism. A t  the opposite end 
of the cylinder the s t r iker  position is rigidly connected 
t o  the impact force head. B o t h  steel pistons have inter- 
changeable e las t ic  bumpers. When the a i r  reservoir i s  
pressurized and the locking mechanism re1 eased, the driver 
piston i s  propelled by the compressed a i r  through the 
cylinder until i t s  bumper impacts the bumper on the s t r iker  
piston. Momentum i s  transferred t o  the s t r iker  piston, 
which i s  allowed t o  travel u p  t o  25.4 cm. The excess kin- 
e t i c  energy is absorbed by a 3003 HI4 seamless aluminum 
inversion tube, 6.35 un in diameter with a 0.165 an wall 
thickness. 

Impactor velocity i s  controlled by reservoir pressure 
and the ratio of the masses of the driver and s tr iker  pis- 
tons. The desired impactor stroke can be accurately con- 
trolled by the in i t i a l  positioning of the s t r iker  piston 
with respect to  the inversion tube. Both  driver and s tr iker  
pistons have a mass of 10 Kg for these experiments. 

The impactor surface i s  a 10.2 an rigid metal plate 
padded with 2.5 cm Ensolite. The impactor force transducer 
assembly consists of a Kistler 904A piezoelectric load 
washer with a Kistler 804A piezoelectric accelerometer 
mounted internal 1 y for iner t ia l  compensation. 

d chair was designed and  constructed for positioning 
of the primates which could be adapted t o  t h e  varying pri- 
mates a n d  t e s t  conditions. in addition, a moveable over- 
head arm iacil  i tated suspension of the primate. 

The primate is placed in an erect s i t t ing  position with 
i t s  posterior side towards the impactor, so that the 1 ine 
of impact is in the mid-sagittal plane in the posterior- 
anterior direction. The primate is held in place with paper 
tape which grips the body under the armpit:, sus~ending the 
head a n d  torso from the overhead arm. Immediately before 
testing, holes are punched into the tape t o  fac i l i t a te  
release upon  impact. 
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The t e s t  subjects were impacted a t  the occiput. In 
tes t s  78A232 and 78A234 the eyes were on a horizontal l ine 
through the impact s i t e ,  thus the estimated center of mass 
was below the l i ne  of impact. In t e s t s  78A236 and 78A239 
the eyes were raised to a point s l igh t ly  above a horizontal 
l i ne  through the impact s i t e ,  thus the l i ne  of impact was 
through the estimated center of mass. In t e s t s  78A238 and 
78A241 the eyes were raised higher than the previous two 
t e s t s ,  thus the center of mass was above the l i ne  of impact 
( Figure 6 ) .  

CINERADIOGRAPHS - Cineradiographs were taken of the 
impact events a t  1000 frames per second. The HSRI high- 
speed cineradiographic system (1 1 ) consists of a Photosonics 
1B high-speed, 16-mm motion-picture camera which views a 2- 
inch diameter output phosphor of a high-lain , four-stage, 
magnetically focused image in tens i f ie r  tube, gated on and 
off synchronously with shut ter  pulses from the motion- 
picture camera. A lens opt ical ly  couples the input photo- 
cathode of the image in tens i f ie r  tube to x-ray images pro- 
duced on a fluorescent screen by a smoothed direct-current 
x-ray generator. Smoothing of the full-wave rec t i f ied  x- 
ray output i s  accomplished by placing a pair of high-voltage 
capacitors in parallel witn the x-ray tube. A 22 un dia- 
meter c ircular  f ie ld  was viewed in these experiments. 

DATA HANDLING - The impact force and accel erat ion,  
epidural pressure, and nine head accelerations are recorded 
unfiltered on a Honeywell 7600 FM Tape Recorder. The impact 
force, velocity and s t r a in  are also recorded unfiltered on 
a Bell and Howell C E C  3300 FN Tape Recorder. A synchron- 
yzing gate i s  recorded on both tapes. A1 1 data i s  recorded 
a t  30 ips. 

The analog data on the FM tapes i s  played back for 
digi t iz ing through proper anti-a1 iasing analog f i l t e r s .  
The A-to-D process for a l l  data, resul ts  in a digi ta l  signal 
sampled a t  a 6400 Hz equivalent sampling rate .  Following 
th i s  step, the power spectrum of the signal i s  obtained and 
plotted along with the time history t o  determine the rele- 
vance of the data before being used in the three-dimensional 
motion analysis computer program. 

RESULTS - Full documentation of the experimental re- 
su l t s  for  the primate head impacts discussed in th i s  paper 
i s  given in reference 15. The tables and graphs presented 
here represent the data found to be most pertinent in dis- . 
cussing the t e s t  resul ts .  A summary of the t e s t  conditions 
are  given in Table 1 ,  the primate biometric measurements are 
given in Table 2, and the time his tor ies  are given in the 

A ppendi x .  
Data obtained from the three-dimensional head motion 

analysis consisted of translational and angular displace- 
inents, veloci t ies ,  and accelerations resolved into the lab- 
oratory, anatomical and Frenet-Serret reference frames. 
Sefore impact, the angular veloci t ies  of the Frenet-Serret 
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frame are not defined because the path of motion has not 
been es tab1 ished. However, position, defined as the dis- 
placement from the in i t i a l  condition of the anatomical 
center, must necessarily be resolved into the laboratory 
frame. 

In order to define the pulse duration, a standard pro- 
cedure was adopted which determines the beginning and end of 
the pulse. The procedure i s  to determine f i r s t  the peak and 
the time a t  which i t  occurs. Next, the l e f t  half of the 
pulse, defined from the point where the pulse s t a r t s  to  r i se  
to the time of peak, i s  least-squares f i t t ed  with a s t raight  
l ine. This r i se  l ine intersects the time-axis a t  a point 
which i s  taken as the formal beginning of the pulse. A 
simiTar procedure i s  followed for  the right half of the 
pulse, i , e . ,  a least  squares s t raight  l ine  i s  f i t t ed  to the 
fa l l  section of the pulse which i s  defined from the peak to 
the point where the f i r s t  pulse minimum occurs. The formal 
end of the pulse i s  defined then as the point where the fa l l  
1 ine intersects the time axis. 

A summary of the t e s t  results i s  given in Table 3 which 
includes velocity, peak force, force duration, and the 
greatest posi t ivc  and negative epidural pressures. The 
velocity was obtained from a magnetic pickup that produces 
time pulbes a t  1.3 cm intervals on the impacting device. The 
force duration was determined as described above. The peak 
positive and negative epidural pressures were obtained by 
measurement from the zero pressure point on the transducer 
time histories.  Two similar cadaver tes ts  ( 1 )  are also l i s ted  

DISCUSSION 
The work presented in this  paper i s  part of a continu- 

ing program on head injury research. A great deal of data 
has been generated and a complete presentation of the data 
i s  beyond the scope of this  paper. The results discussed 
in this section are based on analysis of the data presented 
in abbreviated form in the Appendix to this  paper. Because 
of the complexity of the experiments, only a limited number 
of subjects have been tested. Thus, the features of the 
data noted in this  section represent trends that  are f e l t  
to be important factors in head impact response. Continued 
work i s  necessary to be able to generalize the findings. 

HEAD IMPACT REZPONSE DEFINITION - Head impact response 
may be defined as a continuum of "events" characterized by 
the path, and a l l  the vectors defined on that  path, which 
are generated by the motion of the anatomical center and by 
changes of the attached frame f ields .  Physically this  
implies that  head impact response i s  interpreted as the 
response of a material body ( the skul l )  which i s  in contact 
with other material bodies (the neck, impactor, sof t  t issue 
and brain).  The curve and the vectors generated as the 
anatomical center moves in time are therefore a . resu l t  of 
the interactions of the skull with these ~ t h e r  mte r i a l  
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Table 4 - Reparameter iza t ion  o f  Pr imate  
and Cadaver Test  Data 

PRIMATES 

*il l - d e f i n e d  due t o  i n s t r u m e n t a t i o n  d i f f i c u l t i e s .  

T e s t  No. 

78A229 

78A2 32 

78A234 

78A236 

78A2 38 

78A239 

78A241 

CADAVERS 

A rc  Length  (mm) 

Arc  Length (mm) 
Test ' 'G '  1 1 Q2 Q3 1 [m;2(m1)Q3 

Q1 

0 

0 

0 

0 

0 

0 

0 

Time (ms) 
Ql 1 92 Q3 

76A135 

76A137 

8.3 56 5.0 13.1 

8.7 60 1 5.0 8.4 

4.7 

7.5 

6.5 

7.9 
10.5* 

7.0 

8.5 

42 1 Q3 

0 

0 

0 

0 

0 

0 

0 

6.5 

6.7 

7 .3  

7.3 

6.8 

8.0 

7.2 

3.0 

2.5 

3.0 

2.5 

3.0 

3.0 

2.5 

15 

58 

50 

50 

90* 

55 

56 
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bodies. 
General ly ,  an event t h a t  happens i n  one s p e c i f i c  impact 

w i l l  n o t  occur i n  a l l  o the r  impacts. However, i n  s p e c i f i c  
impacts, c e r t a i n  events w i l l  always occur. .Examples of 
these events which are  impor tant  i n  head impact are:  the  
i n i t i a t i o n  o f  head impact response (denoted by Q1 on the  
tangen t i a l  accel  e ra t i on - t ime  h i s t o r i e s  i n  the accompanying 
data)  ; the p o s i t i v e  maximum o f  t he  t a n g e n t i a l  acce le ra t i on -  
t ime h i s t o r y  (denoted Q2 i n  the  accompanying data) ;  and t h e  
negat ive  maximum o f  t he  tangen t i a l  accel  e ra t i on - t ime  h i s t o r y  
(denoted by Q3 on the  accompanying data) .  These events can 
then be used t o  d e f i n e  d i f f e r e n t  types o f  impacts and t o  
compare the  response o f  one type o f  surrogate t o  another.  

The mot ion o f  a  r i g i d  body i n  space i s  the  r e s u l t  o f  
genera l ized fo rces :  t he  t o t a l  f o r ce ,  and the  t o t a l  torque 
about a  s u i t a b l e  a x i s .  The dynamic problem o f  t he  mot ion of 
the  s k u l l  can be i n t e r p r e t e d  i n  the  same way. However, 
because o f  t he  complex i n t e r a c t i o n s  o f  t he  s k u l l  w i t h  the  
o the r  m a t e r i a l  bodies, ser ious  problems can a r i s e  i n  de te r -  
min ing  which o f  t he  bodies i s  producing these general i zed  
forces. 

EFFECT OF SKULL DEFORMATIONS ON RIGID, BODY MOTION 
ANALYSIS - The c o n d i t i o n  o f  small s k u l l  deformations i n  head 
impacts i s  gene ra l l y  n o t  o f  i n t e r e s t  f rom an i n j u r y  stand- 
p o i n t .  However, i n  t he  circumstances o f  r i g i d  body motion, 
i n t r a c t a b l e  compl i c a t i o n s  can resu l  t i f  precaut ions a re  n o t  
taken t o  minimize the  e f f e c t  o f  s k u l l  deformations. The 
choice o f  l o c a t i o n  o f  t he  accelerometers i s  c r i t i c a l  i n  t h i s  
respect  f o r  p r imate  impacts. The o r b i t a l  r i dges  proved t o  
be r e l a t i v e l y  s t a b l e  du r i ng  impact, as the  s t r a i n  gage 
rose t tes  placed near t he  p o i n t  o f  attachment of the  9 acce l -  
e r a t i o n  p l a t e s  showed t h a t  minimal s t r a i n s  ( 4 0 0 ~ ~ )  occurred 
i n  t h i s  area. I n  a d d i t i o n ,  a  f i l t e r ,  app l i ed  t o  t he  raw 
data, can be used t o  minimize the  e f f e c t s  o f  h igh  frequency 
v i b r a t i o n s .  The choice o f  f i l t e r  i s  based on the power 
spectrum o f  the  raw data. The power spectrum revea led t h a t  
t he  h ighest  frequency content ,  exc lud ing those components 
a t t r i b u t e d  t o  noise,  were i n  t he  pressures, where t h e  power 
spectrum dropped e f f e c t i v e l y  t o  zero a t  600 Hz. The recon- 
s t r u c t e d  t ime h i s t o r i e s ,  f i l t e r e d  a t  600 Hz, show no s i g n i -  
f i c a n t  d i f f e r e n c e  f rom the raw t ime h i s t o r i e s  except f o r  
the  e l  i m i n a t i o n  o f  h i  gh-frequency noise.  

EFFECT OF SKULL GEOMETRY - The t ime hist0r .y o f  the  
anatomical cen te r  du r i ng  the  t ime i n t e r v a l  (Pi-Q2) i s  con- 
s idered t o  be p r i m a r i l y  a  r e s u l t  of t h e  i n t e r a t i o n  of  the  
impactor  w i t h  the  s k u l l .  Dur ing t h i s  per iod ,  t he  angular  
acce le ra t i on  found t o  be p r i n c i p a l  l y  i n  t he  binormal d i  rec-  
t i o n  (a l though the re  were l e s s e r  components i n  the  normal 
and tangen t i a l  d i r e c t i o n s )  i n  t e s t s  78A232, 78A234, 78A238 
and 78A239. Th is  imp1 i e s  t h a t  the  s k u l l  may be r o t a t i n g  
about a  p o i n t  o f  c l o s e s t  approach o f  the  s k u l l  t o  the  impac- 
t o r  ( s o f t  t i s s u e  prevents ac tua l  con tac t  o f  the  s k u l l  and 
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impactor  sur face) .  Under t h i s  c o n d i t i o n  t h e  r a t e  o f  change 
o f  t h e  tangent  u n i t  v e c t o r  ( T - r a t e )  and t h e  t r a n s l a t i o n a l  
a c c e l e r a t i o n  i n  t h e  normal d i r e c t i o n  w i l l  be a  r e s u l t  o f  
t h e  t o q u e  produced by t h i s  r o t a t i o n .  C a l c u l a t i o n s  o f  . 
t h e  t r a n s l a t i o n a l  a c c e l e r a t i o n  i n  t h e  normal d i r e c t i o n  a t  , 

t h i s  p o i n t  show s i g n i f i c a n t  r e d u c t i o n s  o f  t h i s  a c c e l e r a t i o n  
i n  comparison t o  t h a t  o f  t h e  A.C., c o n f i r m i n g  t h a t  t h i s  
t ype  of r o t a t i o n a l  mot ion  i s  t a k i n g . p l a c e .  

The i m p l i c a t i o n  o f  t h i s  r e s u l t  r e l a t e s  d i r e c t l y  t o  
s k u l l  geometry. F i g u r e  7 shows r e c o n s t r u c t i o n  of t h e  x- rays 
from t e s t  76A135, an unembalmed human cadaver, t e s t  78A229 
and t e s t  78A239. Examinat ion of t h i s  f i g u r e  shows t h a t  t h e  
shape o f  t h e  human s k u l l  i n  t h e  p o s t e r i o r  s e c t i o n  i s  cons id -  
e r a b l y  d i f f e r e n t  f rom t h e  o t h e r  pr imates.  Th is  d i f f e r e n c e  
has a  d i r e c t  e f f e c t  on t h e  r o t a t i o n a l  s t a b i l i t y  o f  t h e  s k u l l  
d u r i n g  impact.  

F i g u r e  6 i s  a  r e c o n s t r u c t i o n  of t h e  t e s t  set -up f o r  
t h r e e  d i f f e r e n t  types of impacts: Tes t  78A232 i s  ar ranged 
i n  a  manner s i m i l a r  t o  t h e  unembalmed human cadaver, t h e  
eyes b e i n g  i n  a  f r o n t a l  d i r e c t i o n ;  Tes t  78A236 i s  p o s i t i o n e d  
I n  an a t tempt  t o  m in im ize  r o t a t i o n  about  t h e  r i g h t - l e f t  a x i s  
d u r i n g  impact;  and Tes t  78A238 i s  p o s i t i o n e d  i n  o r d e r  t o  
produce such a  r o t a t i o n .  These types of set-ups t a k e  advan- 
tage of t h e  s k u l l  geometry o f  t h e  p r i m a t e  and use t h e  l o c a -  
t i o n  o f  t h e  c e n t e r  s f  g r a v i t y  r e l a t l v e  t o  t h e  a p p l i e d  impact  
f o r c e  a x i s  t o  a d j u s t  t h e  d i r e c t i o n  of a p p l i e d  to rque .  T h i s  
phenomenon i s  apparent  i n  t h e  e v a l u a t i o n  o f  t n e  a n g u l a r  
a c c e l e r a t i o n  f o r  Tests  78A232, 78A2236 and 78A238 d u r i n g  t h e  
( 9 4 2 )  i n t e r v a l .  I n  t e s t  78A232, t h e  angu la r  a c c e l e r a t i o n  
i s  about  t h e  r i g h t - l e f t  a x i s ,  w h i l e  i n  Tes t  78A236, d u r i n g  
t h e  (Q1-Q2) t i m e  i n t e r v a l ,  t h e  angu la r  a c c e l e r a t i o n  i s  i n  
t h e  o p p o s i t e  d i r e c t i o n .  S i m i l a r l y ,  t h e  angu la r  a c c e l e r a t i o n  
i n  t e s t  78A238 i s  l i k e  t h a t  o f  78A236,, b u t  g r e a t e r  i n  
magnitude. 

The t o p  p o r t i o n  o f  F i g u r e  8 represen ts  t h e  genera l  
d i r e c t i o n s  o f  t h e  tangen t  and normal v e c t o r s  a t  an i n s t a n t  
a f t e r  t h e  Q2 event .  The d i r e c t i o n  o f  t h e  b inormal  v e c t o r  i s  
determined by t h e  r i g h t  p lane  represen ted  i n  t h e  i l l u s t r a -  
t i o n .  Care must be taken  i n  t h e  i n t e r p r e t a t i o n  o f  t h i s  
f i g u r e  s i n c e  mot ion  d u r i n g  t h e  (91-42) i n t e r v a l  i s  u s u a l l y  
three-d imensional  and w i l l  n o t  be r e s t r i c t e d  t o  a  s i n g l e  
convey, schemat ica l l y ,  t h e  genera l  i dea  o f  t h e  d i f f e r e n c e s  
i n  head mot ion  produced by t h e  d i f f e r e n t  i n i t i a l  c o n d i t i o n s .  
The t h r e e  types o f  t e s t s  a r e  d i s t i n g u i s h e d  by t h e  Frenet  
frame and t h e  angu la r  a c c e l e r a t i o n  d e f i n e d  on t h e  p a t h  d u r -  
i n g  t h e  [Q1-Q2) i n t e r v a l ,  The s i g n i , f i c a n t  fea tu re  i s  t h a t  
dynarnical l y  s i r n i l  a r  head mot ions can be produced i n  cadaver 
and lower  p r i m a t e  impact t e s t s ,  b u t  t h e  lower  p r imates  r e -  
q u i r e  d i f f e r e n t  i n i t i a l  c o n d i t i o n s  than t h e  cadaver due t o  
sku1 1  geometry d i f f e r e n c e s .  

EFFECT OF SOFT TISSUE - I n  genera l ,  as t h e  impact  i s  
inc reas ing ,  t h e  response, when unopposed by a d d i t i o n a l  
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Fig.  8 - Reconstruction o f  motion from x-ray, cineradio- 
graphs, and kinematic time h i s t o r i e s  f o r  the WSRI 3-ll 
motion measurements 
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general ized forces, will be increasing. Conversely, when 
the force on the head i s  decreasing the response should 
decrease. During the time interval (92-43) th i s  was gen- 
eral ly found not t o  be the case. In th i s  interval ,  i t  can 
be assumed tha t  the impactor no longer dominates the skul l ' s  
response and that  other material bodies contribute input to  
the path of the A . C .  and i t s  vectors. In addition, the 
events during the interval (41-42) can affect  those during 
(42-43). This conclusion i s  based on the following find- 
ings. For a1 1 the t e s t s ,  the tangential acceleration de- 
creases more rapidly than the force, from the Q2 event until  
the time i t  crosses the zero axis. In t e s t s  7EA135 (cad- 
aver),  78A236, 78A238, 78A239 and 78A241 (a l l  Macaca) the 

v normal acceleration and angular acceleration remaln s ignif i  - 
cant a f t e r  the impact force drops to  zero and the binormal 
vector rotates n radians during the (Q2-Q3) interval.  

Examination of a l l  the t e s t s  reported in the Appendix 
shows that  during the (91-Q2) interval ,  unless there are  
rapid changes in the binormal vector direction ( large B- 
r a tes ) ,  the normal acceleration and the binormal vector 
direction are induced by the angjlar acceleration of the 
head. For t e s t s  76A135, 78A238, 78A239, and 78A241 the 
angular acceleration vector reverses direction around the 
Q2 event time with the binormal vector rotating a radians , 

shortly afterwards. This indicates tha t ,  in those t e s t s ,  
there are torques being generated that  are suff icient ly 
large that  they dominate the other factors (such as the 
impact force) involved in the establ ishment of the binormal 
vector direction and the normal acceleration. In addition, 
the angular acceleration vector i s  of suff ic ient  duration 
in i t s  new direction eventually to re-establish i t  in the 
binormal vector direction. The rotation of the binormal 
vector can be very rapid, indicating an inflection point in 
the path of the A.C.  in space. Test 78A239 (see Appendix) 
shows a large B-rate with the binormal vector rotating IT 
radians almost instantaneously. The fac t  that  in t e s t s  
78A232 and 78A234, during the (42-43) interval ,  there i s  
re lat ively 1 i t t l e  rotation of the binormal vector and that  
the angular acceleration i s  greatly reduced a f t e r  the force 
drops to  zero indicates tha t  the torque induced by the 
impactor i s  codirectional or much greater than the torque 
generated by other forces. Therefore the nona l  and bi- 
normal vector directions are basically the same for  a l l  
t e s t s  a t  the end of the (42-93) interval ,  as represented 
for  the Macaca subjects by the bottom section of Figure 8. 

The fac t  that  torques which resul t  a t  the beginning and 
end of the (Q2-Q ) interval are opposite in direction i s  
best understood i?y examining the resultant angular velocity 
Comparison of t e s t s  78A236 and 78A239 to t e s t  78A232 reveals 
the basic differences. In t e s t s  78A236 and 78A239 the angu- 
l a r  velocity reaches a maximum close to  the Q2 time, with 
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the minimum occurring around Q3. Shortly following Q , 
there i s  a rapid r i se  in the angular velocity with ro ? ation 
in the opposite direction. A similar behavior can occur in 
cadavers ( t e s t  76A135) b u t  the f i r s t  peak i s  generally 
significantly smaller than the second. This may be a t t r ib-  
uted to the differences in skull geometries and soft t issue 
distributions. 

In the unembalmed cadaver, i t  has been determined (1)  
that the source of the generalized forces during (Q2-Q3) i s  
the sof t  t issue ( i  . e . ,  the brain). I t  i s ,  however, more 
d i f f icu l t  in primates to separate the effects of the brain 
from that  of the sof t  issue in the head and neck. In Fig- 
ure 7, the x-ray reconstruction compares the soft t issue 
distribution of the various human surrogates. The brain i s  
the primary source of soft t issue in the head of the cadaver 
while in the primate, i t  is  the external head and neck 
masses. The effect  of muscle mass can become so great that ,  
during Papio Test 78A229, more momentum i s  transferred to 
the soft  t issue than to the skull.  Examination of the data 
in the Appendix for that t e s t  shows that a large positive 
tangential acceleration occurs a f te r  impact, indicating 
that momentum i s  being transferred to the skull from an 
outside source. The amount transferred i s ,  in fact ,  so 
great that the maximum velocity i s  not reached until we1 1 
a f te r  impact. This i s  consistent with the measured masses 
of the soft  t issue and skull of th i s  subject, given in - - -  
Table 2. 

REPARAMETERIZATION OF EVENT OCCURENCE FROM TIME TO 
ARC LENGTH - Examination of the primate t e s t  data reveals 
that many of the time histories of the motions are similar 
in waveform to that of a cadaver (Test 76Al35). However, 
the time interval s between events are necessari 1 y much 
shorter for  primates than for the cadaver, since the iner- 
t i as  of their  respective masses are quite different.  The 
events that occur for a l l  t es t s  during the (Q1-Q3) interval 
su gests that ,  by reparameterization of the data from time 
(t? to path arc length ( s i t ) ) ,  the geometry of the space 
curves of the A.C. could be made more congruent. This was 
done for a11 the primate tests  and for  two equivalent cad- 
aver t e s t s ,  reported in Reference (1 ), by integrating the 
resultant velocity of the A . C .  to obtain arc length. Table 
4 l i s t s  the results of the reparameterization for both 
primates and cadavers in posterior-to-anterior impacts. 
With two exceptions (78A229 and 78A238) the reparameter.i za- 
tion sh i f t s  the occurence of the Q2 and 93 events into , 
congruence in terms of arc length. Test 78A238 produced a 
reasonable sh i f t  of the Q event b u t ,  due to instrumentation T di f f icu l t ies ,  93 was poor y defined in time and therefore 
produced a poor definition in terns of arc length. Test 
78A229 was conducted with a Papio tes t  subject and, as noted 
ear l ie r ,  the head motion was dominated by soft t issue 
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'effects which produced a different  t ra jectory during the 
(Q2-Q3) interval and thus, i s  expected to  resu l t  in a d i f -  
ferent  head impact response. 

EFFECTS OF THE POST-MORTEM STATE - Previous work, re- 
ported a t  the 21st Stapp Car Crash Conference ( I ) ,  has shown 
that major effects  a t t r ibutable  to gross brain motions in 
head impact with unembalmed human cadavers can be studied 
using the nine-accelerometer motion analysis technique and 
with high-speed cineradiography. One of the original pur- 
poses of the present study was to investigate such effects  
in living and post-mortem animal subjects.  As discussed in 
the previous section, there are  large soft  t issue masses 
(external muscle masses) in primates whose motions can mask 
the effects  of the motion of the brain on the skull re- 
sponse. Thus, the use of motion analysis of the skull to  
indicate resulting par t ia l ly  decoupl ed brain motion i s  
d i f f i cu l t  with animal t e s t  subjects.  Within a par t icular  
species comparative effects  can be discerned, however. Test 
78A236 i s  a post-mortem t e s t  with the same in i t i a l  condi- 
tions as Test 78A239, a 1 ive animal t e s t .  Examination of 
the resul tant  angular velocity traces for  both these t e s t s  
( see  Appendix) shows s ignif icant  differences in the waveform 
shape and magnitude. For the post-mortem subject the wave- 
form i s  smoother with l e s s~ab rup t  changes in angular vel- 
oci ty  than for the 1 ive subject.  The i n i t i a l  peak angular 
velocity for  the post-mortem subject was only about one-half 
that for  the l i ve  subject while the final levels were simi- 
l a r .  Tests 78A238 and 78A241 ( t races not shown in th i s  
paper) provide a similar comparison for a different  i n i t i a l  
t e s t  condition. 

High-speed cineradiography i s  a technique which can 
provide a more direct  indication of brain motion. In some 
of the previously reported cadaver head impacts (1)  th i s  
method has demonstrated the formation of radiotransparent 
regions in the brain cavity during impact motion. The ap- 
pearance of these regions was considered to be related t o  
motion of the brain relat ive to the skul l .  In the s i x  
t e s t s  conducted with Macaca subjects,  cineradiographs were 
taken and no such phenomena were noted. This may be due to  
tangential accelerations which were insuff icient  t o  move 
the skull away from the brain or due to angular accelerations 
which affected the dynamics of the motion suff icient ly to 
suppress the phenomena. A more severe impact environment 
than that  used in th i s  t e s t  ser ies  may be necessary to  pro- 
duce conditions in the primates which are analogous to  those 
for  cadavers. 

Measurement of epidural pressures i s  another direct  
measurement of brain response to  impact. Figures 9 and 10 
present epidural pressure- time his tor i  es and t he i r  accom- 
panying power spectra for post-mortem and l ive primate t e s t  
subjects.  The peak pressures for  the l iving s t a t e  are  about 
two to  five times the values for  the post-mortem s t a t e  and, 



F ig .  9 - Time history and power spectrum of post-mortem 
primate subjects 
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in addi t ion ,  t he  post-mortem waveforms contain much lower 
power than those of t h e  l i v i n g  s t a t e .  This d i f ference  sug- 
ges ts  t h a t  t h e  l iv ing  brain i s  s t i f f e r  than the  unpressur- 
ized post-mortem brain.  

CONCLUS IONS 

Many fea tures  of t h e  data presented in t h i s  paper a re  
f e l t  t o  be ind ica t ive  of  important kinematic f ac to r s  i n  head 
impact. More work i s  necessary before these  f indings can be 
generalized.  The fol lowing spec i f i c  conclusions can be 
drawn: 

1 .  Three-dimensional accelerometry techniques can be 
appl led to  d i r e c t  head impacts with lower primate sub- 
j ec t s .  
2 .  The Frenet-Serret frame f i e l d  method fo r  charac- 
t e r i z ing  t h e  motion of a point in space shows promise 
in describing head impact motion. 
3. Reparameteri zation of head impact motion events 
may be useful in describing s i m i l a r i t i e s  and d i f f e r -  
ences between the head impact responses of human sur-  
rogates.  
4. The response of  the  head, during the  time of con- 
t a c t ,  i n  d i r e c t  impact i s  af fec ted  by the  geometry of 
the  skull  in the  region of contact .  
5 .  The response of  the  head, during and a f t e r  the  
time of contact ,  i s  a f fec ted  by t h e  s o f t  t i s sues  of 
t h e  head and neck. 
6. Comparison of 1 ive and post-mortem (unpressurized) 
Macaca t e s t  subjects  shows di f ferences  in  both head - 
impact response and epidural pressure.  
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APPENDIX 

The following t ime-histories are  included for  reference 
w i t h  t h i s  paper. Because of space l imi ta t ions  not a l l  the 
t e s t  variables are  shown and some of the  t e s t s ,  which were 
essent ia l ly  duplicates of the  ones presented, a r e  a lso  de- 
1 eted. 
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ABSTRACT 

The response of the head to impact was 
investigated using live anesthetized and post- 
mortem aesus monkeys and repressurized 
cadavers. The stationary test subject was 
struck by a guided moving impactor of 10 kg for 
monkeys; 25 or.65 kg for cadavers. The impactor 
striking surface was fitted with padding to vary 
the contact force-time character~stics. The 
experimental technique used a nine-accelerometer 
system rigidly mounted on the head to measure 
head motion, transducers placed at specific 
points below the skull to record epidural 
pressure, repressurization of both the vascular 
and cerebral spinal systems of the cadaver 
model, ,and high-speed cineradiography iat 400 or 
1000 frames per second) of selected test 
subjects. The results of the tests demonstrate 
the potential importance of skull deformation 
and angular acceleration on the injury produced 
in the live Rhesus and the damage produced in 
both the post-mortem Rhesus and the cadaver as a 
result of impact. 

Ili THE UNiTED STATES roughly 49 percent of head 
injuries can be attributed to motor vehicle 
accidents (1-3)*, Investigation of trauma to the 
head and 0: mechanisms of injury becomes 
invaluable for allocating resources and for 
formulating policy to reduce its incidence, 
morbidity, and mortality. 

Because motor vehicle field accident data 
do not provide the level of detail necessary to 
ascertain mechanisms of icjury resulting from 
the interactions of the passenger with the 
vehicle interior during an accident, 
bioengineers us2 trauma experiments with human 
surrogates (cadavers or animals) to document 
kinematic parameters so that mechanisms of 
injury can be better simulated, modeled and 
verified. 

 umbers in parenthesis designate references at 
end of paper. 

The repressurized cadaver is often chosen 
as an experimental model because its geometry 
and soft tissue distribution is similar to that 
of a live human. Damages to repressurized 
cadavers which correlate well with clinically 
observed injuries are those that can be 
documented by gross autopsy. They include scalp 
laceretions (linear, flap, stellate), fractures 
of the cranial vault or base (linear, depressed, 
comminuted), lesions which are visible to the 
naked eye anc! hemorrhage (petechia; contusion; 
epidural, suMural, subarachnoid and 
Fntracerebral hematomas). Mild concussion, 
cerebral concussion and diffuse brain injury 
disrupt the functioning of the brain without 
gross overt structural evidence. Because 
diagnosis of concussion requires the observation 
of behavioral responses, animh: subjects are 
necessary in experimental contexts. As a 
result, subtle distinctions are lost, making 
scaling of the results to the human level 
approximate (4). 

The bioengineering literature on mechani'sms 
of injury is a rich one (5-43). However, 
despite conscientious speculation as to the 
mechanics which produce head trauma and 
theoretical and experimental scrutiny of various 
hypotheses about it, considerable controversy 
still exists. The hypotheses usually cannot 
wholly fit clinical or pathological 
observations, assessment of biomaterial 
properties, or may not agree with predzctions of 
mathematical models. 

Several such controversies involve angolar 
and linear acceleration and skull deformation 
( 5 - 8 , 1 2 r 1 6 - 1 7 , 2 1 - 2 2 , 3 4 t 3 8 , 4 0 ) .  These debates 
are complicated by the complex mechanical 
structure of the head and brain. A number of 
biomechanical analyses (finite element analyses, 
in particular) have attempted to mo8el the brain 
with reasonable geometric preclsion. However, 
these calculations invoive over-simplified 
modeling of materials and behavior, assuming 
simple elasticity or homogeneous materials 
(12-13,23-24,38,41-44). A number of other 
investigators have attempted to define the 



pressure-volune relationship of the skull  t o  
impact (19,25-26,28-30,32,36,03-44). However, 
the skull-brain interface as well as the effects 
of skull deformation on the impact response of 
the brain i s  not weil understood. 

A =]or d i f f icu l ty  i n  the invest~gat ion of 
head trauma i s  designing kinematrc experimc?t s 
whsch , in te r fe re  minimally w i t h  :he biolocical 
and and physical systems being observed, yet 
produce resul ts  that correspond well 'itn 
c l in ica l ly  observed trauma. Some understanding 
of head injury mechanisms as a result  of blunt 
impact has zesultec! from r e l a t ~ n g  kinematic 
pzrameters to injury modes. Bowever, wi th  the 
pcssibi l i ty  of several in:ury mecnanisms 
correlations of th i s  type do not always imply 
causation. The parameters commonly used for 
describing head mechanical response during 
direct  impact have been angular and 
translational accelerations, velocities,  
displacements of :he head as a rigid bcdy, skull 
bone deformations, anl rnternal presscres in  the 
b r a ~ n .  Many investigators have chosen to 
investrgate a single parametex, such as 
resultant head accelerrtion for iiead Injury 
Criterion (HIE', calculation, and later  use i t  as 
an index of severity or tolerance threshol2. 

This paper discusses techniques develogd 
and used by the Biomechnics Group a t  the 
University of Michigan Transportatzon Research 
Ins t i tu te  (UMTRI) for measuring three- 
dimensional head motion, epidural pressure, and 
lnternal brain motion of repressurrzed cadavers 
and Rhesus monkeys during head impact. The 
resul ts  w i l l  be compared to those previously 
presented ( 3 0 , 4 0 )  and a possible injury 
mechanism w i l l  be suggested. 

METHODOLOGY 

Three l ive anesthezized and three post- 
mortem Rhesus monkeys* and nine repressurized 
cadaversa* were tested. Five cadavers were each 
subjected t o  a series of up t o  three head 
impacts using the LMT2I pneumatic impacting 
device wrth a 25 or 65  kg impactor. The 
remaining four cadavers were subjected t o  two 
head impacts each wlth the U)ZTRi pendulum 
impacting device w i t h  a 25 kg impactor. The 
cadavers were instrumented with a nine- 

*Animals were handled according to the American 
Association for Accreditation of Laboratory 
Animal Care and National Inst i tutes  of Health 
guidelines. 
*'The protocol for the use oi cadavers in this  
study was approved by the Committee to  Review 
Grants for Clinical 2esearch of the University 
of Michigan Medical Center and follows 
guicielines established by the U.S. Public 
Health Service and recommended by the National 
Academy of Sciences/National Research Council. 

accelerometer array located on the head to 
measure three-dimensional motion. Epidural 
pressure transducers were used t o  monitor 
pressure changes during impact of the brain- 
skull interface. 30 th  cetejrosprnal and 
vascular systems of the cadaver head-braln 
complex were repressurize:!. In addition, high- 
speed photokinemftrlcs were obzained using 
norm;ll photographic or crncadiographic 
techniques. 

Using the ?nematic impactrng device w i t h  a 
10 kg impactor, three l ive  and three post-mortem 
non-human prrmates (Macaca mclatta) were each 
subjected to  a single head impact t o  the 
occipital region. The six Rhesus subjects used 
in these experiments were obtained by UMTRI from 
the University of Michigan Unit for Laboratory 
A n a l  Medicine (ULAMj.  The s ix Rhesus subjects 
were instrumented similarly t o  the cadavers with 
nine-accelerometer arrays on the head and with 
epidural pressure transducers to  document 
transient pressures. For post-mortem Rhesus 
subjects, neizher cerebrospinal nor vascular 
systems of the head-brain complex were 
repressurized. - 

IMPACT TESTING - The methods and procedures 
used i n  th i s  research a re  outlined below. 
Additzonal informatron can be found in 
(20-32,45-46). 

Linear Pendulum Impact Device - The UMTRI 
linear pendulum impact device, using a free- 
fz l l ing  pendulum as ar, energy source, strikes 
either a 25 kg or 56 kg impact piston. The 
piston i s  guided by a set  of ?homs?n linear bal l  
bushings. Axial loads were calculated from data 
recorded using a Setra Mode? 111 accelerometer. 

Impact condit~ons betwee? tes t s  were 
controlled by varyzng impact velocity and the 
t:qe and depth of paddzng on the impactor 
surface. Piston veloci:]r was measured. by tirning 
the pulses from a magnetic probe which senses 
the motion of the targets in  rhe piston. 

A specially designed Zmer box was used to 
control and synchronize the impact events during 
a particular t e s t ,  such as the release of the 
pendulun and activation and deactivation of the 
l ights  and high-speed cameras. - - 

Bal l i s t i c  Impact Device - The UHTRI 
ba l l i s t i c  impact device (Figure l ) ,  consists of 
an a i r  rese,rvoir, a ground and honed cylinder, 
and a carefully f i t t ed  piston mechanically 
coupled t o  a ba l l i s t i c  pendulum. The piston, 
propelled by compressed a i r  through the cylinder 
from the a i r  reservoir chamber, accelerates the 
ba l l i s t i c  pendulum. The mass of the ba i l i s t l c  
pendulum can be vkried from 10 t o  150 kg.  The 
piston i s  arrested a t  the end of i t s  travel 
allowin? the ba l l i s t i c  pendulum to become a 
free-traveling impactor. The ba l l i s t i c  pendulum 
i s  f i t t ed  w i t h  an inertia-compensated load ce l l .  

Nine-Accelerometer Head Plate - For Rhesus 
subjects, the rnstal la t ion of the nine- 
accelerometer plate i s  accomplished as follows. 



/', " 

A' / X ray Gatlng Box 

Photosonlc Camera 

Ball~st~c Pendulum 

X-ray Source - 
Fig. 1. Pneumatic Ballistic Pendulum and Test Setup for Cadaver Impacts. 

The scalp is removed from the frontal bone over 
the crbital ridges. Several metal self-tapping 
screws are attached firmly to the skull through 
small pilot holes drilled into the orbital 
ridges and into the dental plate above the 
canine teeth. Quick-setting acrylic plastic is 
molded around each of the screws and the base of 
the plate mount embedding it in the plastic. 
The orientation of the plate in this position is 
shown in Figure 2. 

For cadavers, the nine-accelerometer plate 
is installed in the following manner. E, two-by- 
twc inch patch of scalp is removed froin the 
right occipital-parietal area. Four small 
screws are then placed in a trapezoidal pattern 
in the skull within the dimensions of the 

It is necessary to determine the 
instrumentation frame's exact location and 
orientation in relation to the anatomical frame. 
A three-dimensional x-ray technique was 
developed which requires taking two orthogonal 
radiographs of the instrumented head. The 
procedure requires the identification of four 
anatomical landmarks (two superior edges of the 
auditory meati and two infraorbital notches) 
with four distinguishable lead pellets, plus the 
identification of four lead pellets inlaid In 
the plate to define the instrumentation frame. 
A similar radiographic technique was used with 
Rhesus monkeys to determine the orientation and 
location of the instrumentation frame with 
respect tc the anatomical frame. 

accelerometer plate mount. Quick setting E~idurai Pressure Measurements - Epidural 
acrpllc plastic is molded around the screws pressures of Rhescs subjects are obtained with a 
forming a base. The plate mount is then placed Kulite model MCE-55-5F catheter tip pressure 
in the acrylic base. See Figure 3A for the transducer. For cadavers, Endevco series 8510 
location of the plate mount. piezoresistive pressure transducers are used. 

-\ 
u' 

Head Plate 

Fig. 3A. Nine-Accelerometer Plate Position for 
Cadaver Impacts. 

3B. Location of Transducers for Epidural 
Pressures 1, 2, 3, and 4. 

Fig. 2. Nine-Accelerometer Plate Position for 
Rhesus Monkey Impacts. 



For Rtresus subjects a small c i r c l e  of scalp 
r s  removed and a Stryker bone coring too l  i s  
used t o  make a hole i n  t h e  sku l l  w i t h  a c i r cu la r  
b i t .  An adjus table  set-screwed c o l l e t  i s  used 
t o  core zntc the  skul l  l n  smail Increments, 
p:eva?tlng damage t o  the  dura mate:. The 
increment of bone i s  then rem~ved using a denta l  
scoop, and the hole i s  tapped fo r  a coarse 
thread. E. tabciar  magnesrum coupling device i s  
screwed i n t o  the tapped hole i n  the  sku i l  
(Figure 4A;. 1; i s  anchored i n t o  place using 
quick-sett ing ac ry l i c  p l a s t i c  molded around the  
Srse.  3ow Ccrnlng die1ec:ric gel  ( s i l i c o n  
f l u i d )  1s n j e c t e d  Lntc the  t3Sing t c  a c t  as *a 
cccpiinc medium. The Kullte presscre transducer 
i s  then inser ted  an?. secured a t  proper depth. 

F i n .  4A.  Magnesium Coupling Device* 
4 E .  Skull Bone Coring Device. 

For cadaver subjects four 1 cm diameter 
c i r c l e s  cf scalp a r e  remove:! over the f r o n t a l ,  

. p a r i e t a l  and o c c i p i t a i  bones and a Stryker bone 
coring tool  i s  used t o  make four holes i n  the  
skul l  wrth a c i r cu la r  b i t  (Figure 4B). Holes 
a r e  placed out of the  contact  area of the  
impactin5 surface and a r e  not d r i l l e d  i n t o  
sutures (Figure 3 B ) .  The aura mater under these  
holes i s  perforated without cu t t ing  t h e  bra in .  
The holes a r e  tapped. The brass transducer 
couplings a r e  ir.serted i n t o  the  tapped holes.  
Two pinhead screws a r e  at tached 2 cm from each 
transducer. Qulck-setting a c r y l ~ c  p l a s t i c  i s  
molded around t h e  pinheas screws and rhe mouth 
of each transducer couplinq a s  a mooring device.  
After check~ng f l u i d  flow, the  Endevco se r i e s  
8510 p i e t o r e s i s t i v e  pressure transducers a r e  
at tached t o  the  f i t t i n g s .  . 

RaaioDaaue Target Gel - h neutra l  densi ty  
radhopaque gel  zs  used t o  determine motion of 
the  braia dnring impact. The gel  i s  i n j ec ted  
i n t o  the  brain through the  holes used f o r  
inser t ion  of the  pressure  transducers.  The 

in j ec t ion  technique produces l i n e s  of radio- 
contras t  i n  the  brain tha t  show up m high-speed 
cineradiographic movies. See Figure 5. 

Head Plate - PI essure 
Tronsd rcers 

F i g .  5. Radiograph and Reconstruction of 
Radiograph W i t h  Radio-contrast Dye 
i n  s i t u .  

X-Xay Motror,. Descriptors - The procedures 
used fo r  defining x-ray motLon descr ip tors  a r e  
explained i n  (45) and b r i e f l y  outl ined below. 
The cineraaiograph system ailows non-invasive 
viewing of in t e rna l  anatomical s t ruc tu re  
vivo. In the  case of a r i g i d  s t ruc tu re  such as - 
bone, the  radlopaque t a r g e t s  can be placed on or 
near anatomical landrarks and motion can be 
described s imi lar ly  t o  tha t  of s tandar t  
photometric techniques. Problems a r i s e  wher, 
so f t  t i s s u e  i s  t o  be analyzed and r i g i d  body 
dynamics no longer o f fe r  a good approximation. 



Several methods could be suggested t o  produce 
a n a l y t i c a l  Information descr ib ing t h e  s o f t  
t i s s u e  of t h e  bra in .  In  t h i s  paper the  motion 
d i s c r i p t o r s  chosen a r e  based upon t h e  shadows of 
objects  i n  a two-dimensional image space 
prociuce? by a point  source of x-rays which a r e  
associa te2  w i t h  t he  anatomical s t r u c t u r e s  or  t h e  
radiopaque eye ir.jecteB i n t o  the  bralr.. The 
dsscr ipzors  a r e  a t  most two-dimensional and do 
no: take l n t o  account r o t a t i o n s  and t r a n s l a t i o n s  
which move ob jec t s  i n  and out of the  plane of 
gross whole body motion. In add i t ion ,  changes 
i n  the  x-ray cross-section of ob jec t s  can lead 
t c  changes i n  t h e  desc r ip to r s  which do not have 
a d i r e c t  r e l a t i o n  t o  rzgid body motion. In t h e  
1mFact t e s t s  presente6 ir, t h l s  Faper radlopaque 
gel  was in j ec ted  i n t o  t h e  head producing four 
curved i i n e s  i n  the  bra in  and ou t l in ing  t h e  
v e n t r i c l e s  i n  some t e s t s .  D i f f e r e n t i a l  motion 
berweeE t h e  bra in  and t h e  sku l l  was obtained by 
comparing t h e  motion of points  on the' curve 
c loses t  t o  t h e  center  of t h e  epidural  pressure  
transducer.  General c h a r a c t e r i s t i c s  of t h e  
mxion  of the  brain were obtained through t h e  
changes i n  shape of t h e  curved l i n e s  and 
v e n t r i c l e s .  

Cadaver Vascular Repressurization - To 
pressur ize  the  cadaver vascular  system of t h e  
head, the  comrnr,n c a r c t i d  a r t e r y  i s  located a t  a 
point  i n  the  neck and an lnc i s ion  i s  made. (See 
Figure 6 . )  A balloon catheter  i s  i n se r t ed  and 
posit ioned such t h a t  the  balloon i s  i n  the  
i n t e r n a l  c a r o t i d  a r t e r y  jus t  above t h e  point  
where the  external  ca ro t ld  a r t e r y  branches. A 
narrow polyethylene tube i s  in se r t ed  a t  t h e  same 
point  and runs i n t o  the  i n t e r n a l  ca ro t id  a r t e r y  
just  pas t  t he  balloon.  A Kuli te  pressure  
transducer i s  then fed through t h i s  tube so t h a t  
vascular pressure  may be monitored. F ina l ly ,  
:he ve r t eb ra l  a r t e r i e s  a r e  t i e d  off above t h e  
c l a v i c l e  such tha t  f l c i d  pressure  i n  t h e  head 
may be maintained. Jus t  p r l o r  t o  t e s t i n g ,  a 
solucion of India ink and s a l i n e  i s  re leased 
from a tank in10 t h e  vascular system of t h e  
head. A pressure  Transducer monitors the  flow 
so tha t  the  system i s  brought t o  normal 
physlological  pressure  just  p r io r  t o  impact. 

Cadaver Cersbrospinal Repressurization - 
For the  cadaver head impacts, t h e  sub3ural 
region surrounding the  brain and spinal  cord i s  
repressurized by coring a small hole i n t o  t h e  
second lumbar ver tebra  and inse r t ing  a Foiey 
ca theter  under :he dura of the  spznal cord such 
tha t  the balloon of the  ca the te r  rsaches mid- 
thorax l e v e l .  To check f l c i d  f l o w  through t h e  
ventr ic?es ,  s a l i n e  1s  znjectcd through t h e  Foley 
ca theter  u n t i l  f l u i d  r i s e s  t o  t h e  top of t h e  
p iezores i s t ive  pressure  transducer c o u ~ l i n g s .  
The couplings a r e  capped u n t i l  t he  radiopaque 
sodiurc ioa ide  gel  t a rge t  has been slowly 
ln jec ted  through t h e  couplings i n t o  the  b r a i c  
cortex and a setup radiograph has bee3 made of 
t h e  head. The point  a t  whlch the  ca the t s r  
passes zhrough the  lamzna of t h e  second lumbar 
vertebra i s  sealed w i t h  p l a s t i c  a c r y l l c .  
(Figure 7 )  

Catheter 

Bol loon 

I 

Fig. 7. Cerebrospinal Pressur iza t ion Pro-  
cedure and Placement. 

Test Subject Preparation - The unembalmed 
cadavers were s tored a t  4 degrees cent igrade  
p r io r  t o  t e s t i n g .  The cadaver s s  x-rayed a s  
par t  of the  s t r u c t u r a l  damage evaluation and 
anthropomorphic measurements a r e  recorded.  
Next, the  cadaver i s  instrumented, s a n i t a r i l y ,  
dressed and t ranspor ted  t o  t h e  t e s t i n g  roan 
where the  accelerometers and pressure  
transducers a r e  a t tached.  The subject  i s  

Tied Off posit ioned.  Next, t he  radiopaque gel t a r g e t  i s  
i n se r t ed ,  and p r e t e s t  x-rays and photographs a r e  
taken. Pressur iza t ion i s  checked. Then t h e  

Fig. 6 .  Vascular Pressur iza t ion Procedure and subject  i s  impacted. Each cadaver received 
Placement. e i the r  two dup l i ca te  head impacts or one low- 



Nine Accelerometer Plate 

Fig. 8. Test Setup f o r  Posterior-Anterior 
Rhesus Head Impact. 

energy heavy-padded f r o n t a l  impac: and one 
medtum &?erg  slrghtly-padded f r o n t a i  impact. 

Three Rhesus impacts were conducted on 
post-rnorren; subjects .  Upon termination, they 
were s t o r d  rn a cocler a t  4 degrees centigrade 
f o r  48 hours before t e s t lng .  Living Macacas 
were usef i n  the  other th ree  experiments. m e  
prc tocol  fo r  post-mortem animals was l e s s  
complex than t h a t  fo r  the  l i v e  animals, which 
was presented e a r l i e r  i 3 2 ) ,  out l ined below. 

The sub2ecr i s  f i r s t  anesthetized with 
iretarnine and then m ~ n t a i n e d  w i t h  ketamlne and 
so6iun pentobarbi ta i .  An airway i s  es tabl ished.  
The upper body i s  prepared and the. weight and 
biometric measurements a r e  tairen. Using a 
cauter iz ing sca lpe l ,  t he  sca lp  and muscle mass 
a r e  remover? from tho f r o n t a i  bone and the  screws 
used t o  affix the  nine-accelerometer p l a t e  anC 
the  epidural  Fressure transducer skul l  f i t t i n g  

a r e  screwed i n t c  place.  Figure 8 shows the  
posi t toning of the  instrumentation on the  Rhesus 
s k u l l .  

The Rhesus t s  placed in  an e rec t  s i t t i n g  
posi t ron w i t h  :ts pos ter ior  s ide  towards the  
impactor, so tha t  the  l i n e  of impact i s  i n  the  
mid-sagit tal  plane i n  the  poster ior-anter ior  
d i r e c t i o n .  The Rhesus i s  s t ab i l i zed  with paper 
-ape. A polaroid photograph i s  then taken 
through the cineradiograph t o  check the  posi i lon  
of the  animal and the  x-ray se t t ings .  Figure 8 
a l s o  snows t h e  bas ic  t e s t  setup.  Eight hours 
a f t e r  impact, a 5  m.1 dose of Uthol 

(concentrated, unpure sodium pentobarbi ta l )  i s  
i n j ec ted  v ia  t h e  hind leg  I.V. catheter  t o  
euthanize the  animal. ' 

Rhesus I n i t i a l  Test Conditions - The t e s t s  
berng reported here a r e  a continuatton of Rhesus 
t e s t s  reported e a r l i e r  ( 3 0 ) .  Conditions for  
t h i s  se t  of t e s t s  were s imi lar  except higher 
impact energy l eve l s  were used an6 the  subjects  
were positioned so t h a t  impact occurred through 
t h e  es t ina ted  center of mass. The impactor was 
the  UMTF.1 10 kg pneumatic impacting device and 
the  impacting surface was 10 un i n  diameter a;ld 
padded w i t h  2.5 un Ensoli te.  

Cadaver I n i t i a l  Test Conditions - Tests 
62E00l thru 82E062 used the  L'MTRI 25 kg l inea r  
pendulum impactkng device w i t h  a l 5  cm diameter 
impacting surface pacided w i t h  2 . 5  cn Ensoli te.  
Tes ts  82E961 thru 84E141D used the  UMTRI 25 kg 
b a l l i s t i c  impacting device f l t t e d  w i t h  a 15 cm 
l iameter  impacting surface padded w i t h  2.5 cm 
Ensol i te ,  or a sandwrch of 2.5 cm s:yrofoam, 
5  cm Dow Ethafoam plus  2.5 un Ensol i te ,  or one 
02 0.5 an Ensol i te ,  5 cn seat ing foam plus 
0.5 cn Ensol t te .  Tests 8fEljlA through 84El61C 
used the  LlERI 65 kg b a l l i s t i c  impacting device 
f i t t ed .  with a 15 cm diameter tmpacting surface 
padded w i t h  e i the r  0.5 cm Ensol i te  or a 
sandwich of 0 . 5  Ensol i te ,  5 mt seat ing foam, and 
0.5 cm Ensoli te.  The t a rge t  area  fo r  a l l  of 
these  impacts was the  center of the  forehead 
above the  o r b i t s  ( f r o n t a l ) .  Impact occurred i n  
the  an te r io r  t o  pos ter ior  d i r ec t ion .  A l l  
cadavers were seated and positloned w i t h  paper 
tape sc  tha t  t he  subject  and the  impact t a rge t  
were s t ab le  (Figure 9 ) .  

Cineradiogra~hs  - In se lec ted  subjects  
high-speed cineradiographs were taken i some 
cadavers an6 a l l  Rhesus). The cineradiographs 
were taken of the  impact events a t  1000 or 400 
frames per second. The UMTRI high-speed 
cineradiographic system ( 4 7 - 4 8 )  c s n s i s t s  of 
e i the r  a Photosonics 15 or  Yliiken high-speed 16 
mm motion-picture camera whrzh views a 5 cm 
diameter output phosphor of a high-gain, four- 
s tage ,  magnetically focused image i n t e n s i f i e r  
tube, gated on and off synchronously w i t h  
shut ter  pulses from t h e  motion-picture camera. 
A l e n s ' o p t i c a l l y  couples the  input photocathode 
of t h e  image i n t e n s i f i e r  tube t o  x-ray images 
produced on a f luorescent screen by a smoothed 
di rec t -current  x-ray generator.  Smoothing of 
the  full-wave r e c t i f i e d  x-ray outpur i s  
accomplished by placing a pa i r  of high-voltage 
capaci tors  in  p a r a l l e l  w i t h  t he  x-ray tube. The 
viewing Zield f o r  these experiments was between 
2 0  and 40 ur,. 

Photoklnemetrics - The motion cf the  
subject  was determined from the  high-speed 11030 
frames per second) f i l ~  by following the  motion 
of single-point phototargets on the  head and on 
the  rmpactor p is ton.  For se lec ted  cadaver 
f r o n t a l  impacts, a Hycam camera operating a t  
3000 frames per second provided a close-up 
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Fig. 9 .  Initial Conditions for Cadaver Frontal 
Head Impact. 
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lateral view of the impact. For selected 
cadaver frontal impacts the Photosonics provided 
a lateral 1300 frames per second overall view. 

Data Handling - All transducer time 
histories (impact force, lmpact acceleration, 
epidural pressures, nlne head-accelerations) 
were recorded unfilteres on either a Honeywell 
7600 FM Tape Recorder or a BeLl and Howell CEC 
3300/CEC 340C FM Tape Recorder. A synchronizing 
gate was recorded on all tapes. All data was 
recorded at 30 ips. The analog data on the FM 
tapes was played back for digitizing through 
proper anti-aliasing analog filters. The 
analog-to-digital process for all data, results 
in a dlgitial signal sampled at 6400 Hz 
equivalent sampling rate. It has been reported, 
that skull vibrations above 1300 Hz could cause 
very local motion in the accelerometer mountings 
(40). To reduce this effect, the raw transducer 
time histories were filtered, digitally, with a 
Butterworth filter at 1000 Hz, 6th order. 

METHOD OF ANALYSIS - The techniques used to 
analyze the results are outlined below. 
Additional information can be found in 
(30-32,41-42). 

Frame Fields - As the head moves through 
space, any point on the head generates a path in 
space. In head injury research we are 
interested in the description of the path of the 
anatomical center and in events which occur as 
it moves. , A very effective tool for analyzing 
the motion of such a point (the anatomical 
center), as it moves along a curved path in 
space, is the concept of a moving frame (49-52). 

The path generated as the point travels through 
space is a function of time and velocity. A 
vector field is a function which assigns a 
uniquely defined vector to each point along a 
path. Thus, any collectzon of three mutually 
orthogonal unit vectors defined on a path is a 
frame field. Therefore, any vector defined on 
tho path !for example, acceleration) msy be 
resolved into three orthogonal components of any 
well-defined frame flelc, such as the laboratory 
or anatomical reference frames. Changes in a 
frame field with time (for example, angular 
acceleration cf the frame field) are interpreted 
as vectors defined on the curve and are also 
resolved into three components. 

In biomechanics research, frame fields are 
defined based on anatomical reference frames . 
Other frame fields such as the Frenet-Serret 
frame or the Principal Direction Triad (32,46), 
which contain information about the motion 
embedded in the frame field, have also been used 
to describe motion resulting from impact. 

The Frenet-Serret frame (51-52) consists of 
three mutually orthogonal vectors T, N, B. At 
any point in time a unit vector can be 
constructed that is co-directional with the 
velocity vector. This normalized velocity 
vector defines the tangent direction T. A 
second unit vector N is constructed by forming a 
unit vector co-directional with the time 
derivative of the tangent vector T (the 
derivative of a unit vector is normal to the 
vector). To complete the orthogonal frame, a 
third unit vector § (the unit binormal) can be 
defined as the cross product T x N. This 
procedure defines a frame at each point along 
the path of the anatomical center. Within the 
frame field, the linear acceleration is resolved 
into two dlstinct types. The tangent 
acceleration  an(^)] is always the rate of 
change of speed (absolute velocity) and the 
normal acceleration  or ( N !  1 gives ~nformation 
about the change In directron of the velocity 
vector. The binormal direction contains no 
acceleration information. 

Transfer Function Analysis - With blunt 
impacts, the relationship between a transducer 
time history at a given point and the transducer 
time history of another given point of a system 
can be expressed in the frequency domain through 
the use of a transfer function. A Fast Fourier 
Transformation of simultaneously monitored 
transducer time histories can be used to obtain 
the frequency response functions of impact force 
and accelerations of remote points. Once 
obtained, a transfer function of the form: 

can be calculated from the transformed 
quantities where w is the given frequency, and 
F[F(~) 1 and F[A(~) 1 are the Fourier transforms 
of the impact forces and acceleration of the 



point of i n t e r e s t ,  a t  the  given frequency. This 
pa r t i cu la r  t r ans fe r  function i s  c lose ly  r e l a t ed  
t o  a mechanical t r ans fe r  impedance (53)  which i s  
defined as the  r a t i o  between simple harmonic 
drivrng 2orce and corresponding veloci ry  of the  
point of i n t e r e s t .  Mechan~cal t ransfer  
impedance 1s a complex valued function whlch fo r  
the  purpose of presenta t ion w i l l  be described by 
i r s  magnitude and i t s  phase angle.  In addit ion 
t o  a t r ans fe r  function r e l a t i n g  force  t o  
veloci ty ,  a t r ans fe r  f u n c t ~ o n  can be generated 
whicn r e l a t e s  the  response of one point  I n  the  
sys~em t o  another polnt i n  the  system, the  
response being expressed I n  the frequency 
doma:c. Analogous t o  mechanical zmpeaance, a 
Fast Fourler Trans:ormatlon of simultaneously 
monitored transducer trme h i s t o r i e s  from any two 
points -n the  system can be used t o  obtaln the  
frequency response functions r e l a t ing  those two 
Faints. in the case of a force  and a pressure,  
such as Impact fo rce  and epidural  pressure,  a 
transformation cf the  form: 

can be ca lcula ted  from the  transformed 
quanzi t ies ,  where w i s  t he  given zrequency, 

F [ ~ ( t j ]  and F ip ( t r1  a r e  t h e  Fourier 
transforms of the  impact force time h i s to ry  and 
the  pressure time hist0.y. 

Correiatzon Functions - Tc descrzSe some of 
the  fundamental proper t ies  of a time h i s to ry ,  
such as a c c e l e r a t ~ o n  or  force ,  two rypes of 
s:atzstlcal measues  may be used: 

1. Auto-correiatzon Fcnction. l h i  s 
measure i s  :he co r re l a t ion  between two 
points or, a tune u s t o r y  and i s  a 
measure cf the  dependence of the  
amplitude a t  time t l  on the  amplitude 
e r  t*. 

2 .  Cross-correlat ion Function. This i s  a 
measure of how predic table ,  on the  
average, a s ignal  ( transducer time 
history) a t  any par tacular  moment ir, 
time i s  from a second s ignal  a t  any 
other particular moment i n  a m e .  

The auto-ccrre la t rsn  funcrion i s  formally 
defined, a s  the average over the ensemble of the  
producr of two amplitudes; 

+a +0 

pXl:, A , 12  1 = / ~ x ~ , X ~ , ? ~ X ~ ~ X ~ , T ~ , I  2 ,dx1,6x 2 
-a -OD 

where x., , xZ a r e  the  amplitudes of the  tlme 
h:s:oryd. and. p c x , , x 2 , t , , t 2 )  1s t h e  jo in t  
probability denszty. 'Normally the  above 
d e f ~ n t t r o c  cannot be used t o  generate an auto- 
corre la t ion  functlon directly. However, ~t can 
be shown t h a t  for  a d i s c r e t e  time h i s to ry  of a 

f i n i t e  duration,  a c lose  approximation of the 
auto-correlat ion function can be obtained 
through the use of a Fourier transform. ( 5 3 )  

In addit ion to  auto-correlat ion,  cross- 
corre la t icn  can be used t o  obtain useful 
information a b u t  the re1a:ionship between twc 
d i f f e ren t  time h i s t o r i e s .  For example, the 

between cross-tczrclazlon a c c e i e r a t ~ o z  
meassrements a: rwo d l t f e r e n t  points cf a 
n a t e r l a l  body may be determrned for  the  purpose 
of studying the  propagation of d ~ E f e r e n t 1 a l  
so t ion through tne  materlal  body. Cross- 
corre la t ion  functions a r e  not restricted t o  
correlat io '  of parameters w i t h  the  same physlcsl 
u n i t s ;  fo r  example, one mlqnt determine :he 
cross-correlat ion between the  a p p l ~ e d  force an6 
the  a c c e l e r a t ~ o n  response t o  tha t  force .  
Slmilar to  the  auto-correlat ion f unction, the 
ca lcula t ion of the  cross-correlat ion of two 
srgnals begins by t a k l n ~  the  Fourier transform 
of ~ o t h  tlme h l s t c rzes  ' Y L I Y 2 ) .  The cross- 
spect ra l  d e n s ~ r y  1s  the  cornpiex-valued :unc:;cr. 
'P, . 7' . ?he cross  eorre la t lon  i s  then the 
~ o i r z e ; ~  Yransform of the cross-spectra! 
aens l ty .  153, 

Pressure Time Dura'ibn Determination - Twc 
bltferen: types of prossure- me h i s t o r i e s  were 
observed, un~modal and blmodsl. The unlmoda: 
waveform was c h a r a c t e r i z d  by one rraximum and 
the  bimodal waveform by two local  maxlma. In 
crder t o  def ine  the  pressure dura t ion,  a 
standard procedure was ad3pteS which determlnei 
the  beginning and end of a pulse.  This 
proceduze began by determining the  peair, or :he 
f i r s t  peak i n  the  case of a bimodal waveform. 
Next, the  l e f t  half of the  pulse ,  defined from 
the  point  where the  pulse  s t a r t s  t o  :ise t o  the 
time of peak, was leasr-squares f i t t e d  wirh a 
s t r a igh t  l i n e .  This r i s e  l i n e  in tersected  :he - time ax i s  a t  a point which was taken a s  thc 
formal beginning of tho pulse.  A similar 
proceQure uas followed f3r  the  r igh t  ha l t  c: 
t h l s  pulse, l e e . ,  a least-squares s t r a i g h t  l rne  
was f l r t e d  t o  the  f a l l  sec t lon of the  pulse,  
wnich was defined from the  peak t o  the poic: 
where the  pulse minimum occurred. The point 
where t h i s  l i n e  in tersected  the  time ax l s  was 
the  formal end cf the  pulse  i n  the  unimodal 
case,  and t h e  formal end of the  f i r s t  peaii i n  
the  bimodsl case .  3 e  pressure duration for  2 

unimodal waveform was defined by these  pozn:s. 
For 2 bimodal waveform, these  two poinzs were 
used t o  de te rm~ne  the  f i r s t  pressure dura t ion.  
Another least-squares s t r a lgh t  l i n e  was f i t t e d  
t o  the  $ a l l  sec t ion of the  second pulse.  The 
point a t  which t h i s  l i n e  in tersected  the  rime 
axis  was the  formal end of the  waveform, and the  
t o t a l  pressure dura t ion was ther. defined fron 
t h i s  pornt and the  beginning poin:. 

Force Tzme Hlstory Determlnatzon - In 
general the  force-trme h i s t o r i e s  were unlrn~dai 
w i t h  a s ingle  maximum, smoothly r i s i n g ,  peakinc 
and then f a l l i n g .  Paddings on the  s t r i k e r  



surface effected different force-time history 
durations. Force duration was determined using 
the same technlques for determining pressure 
duration, that is the same boundary defining and 
leasr-squares straight-line fittlng technlques 
were used. 

Tabie 1 lists the Initial test conditions 
for the Xhesus subjects while Table 2 lists 
those for cadaver subjects. Table 3 summarizes 
the Xhesus lmpacts and Table 4 summarizes the 
cadaver impacts. Table 5 characterizes impact 
pressures for cadavers. Table 6 reports the 
rrjurles./darnages for the Rhesus subjects for 
which kinematic response was reported earlier 
(30; and Table 5 reports on injuries/damages for 
Rhesus subjects for which the kinematic response 
is being reported here. Table 8 reports the 
damage observe6 in cadaver subjects. A gross 

lnspect~on was carrze6 out for each test 
subject. 1n addltloc, representative 
rnlcroscop:~ sections wsre examinee 
hlstolog;ca?ly for each Rnesus braxi ant 
lnclucied samples frorr the following areas: 
frontal cortex, an:ericr commlsure level, 
marnrn~lary body level, noppocampus at lateral 
genlculate level, occlpltal cortex, cerebellum, 
mldbraln, pons, medulla, and splnal cord. 
Selected tlme hlstorles In the append~x are 
examples of important klnenat;c factors 
assoclatea wlth the research performed in thls 
projec:. Tne variables these exam~ies 
lllustrate are tangentlal and norrial 
accelera:;on, resultant acceieratlon, rate of 
change of the tangentzal vector (T-rate' and 
rate of change of the blnormal vector (B-rate). 
In addltlon, Impact force, resultant angular 
acceleration and veloclty, llnear veloclty, and 
pressures for both llve Rhesus and repressurlzed 
cadavers are shown. 

Table 1. Rhesus Head Impact 
Initial Test Conditions 

+10 cm diameter 

++lokg striker 

Test 
NO. 

78A232 
78A234 
78A236 

Velocity 
(m/s) 

11.5 
13.5 
12.5 
12.5 
12.5 
12.5 
15.4 
13 .O 
14.8 
15.4 
14.5 
16.0 

Pressure 
Transducer 
Location 

Relative to 
Bregma (cm) 

Impac t 
Surf ace 

Padding Thickness+ 

2.5 cm Ensolite++ 
2.5 cm Ensolite++ 
2.5 cm Ensolite++ 

Subject 
Condition 

post-mortem 
post-mortem 
post-mortem 

X 

3.2 
2.8 
3.0 
2.9 
3.6 
1.4 
0.0 
-2.5 
-2.0 
-1.0 
-1.5 
-2.5 

2.5 cm Ensolite++ 
2.5 cm Ensolite++ 
2.5cmEnsolite++ 
2.5 cm Ensolite++ 
2.5 cm EnsoUte++ 
2.5 cm EnsoUte++ 
2.5 cm Ensolite++ 
2.5 cm Ensolite++ 
2.5 cm Ensolite++ 

Subject Positioning 
Center of Gravity 

With Respect 
to Occipital Impact 

below 
below 
at 

78A239 live 
78A241 live 
7 9A2 4 9 live 
791251 live 
79A253 live 

Y 

-1.1 
-0.8 
0.6 

-0.8 
0.8 
0.3 

-2.0 
-2.0 
2.0 
-2.0 
.5 
2.5 

above 
at 

above 
at 
at 
at 
at 
at 
at 



Table 2. Cadaver Initial Test Conditions 

I 82E001++ 1 repressurized 1 2.5cmEnsolite I 5 I 

I Test 
No. 

Subject 
Condition 

82E021++ 
82E022++ 

82EO41++ 
82E042++ 

Impact 
Surf ace 

Padding Thickness+ 

repressurized 
repressurized 

82E061++ 
82E062++ 

Velocity 
m/ s 

repressurized 
repressurized 

2.5 cm Ensolite 
2.5 an Ensolite 

2.5 cm Ensolite 
2.5 un Ensolite I 

repressurized 
repressurized 

3.8 
3.8 

, 

I 83E1@2+++ 

5.2 
5.7 

2.5 cm Ensolite 
2.5 cm Ensolite 

82E081+++ 
82E082+++ 

84E141A+++ 

repressurized 

84E141B+++ 

/ 84E141D+++ I repressurized I 0.5 cm Enrolite I L 8 1  

repressurized 
repressurized 

2.5 cm styrofoam 
5.0 cm Dow Ethafoam 
2.5 cm Ensolite 

I 

repressurized 

1 I 

2.5 cm Ensolire 
2.5 cm Ensolite 

0.5cmEnsolite 1 4.5 
5.C cm seatlng fcan 
0.5' crn Ensollte 

repressurized 

84E141C+++ 

1 84E151B++++ 1 repressurized 1 0.5 cm Ensolite 1 3.8 1 

0.5 cm Ensolite 
5.0 cm seating foam 
0.5 cm Ensolite 

84E15iA+*++ 

repressurized 

1 84E1618++++ 1 repressurized 1 0.5 cm Ensolite . I 5.0 1 

repressurized 

84E161A+-++ 

+15 cm diameter 
++25 kg pendulum 
+++25 kg cancon 
+*++65 kg cannon 

0.5 cm Ensolita 4.5 

0.5 cm Ensolite 
5.0 cm seating foam 
0.5 cm Ensolite 

repressurized 

3.6 1 

0.5 cm Ensolite 
5.0 un seating foam 

3.8 

0.5 cm Ensolite I 



Table 3. Rhesus Impact Test Sumary 

Table 4 .  Cadaver Impact Test  Summary 

Test No. 

78A232 

7 8A234 

78A236 

7a~238 

78A239 

7811241 

Resultant 
Angular 

Acceleration 
r /S/S 

22000 

37500 

28000 

40000 

41200 

54000 

Linear 
Acceleration 

Tangent 
m/s/s 

7000 

7500 

7000 

7100 

7500 

8400 

79A258 

79A260 

Resultant 
Angular 
Velocity 

r/s 

40 

40 

30 

60 

6 0 

70 

Resultant 
Acceleration 

m/s/s 

7000 

, 6400 

7000 

7500 

7 500 

8000 

R e s u l t a n t  
Angular 
V e l o c i t y  

r / s  

L i n e a r  
V e l o c i t y  

m/s 

10000 

12600 

Test  NO.  

Linear 
Velocity 

m/ s 

12 

14 

13 

13 

13 

13 

Force 
N 

R e s u l t a n t  
A c c e l e r a t i o n  

m/s/s 

L i near 
A c c e l e r a t i o n  

Tangent 
m/s/s 

11900 

12600 

Force 
D u r a t i o n  

m s  

R e s u l t a n t  
Angu 1 a r  

A c c e l s r a t i o n  
r/s/s 

Kulite 
Pressure 

Kpa 

117 

-- 

- 9 

100,-5s 

260 

490 

70000 

60000 

Force 
N 

5800 

5700 

5600 

6600 

5000 

8700 

Force 
Duration 

ms 

3 

4 

4 

4 

5 

3 

7 5 

80 

15 

16 

-35,40 

140,-100 

5700 

7100 

5 

5 



Test 
NO. Location 

Epidural 1 
Epidural 2 
Epidural 3 
Epidural 4 

Epidural 1 
Epidural 2 
Epidural 3 
Epidural 4 

Epidural 1 
Epidural 2 
Epidural 3 
Epidural 4 

Epidural 1 
Epidural 2 
Epidural 3 
Epieural 4 

Epidural 1 
Epidural 2 
Epidural 3 
Epidural 4 

Epidural 1 
Epidural 2 
Epidural 3 
Epidural 4 

Epidural 1 
Epidural 2 
Epidural 3 
Epidural 4 

Epidural 1 
Epidural 2 
Epidural 3 
Epidural 4 

Epidural 1 
Epidural 2 
Epidural 3 
Epidural 4 

Type 

Unimoda 1 
Bimodal 
Unimodal 
Unimodal 

Unimodal 
Bimodal 
Bimodal 
Bimodal 

Unimodal 
Bimodal 
Bimodal 
Bimodal 

Bimodal 
Bimodal 
Bimoda 1 
Bimodal 

Unimodal 
Bimodal 
Bimodal 
Bimodal 

Unimodal 
Unimodal 
Unimodal 
Bimodal 

Unimodal 
Bimodal 
Bimodal 
Bimodal 

Unimodal 
Bimodal 
Bimodal 
Unimodal 

Unimodal 
Bimodal 
Bimodal 
Bimodal 

Maximum 
KPa 

Table 5. 

Time at 
Maximum 

ms 

5 
5/25 
5 
5 

5 
5/40 
5/45 
5/25 

5 
5/35 
5/50 
5/13 

5/40 
5/45 
5/50 
5/50 

5 
5/45 
5/45 
5/60 

5 
5 
5 

5/40 

5 
5/40 
5/42 
5/45 

5 
5/20 
5/20 

Cadaver Test 

Duration 
m 5 

10 
10/120+ 

15 
5 

12 
5/80 
10/80 
5/70 

10 
10/80 
15/100 
5/ 5 

15/20 
1.0/15 
10/40 
10/70 

140+ 
5/20 
l0/40 
5/25 

8 
5 
8 

10/150 

12 
10/35 
10/40 
10/40 

150+ 
10/135+ 
7/125+ 
75 

15 
10/125+ 
10/100+ 
5/50 

Summary Pressures 

P-- 
Maximum 

Location 

Epidural 1 
Epidural 2 
Epidural 3 
Epidural 4 

Epidural 1 
Epidural 2 
Epidural 3 
Epidural 4 

Epidural 1 
Epidural 2 
Epidural 3 
Epidural 4 

Epidural 1 
Epidural 2 
Epidural 3 
Epidural 4 

Epidural 1 
Epidural 2 
Epidural 3 
Epidural 4 

Epidural 1 
Epidural 2 
Epidural 3 
Epidural 4 

Epidural 1 
Epidural 2 
Epidural 3 
Epidural 4 

Unimodal 
Unimodal 
Unimcdal 
Unimodal 

Bimodal 
Bimodal 
Bimodal 
Bimodal 

Bimodal 
Bimodal 
Bimodal 
Bimodal 

Bimodal 
Bimodal 
Unimodal 
Bimodal 

Un imoda 1 
Unimodal 
Un imoda 1 
Bimodal 

Unimodal 
Unimodal 
Unimodal 
Unimodal 

Unimodal 
Unimodal 
Bimoda 1 
Bimodal 

+Extends beyond the end of sampling. 

Time at 
Maximum 

m5 
Duration 

ms 

- 

- 
- 

30/210 
30/200 
30/250+ 
20/250+ 

10/250+ 
5/250+ 
5/250+ 
5/250+ 

20/200+ 
40/200+ 

30 
50/250 

5 
5 
10 

20/180 

200+ 
130 
200+ 
200+ 

250+ 
250+ 
250+ 
200+ 
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Table 8. Cadaver Damages 

I 

-- 

Gross 
Brain 

No abnormality. 
Subarachnoid hematoma 
frontal lobes (cerebrum) 
and on base of 
occipital lobe 
(cerebrum) 

No abnormality. 
Subarachnoid hematoma 
right frontal lobe 
(cerebrum), hemorrhage 
central area left 
frontal lobe (cerebrum) 

- 
No abnormality. 
Subarachnoid hematoma 
frontal lobes (cerebrum! 
and subarachnoid 
hemorrhage parietal 
lobe (cerebrum) 

No abnormality 
or injury 

No abnormality 
or injury 

No abnormality or 
or injury 
Mechanical abnormality 
of incomplete 
repressurization 

No abnormality. 
Subarachnoid hemorrhage 
frontal lobes (cerebrum) 
and subarachnoid 
hemorrhage right parietal 
lobe (cerebrum) 

No abnormality. 
Subarachnoid hemorrhage 
left frontal lobe 
(cerebrum), subarachnoid 
hematoma right 
frontal lobe (cerebrum) 

Abnormality of massive 
tumor on the 
right frontal lobe 
(cerebrum). Coded 
"no injury" 

Test 
NC . 

Gross 
Other 

No ahrlormality 
or injury 

No abnormality 
or injury 

No abnormality 
or injury 

No abnormality 
or injury 

No abnormality 
or injury 

No abnormality or 
or injury 

7 cm longitudinal 
laceration between 
eyes on forehead 

Hemorrhage to 
occipital belly muscle 
small laceration 
to side of skull 
fracture 

No other abnormality 

Gross 
Skull 

! 

82E001 I No abnormality. 
Parietal fracture. 
Basilar fracture. 

1 82E021 No abnormality 
E2ECi22 1 or injnry 

82E041 No abnormality 
82E042 I or injury 

I 
82E061 
82E062 

82E081 
82E082 

83E101 
83E102 

84E141A 
84E141B 
84E141C 
84E141D 

84E151A 
84E151B 

84E161A 
84E161B 

No abnormality 
or injury 

No abnormality 
or injury 

No abnormality 
or injury 

No abnormality 
or injury 

No abnormality. 
2 cm linear fracture of 
frontal bone continues as 
left orbital fracture 

Abnormality of 
very thick skull 



The r e s u l t s  of a se r l e s  of head impact 
research programs conducted dur:ng the past  f i v e  
years a t  UZR: a r e  presented. The t e s t s  e n t a r i  
c l f f e ren t  i n z t ~ a l  cor ih t ions ,  F.uman surrogates,  
in?act dzrectlons,  and locations for  the  
recording instrument:, Therefore, in order t o  
cornpare t e s t s ,  frame-independent var labies  an2 
Frener-Serret vectors a r e  used fo r  examlnatron 
and ar,alysrs. Frame-lndependec: var lakies  
include r e sa l t an t  acguiar and l lnea r  veloczt ies  
and acceierations , Vectors expressed in  rne 
?:en&-~erret  frame f l e l d  i n c i ~ d e  tangent ia l  
accelerarron,  normal acceierat:on, T-rate and E- 
r a t e .  The f ea tu res  of :he data  d i scusse i  i n  
thzs sectron zn abbrevzated fora  represent 
trends thar may be lmportan: f ac to r s  in  head 
Impact response. :n pa r t r cu la r ,  the potent la?  
e f fec t  of sk;il deformation on head angular 
acceleratron a s  we:i as on rrnpacz an? ~ n j c r y  
respocse appezrs s lpc - f l cac t .  

FC2CZ TIME EIfT3F.IES - Force - m e  hlstc::es 
of rep:essur;zed cacaver t e s t s  a r e  d ~ x i e 3  znto 
two :'pes which corre:ate well w:t>. f r a c t u r e  an2 
non-Zracture cases.  I c  non-fracture cases ,  the  
force z l ses  smoothiy t o  a maximum and drops 
smoothly t o  zero.  In f r ac tu re  cases,  although 
the fcrce  r l s e s  smoothly t c  a maxlmum, t h e  drop 
to  zero has a greater  ncmber cf ~ n f l e c t i o n s  or 
? o c d  m x r m  and 11s of longer duration. 
Fracture cases lnclude Tests 62E001 azc 84E15lS. 
Test 82EOGi 1s  r l i u s t r a t e d  In the  appandlx. 

No>-fracture zmpaczs sf represscr;zed 
cadavers can be brokec l n t c  twc grozps 
conslst lng of ion5 and short-d>sration impacts. 

Short-dcra::on impacts a r e  ths se  l r s r r n g  l e s s  
than 15 ms; icng-ciararron rmpacrs a r s  d e f l n d  a s  
If ms or longer. In some cases ,  such a s  Test 
E3E132, durations as  long as  60 ms were 
recorded. in  the appenilx Test 52EOCl 
1 i l u s t r a r e s  a short du rac~on  lmcact an? Test 
8CE16iA l l i c s t r a r e s  a icng aura t lon Imsacr. 

Force time n:storres of iL'1esus impacts can 
a:so be a ~ v l d e d  Intcr two q?es wh:ch c o r r e l a t e  
well wir t  non-fracture (o r  simple l tnea r  
:ractcre,  a d  bas l l a r  f r a c t c r e .  I n  the  non- 
f r ac tu re  slmpie ?;near f r ac tu re  grocp (Test  
79A25L I n  the appandlx),  the  fo rce  rime h i s to ry  
smoothly r l s e s  t o  a maxrmnm and drsps smoothly . iv - zero However, a s  w i t h  t he  r ep ressu r~zed  
cadaver, In cases with comsiex ~ a s i l a r  f r ac tu res  
i%s: 7 9 B 2 5 3  1n the  append-xi, the  fozce 
smoothly rose t c  a max;n?um, 51i: f e l l  w i t h  a 
Srearer nurrber of ;2flecrrons a n d / x  ioca l  
maxina of longer dura t lonr .  "e e n e r q  reieased 
from =he s s u l i  ap?eers to  a::ect t h s  f c rce  tlme 
i's'm- 9 .., .".I of repressurized cadaver sdk!ects, but 
not Ri-.escs subjects ,  i n  =on-fractu:e/jlrngle 
l lnea r  frat-ure cases.  Fossrbly, the  :desus 
neck-nead sof t  t i s s u e  ncscie  mass buffers  the  
e f fec t  of f racrure  u c t s l  " s lgn l f l can t  f r ac tu re"  
(complex bas i l a r  f r a c t u r e )  has occurred. 

TANGENTIAL ACCELEFSTIOH TiME HISTO?.IES - 
The tangent ia l  a c c ~ l e r a t i o n  t i n e  h i s t o r i e s  of 
repressurized cadavers divide i n t o  two groups 
that  co r re l a t e  well w i t h  subarachnoid hemorrhage 
or the  absence cf it. For thcse  t e s t s  ii~ whrch 
no subaracki-!oid he~or:?iage was observed, the  
tanpect ia l  accele:a:ion ha8 a s ingle  local  
maxlrnua i m  :he a res  of maximum icce ie ra t ion .  
However, fo r  those r e s r s  iz w'-i ,,-,.. -b subarachnoi6 
h ~ o i r h a g e  was cbserved, thz re  were several  
local  maxima Lib the  a rea  of maximum 
accelera t ioc  . 

For both l i v e  ar.d pest-morte!! Rhejus, the  
~ u l r i m o d a l  tangent ia l  acce le ra t ioc  occerred wher. 
complex s k d l  f r a c t u r e  (Sas i l a r  sku l l  f r a c t u r e )  
was observed. When there  was an absence of 
compiex f r ac tu re ,  the  ik?gantra l  a ~ c e l e r a t i c r ~  
was unimoda? and sinocth i n  the  area of the  
maxlnum accelerarion for  both l l v e  and post- 
mortem Rhasus. 

COEPA..b:SO!: OF IIIFLZTS: CA3bVEP. VAR:b2Ii:TY 
- To e x a l n e  -;a-' t -. . w~thi? .  cadaver 
s u j j e c t s ,  some s:b;ectc r e c e ~ v e d  two ~1r.i:~: 
im?acts iTes'.r 62EO:L th::: 822032). f igu re  iO 
i s  an examsle of cross-an2 a::=-correlat~onc fc: 
Tests 62ZC2i X 625222 an5 S2ZC61 X 822062 and - 62ZC21 X 62506:. ,he f i g s r e  represents rke 
general tren2 o=sarvcd i c  ro la t -ng s m i l a r  t e s t s  
with d i f f e r s L :  sobjects :c s~mi lc :  :es:s w i t h  
the s&re subject i n  terms of force  tlme 
h i s t o r i e s .  I n  qenerai ,  i t  seeins tha t  force-time 
h ~ s t c r g  a s  we!? a s  ac re l e ra t~on- r rme  h l s to ry  
vary more between su5!ecrs thac between t e s t s  on 
the  same subject .  .1-. analopccs com?arrson fo r  
epidural  pressures ins t  i l l u s t r a t e d '  shows 
eqgivaiont v a r i a x e  between d i f f e r e n t  snb!ecrs 
having slmilar iapa:t; or between the  same 
subject having s i r n ~ i a r  znpacts.  This inp l i e s  
tha t  e~per imenta ;  t echn~ques  a s s o c ~ a t e d  w ~ t h  
repressur lza t icn  or v i rh  the  e f f e c t s  of the 
post-morturi s t a t e  may prsduce a s  nuch variance 
in  :he Fressure =:me :?ls:ory res?onse a s  52 
var ia t ions  ace to  :he pcpuiatlon of t e s t  
subjects .  

IMPACT 3ESPONS3 - The motion of a r i g i d  
b d y  l n  space i s  t he  r e s u l t  of generailzed 
forces :  the  t o t a l  fo rce  and the  t o t a l  torque 
about a su i t ab le  axis .  The d ~ . & ~ i c  probiem of 
the  motlon of t h e  area of the sku l l  l o t z l  t o  ;he 
nine-ac:eleroneter ar ray  can be inrerpre ted  ir, 
t he  saxe way. However, because of the  com2les 
rn teract ions  of th area of the  skul; l oca l  cs 
the  nine-acceierocerer a r r ay  with the  other 
a a t e r ~ a l  bodies, ( f o r  exam?ie, :he muscle so f t  
t i s sues  of the  neck, the  r e s r  cf the  sku;?, t he  
bra in ,  o r  the  ;zipactorit ser lous  problems can 
a r i s e  i n  detrrmin;n~ which of the  bodies 1s  
oroiuclng these gsneraiizsd f a r c e s .  

For exam?la, ;:her. :he head recelves a c  
impact, several  events crccu:: 1 ;  s t r e s s  Kaves 
a r e  propagated fram the imcacr site, 2 )  :he 
skul l  s t a r t s  t o  deform, an2 33 t h e  sku l l  begins 
t o  move due ro  the  i ~ p a c t ,  t r a n s n i t t i n g  e n e r n  
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t o  the b r a n  v la  the  dura mater. Eventually, 
t he  waves a r e  d issrpated ,  the  deformatron of the  
skul l  recovers p a r t r a l l y  or f u l l y  on removal of 
the  im?act loads, and the  acceleratron of the  
skul l  comes primarily from forces generated from 
the  brarn an? neck. If d i f f e r e n t i a l  skul l  
mation r s  severe, e s sen t i a l ly  due t o  e r the r  
s u f f ~ c l e n t  energy i n  the  n;gk frequency 
components of the  fo rce  tlmo hastory or 
su f f r c i en t  peak fo rcs ,  the s t r e s ses  a t  some 
point rn the s ~ u l !  nay exceed the  fai:ure 
strength of the  bone, thereby produc~ng 
f r ac tu re .  The Loads producing t h r s  type of 
lmpact a re  generaL1y of shorter  dura t lor  or 
contain a r i s e  time su f f i c i en t  t o  generate the  
necessary high frequency components t o  f r ac tu re  
the  sku i l .  The motion of the  e n t i r e  sku l l  a s  a 
r i g i d  body as  estimated by the  nine- 
accelerometer a r r ay  depends on the  degree of 
skul l  deformatisn as well a s  on the  degree of 
p r e c i s ~ o n  being used i n  the  inves t igat ion.  If 
the  skul l  deforrratrons a r e  s m l l  during and 
a f t e r  impact, and :he accelerometers a r e  
su f f r c l en t ly  f a r  from tne  Impact contact point ,  
then v a h d  r ig rd  body moblon can be ysumed. 
However, ~f skul: deformat~ons a re  s t g r , ~ f l c a n t ,  
then three-dimensional motlon of :he nine- 
accelerometer a r r ay  and of the  skull  local  t o  
r t s  instrume..tazron mount can only be used t o  
est imate the  motlon of the  r e s t  of the skul l  
through the  use of an "estimate2 anatomical 
cen te r . "  In terpre ta t ion  of the  r e s c l t s  from the  
nine-accelerometer ar ray  must, therefore ,  take 
int: account the  non-rigid body morion taking 
l a c e  during " s ign i f i can t  skul l  deformation" 
impacts. Using t r ans la t ions  obtained from x- 
rays,  three-drmer.siona1 approximate motion of an 
"estirrated anatomical center" can be determined. 

Im?act Resoonse Definition-W~th the  use of 
the  'JIG?.: nine-accelerometer ar ray  i t  i s  
poss ib le  t o  record three-dimensional s ix-  
degrees-of-freedom mot~on c: an area of the  the  
skul i  In  which the  accelerometers a r e  located.  
Therefore, head impact response can be defrneti 
a s  a continuum of "events" characterized by the  
path traced by t h e  mstion of the " e s t i m t e d  
anatomical cen te r , "  a i l  the vectors defined on 
tha t  path,  and by changes of the a s s o c i a t d  
frame f i e l d s .  Physically t h i s  implies tha t  head 
impact response i s  in terpre ted  as the response 
of a r a t e r ~ a l  body ( t h e  nine-accelerometer ar ray  
an5 area of the  skui l  l oca l  t o  i t )  i n  contact  
w l t h  other material  bodies. The curve and the  
vectors generated a s  t h e  "estimated anatomical 
center"  moves i n  time a r e ,  therefore ,  a r e s u l t  
of the  interactions of the  skull-maunt area  w i t h  
other materia! bodies. 

Examples cf events which a r e  used t o  
character rze  head impact are :  the  i n i t i a t i o n  of 
head impact response (denoted by Q, on the  
tangent ia l  accelera t ion tlme h i s t o r i e s  i n  the  
appendix); the  pos i t ive  maximum of t h e '  
tangent ia l  accelera t ion time h i s to ry  (denoted by 

Q i n  the  accompanying d a t a ) ;  and the  negative 2 maximum of the  tangent ia l  acceleration time 
h l s to ry  (denoted W Q3 rn the  accompanying 
d a t a ) .  111 research reported e a r l i e r  An wh~ch 
srmrlar Q,, Q and Q events were de:ined '38,, 2 3 tne  tang6nt:ai accelera t ion rose smocthly cc z 
s ingle  maximum and f e l l  smoothiy un t i l  crosslns 
zero. In some cf the t e s t s  belng reportee here 
the  tLme ln te rva l  near Q, c m t a i n s  several Local 
maxlma, therefore directccomparison i s  complex. 
Nevertheless, these defined events can be csef 
t o  compare d i f f e ren t  types of impacts fo r  :he 
same human scrrogate and t o  compare the respcnse 
of one type of humar, surrogate t o  another. 

THE EFFECTS OF SKULL DEFOXMA?ION ON LiNEAir 
Ah'D ANGULAR ACCELERATION - Inspectior. of the 
three-dimensional motion of the sku l l  local  t c  
the  accelerometers, epidural  pressure transducer 
response, and contact forces  showed that  skul l  
deformation may have important implications for  
in jury  proiuced In blunt head Impact. 

For r ep ressu r~zed  cadaver t e s t s  w ~ t h  tlme 
h i s t o r i e s  havizg unimodai peaks of =he 
tangent ia i  acceleration of the  "ss:imzte5 
anatomical cec te r , "  the  time in t e rva l  betweec 
the  events Q,-Q i s  probably r i m a r r i y  i: r e s u l t  2 of the  znteraCtlon of the  lnpactor wrth the  
sku l l .  3urlng tne Q,-Q i n t e rva i ,  :he 
"estimated anatom~cz: c e c t ~ r " ~ d o e s  not move more 
than 1 an and the motlon IS  t o  some extent 
three-dimensionai. Thre 1s  indicate2 by the  
r a t e  of change of the tangent vector (T-rate 
and b~normal vector :B-rate). i A  posi t ive  T- 
r a t e  =pl ies  a curvarure of the  path or two- 
dimensional motion; s igni f icant  T and E r a t e  
imply a torsion cf the path or three-dimens~cnal 
motion.) However, the  angclar accelera t ioa  i s  
small or  nor.-exrstent, and when presant : ies  
pr incipal ly  i n  the Sinorma? di rec t ion.  The 
normal acceieratlon of a point on the skcl l  c: 
c loses t  approach t o  the  impacter was found t o  be 
l e s s  than tha t  of the "estimated ana:om::al 
center ."  (Reciuced normal accelera t icn  implies a 
" s t r a igh te r "  path of tha t  po1nt.i These 
measurements of angular and normzl acceieratior,  
imply that  the  skul l  may be ro ta t ins  about a 
point  of c loses t  approach t o  the  impactor. For 
those t e s t s  w i t h  time h i s t o r i e s  displaying 
multimodal peaks of the  tangent ia l  acceleration 
of the  "esrimated anatomlca: center" i n  the  
neighborhood of the  Q, event, the time Interval  
betweer, the events 6,-Q, i s  a l so  ?rob&::: 
primarily a r e s u l t  of :he in terac t ion of the 
impactor and s k c l l .  However, i n  these these 
t e s t s  skull  deformations seem t o  have 
s igni f icant  ef fec: cn the angular, tangentra l ,  
and normal acceleration responses. Com?a:iscn 
of t h i s  multimodal impact response (Test 82E041 
i n  the  appendix1 t o  the  unimodal tangenzial 
accelera t ion response (Test  62E061 i n  the  
appendixj, shows that  the following var iables  
a r e  greater during the Q1-Q2 in terval :  angular 
acceleration, normal aceelera t lon,  T-rate and B- 



r a t e .  Thls implies that  for the multimodal type 
of impact, the path of the "estimated anatomical 
center" i s ,  to  a greater degree than for the 
unzmodal pattern impacts, moving i n  a three- 
dlmenslonal manner and that  t h l s  increase2 
three-dlmens~onal motlon correlates well w i t h  
:he angular acceleration. 

Comparlsoc of the ra t ios  of peak angular 
aczeleratlon and v e i o c i : ~  durlng the Q -Q2 
intervai  to  those of peak angular accelerakion 
and velocity durlng the Q2-Q3 interval  indicates 
that for a given t e s t  subject there i s  
respectively more angular acceleration during 
the Qi-Q2 interval  for the multimodal impacts. 
In aadltlon, the local  maxima of the angular 
veloci t ies  in the multimodal impact a s  well as 
tne rapid rotation of the binormal and normal 
vectors of between x/2 and x radians indicates 
that  the path of the "estimated anatomical 
center" has passed an inf lect ion point near the 
Q2 event. This i s  most evident when the skull 
f ractures .  In a skull  f racture t e s t ,  the head 
1s loaded very rapidly (e .g . ,  Test 82E001, the 
force drops while the tangential acceleration 
drops below zero) .  This i s  accompanied by a 
short-lived rotatlon of the skull  which produces 
a local maxlmum in the angular velocity. 
Subsequent to  fracture,  che skull  i s  in  more 
complete contact w i t h  the impactor. The 
tangential acceleration increases, the angular 
velocity decreases, and the angular acceleration 
reverses direczion. 

In general, the head i s  modeled as a r igid 
body when ~ n t e r p r e t i n g  angclar acceleration from 
nlne accelerometers. However, the complex 
nacure of the skull  (4,2C,54-55) causes 
asymmetric loading during blunt impact, which 
leads t o  an i n t e rp re t a t~on  of an angular 
acceleration by the nine-accelerometer array 
that I S  not d i rec t ly  related t o  r ig id  body 
motior.. Therefore, i n  addition t o  local skull  
bending i n  the area of the nine-accelerometer 
array, a second mechanism of skui l  deformation 
whlch causes the accelerometers t o  interpret  
angular acceleration can be hypothesized. 

Center 

A schematic d ~ s p l a y  of th i s  Type of 
response i s  presented In Figure 11 t o  i l l u s t r a t e  
the effect of skcl l  deformation on angular 
acceleration ( a  rotation i s  produced!. The 
figure demonstrates the type of motion that  
might  occur and i s  not necessarily 
representative of motiori actuai ly  observed. 
Also, motion of the sbull  i s  not necessarily i n  
the anterior-posterior,  inferior-superior 
plane. Because angular displacement i s  small, 
movements are  best detected througn evaluation 
of angular acceleration. 

Because angular acceleration i s  ac 
acceleratlon gradient over displacement a t  a 
given instant i n  time, the resu l t s  of the linear 
acceleration are  influenced by the angular 
acceleratlon. Thus, the differences i n  the 
neighborhood of the Q2 event between the 
multimodal aspect and the unimodal aspect of the 
tangential acceleration of the "estimated 
anatomical center" a re  a resul t  of the 
acceleration gradient caused by the angular 
acceleration. 

Figure 1 2  represents the mechanical 
impedance corridor of force and tangential 
acceleration for repressu:ized cadaver t e s t s  in  
which skull  deformation was observed and no 
skull  f racture occurred (81E021, 82E022, 82E041, 
82EOC2, and 84Ell l ) .  The impedance values for 
these impacts a re  slmilar t o  driving point 
impeaance t e s t s  reported by other researchers 
(19-20,27,33,39-40,56). This implies that  the 
skull  deformation observed could be related t o  
the same type of skull  deformation obtalned from 
the drlving point impedance t e s t s  mentioned 
above. The resu l t s  frou: Tests 84E16U and 
84E161B support t h i s  conclusion. This t e s t  
subject had the thickest skul: of any of the 
subjects tes ted.  Both Tests 84E161A and 64E161B 
were a: low severity HIC  values of 70 and 000, 
respectively. If the resu l t s  of the impedance 
a re  primarily a resul t  of skull deformation, 
then i t  would be expected that the t e s t s  would 
look more l i ke  those of a r igid body. In the 
frequency range between 1 0  and 1000 Hz t h i s  i s ,  

Fig. 11. Schematic R e p r e s e n t a t i o n s  of  S k u l l  Deformation and P o t e n t i a l  E f f e c t  on Angular 
A c c e l e r a t i o n s .  
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indeed, the  case fo r  Test 84E161P. (Figure 13) .  
However, fo r  Test 84El61B there i s  a s l igh t  
e i f ference  between i t s  response and tha t  of a 
r i g i d  body a t  the  low frequency. This i s ,  
perhaps, the  r e s u l t  of the  d i f f e r e n t i a l  movement 
of sof t  t i s sue .  

The r e s u l t s  rep3rted. here extend the  
studies of the  kineriatic response of non-human 
primates (30) and cadavers (40) t o  blunt 
impacts. The e a r l i e r  repor ts  showed some of the  
differences i n  kinematic response between non- 
human primates and cadavers t o  be a t t r ibu tab le  
t o  two fac tors :  so f t  t i s sue  d i s t r ibu t ion  and 
skul l  geometry. 

ir. :he present study, skull  i r ac tu re  and 
non-sXull f r ac tu re  t e s t s  were analyzed fo r  both 
Rhesus and cadavers. The di f ference  between 
f r ac tu re  and non-fracture impact response was 
found t o  be greater fo r  cadavers. This i s  
i l l u s t r a t e d  by the  following t e s t s  presented i n  
the  appendix: non-fracture Rhesus, 78h2fl; 
f r ac tu re  Rhesus, 79A249 and 79A251; non-fracture 
cadavers, 82E061; f r ac tu re  cadavers, 82E001. 
Differences may be a t t r ibu ted  t c :  1) the  nine- 
accelerometer array i n  Rhesus t e s t s  a r e  mounted 
in  an area tha t  i s  t o  some degree more removed 
from the calvarium ( t h e  accelerometers a r e  
mounted on the o r b i t a l  r idges of the  face  of t h e  
Rhesus), 2 )  '.he mounting s i t e  i n  the  Rhesus i s  
more massive w i t h  respect  t o  the r e s t  of the  
sku l l  than tha t  of the  mounting s i t e  fo r  
cadavers ( t h e  instrumentation i s  the  same s i ze ,  
but the Rhesus head i s  much smaller than the  
cadaver head),  3 )  the  skull  geometry i s  
s ign i f i can t ly  d i f f e ren t  between the Rhesus and 
cadaver a t  t he  impact s i t e ,  and 4 )  t he  

d i f ferences  i n  the  external  muscle mass a t  t he  
impact s i t e  a f f e c t  the  in t e rac t ion  of the  skul l  
with the  load c e l l .  

KINEMATIC RESPONSE AFTER IMPACT: EFFECT OF 
SOFT?ISSUE - Transmission of energy aurrng 
in t e rva l s  Ql-Q2 and Q2-Q3 was analyzed by 
comparing the acceleration response of the  skul? 
to  :he force-t ine h is tory  of the  impactor. The 
following observations were made. During the  

Q1-Q2 
i n t e rva l ,  e n e r n  was :ransferr& from :he 

impactor t c  the  skiill and from the  skul? t o  the  
brain and neck. During the  Q -Q intervz:, 
s igni f icant  energy was transfer?ed3 fram the  
brain and neck t o  the sku l l .  Examination of a l l  
the t e s t s  shows that  auring the  Q -Q ~ n t e r v a l ,  2 3 unless there  were rapid changes i n  the binormai 
vector d i rec t ion ( l a r g e  tors ion and large  B- 
r a t e ) ,  the  normal accelera t ion i s  established by 
angular acceleration.  In  addi t ion ,  the normai 
and binormal vectors a r e  established f i r s t  b-y 
the angular acceleration during the Q -Qj 
i n t e rva l  and then by the angular accele:a?ion 
and angular veloci ty  a f t e r  t h e  Q2 event, ir. 
general ,  for  those t e s t s  w i t , .  multlmodaii 
unlmodal peaks, the angular accelera t ioa  
d i rec t ion changes near the  Q event. 3 i e  extent 
and amount of ro tar ion cianges frcm t e s t  t o  
t e s t .  This i s  probably a r e s u l t  of complex 
three-dimensional notLon of the  head during t h e  
Q -Q i n t e rva l  a s  well es of the  geometry of the  
1 -2 heao and skul l .  The ro ta t ion  tends to  be 

between x!2 and n radians.  The motion Fast 
the Q, event for  n~ultimcdal tangent ia l  
rcceier5tior.  t e s t s  i s  simiiar  t o  tho unimcdal 
tangent ia l  acceleration t e s t s .  In other words, 
the  t r a j ec to ry  traced by the  "estimate2 

Z=Fl/Vl for 

Fig. 12. Mechanicai Impedance Corridor of  Impact Force and Tangential Accelerations for 
Tests 82E021, 82E022, 82E041, 82E042, and 84E141. 



Z = F l / / i  far  

Fig.  13. Ilechanical Impedances o f  Impact Force and Tangcntial Acceleration for Tests 
84El61A and 84E1615. 

inatomlcal center" and i t s  attached frame f i e ld  
aurins multimodal tangenzial acceleration 
impacts is d i f f e r en t  from :hat traced during 
unlmodai tangential acceleration impacts. 
However, the motion a f t e r  impact i s  sirrilar and 
the d r i v ~ n g  force i s  obviously other than tho 
impactor. In  past research 14C) ~t has been 
determined that  in  the unpressurized or 
par t ia l ly  repressurize2 cadaver the response of 
:he skcl l  a f te r  impact i s  influenced by 
d i f fe ren t ia l  motion of the brain. In a similar 
manner, in the data presented here it seems that  
the brain 1s driving the skul l  and that  t h i s  i s  
manifested i n  both a l inear  and rotat ional  

manner . Potentialiy , energy has been 
transferred from the skull t o  the brain during 
impact, was stored as energy and :hen was 
released as the impact force dropped below a 
given level .  

PRESSURE TIME HISTORY RESPONSE - The 
pressure tlme his tor ies  for repressurized 
cadavers were separated in to  two significant 
types, unimodal and bimodal. The unimodal 
pressure pulses correlate  well with short- 
duration ( l e s s  than 15 ms! large-valued (1500 m/ 
s / s )  tangential accelerations. Bimodal pressure 
pulses were more commonly observed in longer 



L E F T  A N D  RIGHT P A R I i T A i  P R E S S U R E S  

F O R  82E021 

Fig. lb. Comparison of Right and Lef t  P a r i e t a l  Pressures  and Comparison of Right P a r i e t a l  
Pressures f o r  D i f f e r e n t  Impacts. 



X=Fl/PI for EPI 1 

X=Fl /Pl  for EPI 2 
. 5 .  Transfer Function Corridor o f  Frontal and R i g h t  Par ietal  Epidural Pressures f o r  

Tests 82EC21, 82E022, 82E041, 82E042, and 84E141. 

duration and lower acceleration impacts. This 
resul t  seems to  be a consequence of the 
superposition of two different  types of 
mechanisms for  producing pressure changes i n  the 
head during and a f t e r  blunt impact. 

The f ~ r s t  pressure mechanism i s  associated 
w i t h  impact force time h is tor ies  whlch contain 
suff icient  high-frequency components t o  excite a 
short-duration loadlng of the  skull  on the 
brain, and probably i s  primarily i resul t  of 
i ne r t i a l  loading. When a blunt impact blow i s  
delivered t o  the head, the skull  i s  i n i t i a l l y  
accelerated. Shortly afterwards the brain 
compresses on the side closest t o  impact and i s  
in tension on the side polarly d i s t a l  t o  impact. 
The resul t  i s  a pressure gradient i n  the brain 
going from point of impact t o  an area opposite 
from impact. Test 82E021 i n  the appendix 
i l l u s t r a t e s  such pressures for selected impacts 
and shows that  highest magnitudes and positive 
pressures occur i n  the frontal  lobe (epidural 1) 
and that  negative pressures develop in  the 

occipi ta l  lobe (epidural 3 ) .  Pressures in the 
par ie ta l  areas (epidural 2, epidural 4 )  are  
between the coup and counter coup areas. The 
pressures in epidural 2 and epidural 4 ,  for most. 
of these repressurized cadaver t e s t s ,  correlated 
well indicating that the pressure gradients 
were, in  general, s l m e t r i c .  However, some 
differences do exist which may be the resul t  of 
three-dimensional mo t i~n  of the head or of some 
asymmetry associated w i t h  the tes t  subject. 
Figure 1 4  i l l u s t r a t e s  a cross- and auto- 
correlation between epidurai 2 and epidural 4 
for  Tests 82E021 and 82E061 and shows that  the 
auto-correlation for  each pressura i s  similar t o  
the cross-correlation. This i s  similar t o  
reso l t s  reported by others (42-43). 

'Figure 15  represents transfer functions 
between the force and the epidural 1 and 2 
pressures for  Tests 82E021, 82E022, 82E04l and 
62EOC2 i n  which skull deformation occurred i n  
the absence of skull f racture.  These transfer 
functions have a possible resonance in  the area 



:or which a resonance was predicted from the 
impedance transfer function for force and 
acceleratisn. This indicazes that  although the 
exact amaunt of the effect of skull  deformation 
on the pressure response i s  not completely 
determined, i t  has some effect  which i s  
obshrvabie i n  the pressure time hisrory. 
Therefore, a reasonable correlaticn might be 
found between pressure and acceieration. 
However, such a correlation would depend on 
where the accelerometers are  placed on the 
skull .  

'The second pressure mechanism i s  associated 
w i t h  impact force time his tor ies  wh:c3 contzin 
low-frequency components or motion of the head 
af ter  blunt impact. Unlike :he f i r s t  pressure 
mechanism which rarely produces pressure pulses 
longer than 15 ms, the second pressure mechanism 
produces pressure pulses that can l a s t  as  long 
as 200 rns. Possibly, the second pressure 
mechanism i s  a result  of the brain driving the 
skull as discussed ear l le r .  Since the pressure 
ss  positive in  a l l  transducers regardless of 
position, the brain i s  possibly transferrzng 
energy t o  the skcl l ,  t?.us, accelerating i t .  
This is consistent with the results discussed 
earl ier  where rhe brazr. stores energy and 
releases i: shortly afterwards in a way tha: r s  
manifested by skull angular acceleratlcn. The 
resc i t s  obtalned from the hlgh-speed 
crneradrograpn support thls  hypothesis. Flgure 
16  s s  two frames from 1 6  hrgh-speed 
clneradiograph movres of Test 8CE161 showlng the 
outLne of the radlo-opaque gel target rnjected 
lnto the b r a n  t:ssue and ventrrcles.  
Inspectlon of the curves traced out by the gel 
from the pressure transducers to  the ventrlcies,  
shows that although no motlon could be detected 
oetween the skull and the braln, dlfferentrai  
motion of parts of the Srarn was occurring. 

hi! the pressure trme hrstories for Riiesus 
sub]ec:s were unrmodal and of shcrt duration. 
Thts may be the result  of the greater tangentlal 
acceleration whlcn was associated wsth Rhesus 
rm3acrs as compared t o  cadaver ones, or :t nay 
be the result  of the differences between the 
resp3nse of the reprassurlzed cadaver and that 
of the l ive unpressurlzed post-mortem Phesus. 
Althougn there are  a lrrnrted number of t e s t s  rn 
th i s  study, comparrsons with pressure tlme 
hls tor les  from tes t s  reported earlrer not hav~ng 
s ~ u l l  fracture ( 3 0 1  zndlcate that there 1s a 
i ~ f f e r e n c e  13 response between those tes t s  and 
the ones bernp reporre6 here. Poss~bly, th l s  1s  
a resc:t cf the pressure-volume changes whlch 
accompany s ~ u l l  8efo:mat:on that become acute 
dur;ng b r s ~ i a r  skuil fracture. The feature of 
the data that seems to rndrcate :hat thrs 1s 
t rue,  L S  that nea: 'he Q event the pressure 
becones negative faster  anc? 2obzalns a greater 
negatlvr raximum. Zest l9P.249, for example, 
reacnes a negatlve maxmum of about one 
atmos~here and rarntalns th l s  for a~proxlmateiy 

recorded a radio-transparent region forming a t  
the top of the skull  for Test 79h253 (Figure i 7 )  
indicating that the skull in  the area of the 
pressure transducer had moved completely away 
from the brain. In prevlous work (40!, there 

2 ms.' In the appendix, Test 7 8 ~ 2 4 i - -  (non-skuli F i g .  16, Radiographs and Reconstruction o f  
:racturej and Tests ?9A249 and 79A251 (skul l  Radiographs w i t h  Radio-contrast Dye 
tracture) i l l u s t r a t e  thls  contrast. 1n Injection Showing Differential Llotion 
additior., the hlgh-speed clneradlographlc f i l m  of  the Brain a t  T=O and T=20 ids. 



uas a s l g n ~ f i c a n t  difference i c  response between there  was such a d i f f e rence  be:ween l i v e ,  
l i v e  and unpressurized post-mortem Rhesus; unpressurized post-mortm Rhesus. 
however, i n  t h i s  stuay when complex s k c l l  INJURY/DPMGE RESPONSE - The r e s u l t s  
f r ac tu re  occurred,  2t seems t h a t  sku l l  presented i n  Tables 6 , 7  and 8 show tha t  the  most 
d e f ~ r r n a ~ i o r ~  obscurred determication of whether common b r a n  ~njury/aamage i n  the  Rhesus and 

F i g .  1 7 .  Radiograph of  Test 79A253.  
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repr essurized cadaver i s  subarachnoid 
hemorrhage. In the l i ve  Rhesus, the injury 
tends to  be in the area a t  the base of the brain 
near the cerebellum, pons and midbrain. In the 
post-mortem Rhesus, no brain damage was observed 
except damage associated w i t h  the skull 
i q ing ing  upon the soft t issue of the brain 
durlng skull f r a c t ~ r e .  In particular,  Test 
79A256 was the only Rhasus tes t  w i t h  th i s  type 
of earnage to the brain: the skull was thin 
enough so that fracture resulted to a much. 
greater degree than for any other t e s t .  Damage 
occurs for  repressurized cadavers in the frontal  
or parietal lobes of the cerebrum. 

Despite the different types of surrogates 
for humans in  these series,  the different 
l n l t i a l  t es t  conditions, and the different 
injury locations, subarachnoid hemorrhage did 
not occur unless "significant skull  deformation" 
was present. Except for  Test 79k251, no 
subarachnoid hemorrhage was observed in the 
absence of skull deformation. 

identifying mechanisms of head injury poses 
a formidable problem. In head impact response a 
number of potential injury mechanisms have been 
proposed (5-43). I t  i s  believed that different 
mechanisms occur for direct  head impact than for 
non-impact ( iner t ia l  conditions). I t  i s  a lso 
pcssible that several mechanisms coulc! be 
responsible for producing the same injury/ 
damage. The complex r i t u r e  of the head/skull 
system under loading implies that under any 
given impact several mechanisms could be 
occurrins and that they ray complement each 
other to produce injury/damage. 

One possible mechanism for  production of 
subarachnoid hemorzhage in  both the 
repressurized cadaver and the l ive Rhesus human 
surrogates i s  induced different ial  motion 
between the skull-brain interface. Potentially, 
there are two types of different ial  mction of 
the skull w i t h  respect to  the brain. One i s  
associated with "locai" mevement of the skull 
different ial ly  with respect t o  the brain. The 
second requires rotational different ial  motion 
of a "significantly large" section of the skull ' 

w i t h  respect to  the brain. In Tests 6CE161A and 
64E161B the high-speed cineradiograph f i h s  show 
changes in the radiopaque target area t h a t  
formed curves extendin5 from the pressure 
transducers t o  the la te ra l  ventricle,  which 
clearly indicate internal movement of the brain. 
However, no movement of the skull  w i t h  respect 
t g  the brain was concurrently observed. Yet, in  
Test 84E151 both skull fracture and d i f fe ren t ia l  
movement of the brain wi th  the skull  of up to  6 
mn was observed. This potentially indicates 
t h 2 t  a "stick-slip" condition occurs, ant that a 
"slpnificant local acceleration" of any part of 
the skull can i n i t i a t e  different ial  motion of 
the brain surface w i t h  respect t o  the skul l .  
However, because only a limited number of t es t s  
have been performed using techniques which make 
such observations possible, more work needs t o  
be done before th i s  hypothesis can be verified. 

In repressurized cadaver t e s t s ,  
comparatively large pressure peaks were 

observed. I t  i s  possible that i n  those t e s t s ,  
high s t ress  i n  the brain as well as skul: 
deformations and angular accelerations we:e 
needed t o  produce the observe$ damage. 

In several t es t s ,  duplicate lmpaccs were 
made to each subject. I t  1s possible that th i s  
enhanced the dhnage response; and theref ore the 
resulcs presented here should not be used to set 
tolerance levels.  However, i t  i s  believed that 
th i s  did not affect the general trend of damage 
and/or injury response observe.  

CONCLUSIONS 

This was a limited study of some important 
ki~ematic  factors and injury/damage modes 
associated with direct blunt head impact. 
Because of the complex nature of the skull-brain 
interaction during an impact event, more work i s  
necessary before these kinematic factors can be 
generalized to  describe head impact 
response. However, the followzng conclusions can 
be made: 

1. "Severe impacts" t o  the heads of 
repressurized cadavers can cause local 
motions in the skull  with or without 
skull fracture. The motions are 
interpreted as angular acceleration by 
nine accelerometers mounted in  a single 
array used t o  determine three- 
dimensional motion. 

2 .  In repressurized cadavers and l ive  
Rhesus subjects skull deformation may 
cause direct and/or indirect 
subarachnoid hemorrhage. 

3. For l i ve  Rhesus subjects, negative 
pressure peaks during an impact event 
equal to  or greater than one atmosphere 
do not appear t o  produce injury. 

4 .  Three-dimensional r igid body motion i s  
not well defined i n  a "severe head 
impact" when using accelerometers 
located on the skull .  The acceleration 
rime his tor ies ,  including the resultant 
acceleration used t o  calculate the Head 
Injury Criterion (HIC), of the 
anatomical center, depencis not only on 
where the accelerometers have been 
placed on the skull but also on the 
biovariability of the t e s t  subject 's 
skull .  

5 .  Short duration impacts ( less  than 
1 5  ms) in  the anterior to ?osterlor 
direction appear to  involve two skuLl- 
brain interactions. One occurs during 
impact and i s  characterized by a 
transfer of energy from the skull to  
the brain and a pressure gzadient i n  
the brain positive a t  the frontal bone 
and negative a t  the occipital bone. 
The second interaction occurs during 
and a f te r  impact and i s  characterized 
by energy transmission from the brain 
to  the skull and positive pressure in  
the brain a t  the frontal ,  par ietal ,  and 
occipital bones. 
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The response of the head to *act i n  the posterior to antetior 

direction was investigated with l ive  anesbhetized and post-mortem 

p r a t e s .  The study was conducted at the University of Michigan 

Transportation Research institute (UMTRI) * under ,the spansorship of the 

Motor Vehicle Manufacturers Association. 3-D motion and epidural 

pressures were experimentally measured. Interpretation of L!e results 

simulating the tests using the primate 

brain was done by Carley Ward. The results of the tes ts  and the 

simulation a r e  presented to demonstrate the differences found Serween 

l i v e  and post-mortem primate hains. 

*At  the rime - a s  study was caducted, the University of Michigan 
Transportation Research Institute was known as the Hieway Safety 
ilesaarch Institute. 
Index words : brain Fn jury, f h i t o  method, bqacf biamechaRics 



Experimental investigations in tree biomechanics of head impact 

response have used humvl cadavers and animals as surrogates of Lie 

living human. The parameters commonly used for measuring m e c ! c a l  

respnse during direct Fmpact have been: angular and translational 

accelerations, angular and translational velocity, displacements, 

deformation, and pressures. n e s e  ,parameters, once obtained, can then 

be used in  developing and Validating mathematical models of the head, 

The unembalmed cadaver i s  chosen as an experimental model because 

i t s  geometry and soft tissue distribution i s  similar to that of t l e  live 

human. In addition, soft tissue damage can be directly related to 

injury patterns observed Ln clinical studies. The disadvantages of 'he 

cadaver k l u d e  the inability to measure patbphysioiogical response and 

the susceptibility of some tissues to post-mortem deqradation. Also, i t  

has been reported (10) *at durFng the contact of direct impact; the 

motion of the brain of the unembalmed cadaver is only partially 

constrdaed by the skull. The degree of  constraint can depend on che 

time after death and preparation of the cadaver. This prtial 

docoupling can have a marked effect on kinematic t i a e  histories of  Lle 

head a:_uing and foilowing Fmpact. 

Experimental impact testing of animals, in ,gart4cular ~rFmates, 

prwides basic neurophysiological information related to neuropat9ology. 

Efowwer, although the primate geomet.cy i s  the most similar to man's, it  

i s  significantly different b anatamic soft tissue distribution and 

skull morphology. This can present severe problems when scaling test  

results to hr?man levels. Ultimately these &fferences lead to 

complications in the very complex phenomena of head injury ( 9 ) .  



Mathematical mcdels can be used to interpret the results from 

Fmpact tests,and they can also provide information a t  Locations in t l e  

braiq where measuremer.ts are impossible, giving a more complete pictuze 

of the response. Despite the difficulties in scaling from primates to 

huppans, =thematid modelling is  also helpful in extrapolating the 

animal fhdlngs to the human and allows for a ninimum use of live animal 

subjects . 
Techniques have been developed i n  the ,past few years for accurate 

determination of three-dimensional motion sf the head ( 2,4,5,8,11) , 
preparation of the unembalmed cadavet (6,7, LO), and creation of 

biodynamic f i n i t e  element models (U) , for use in b r a  injurp research. 

This article discusses the techniques used for conducting ps te t ioe  to 

anterior head impacts w i t h  primates, while measuring three-dimensional 

motion and epidural pressure. IA addition, the basic features of t 9 e  

mathmatical -el o f  the prisate brain are given and the results of the 

simulation Lre used in interpreting the test  results. 

HfiECWLOGY 

Three-Dimensional Motion Determination 

The UNTRI serhcd used for measuring the three-dimensional motion 02 

t9e head Fs based on a technique used to measure L9e general notion of a 

vehicle under a simulated crash (I). In the current application, three 

t r W  actelerametar clusters are afzixed to a light-weight rigid 

mgnasim plate (Figure 1) which i s  then solidly attao9ed to the skull. 

The nine acceleration signals are used for the computation of  the three- 

dimensional head motion, 

With this methcd, f t  Fs pss ib ie  t o  take advantage ot the physical 

and geometrical propetties, as well as 'he s i t e  of -act, in the design 



of a system for measurement of 3-0 motion. In the casa of snall  

primates, it i s  more convenient to design a specific system for each 

species and s i t e  of impact. A system was designed and constructed a t  

UM!EX uti l izing a light-weight magnesium plate to  mount 9-accalerometers 

used for the Macaca grimates. The prominent orbi ta l  ridges and dental 

plate found L7 th i s  genus were used to  i n s t a l l  the rigid plate. Using a 

multi-point attachment scheme, i t  was secured a t  a mixhum distance tram 

the p i n t  of impact. 

Epidural Pressure Measurement 

W I  has developed a method for obtahiiig epidural pressures wUc5 

employs a fluid-filled catheter t i p  Kulite model Me-55-SF pressure 

transducer w i t h  an accuracy of .6 psi. A small *cle o f  scalp is  

removed and a Stryker bone-coring tool i s  used t o  make a hole in  the 

skull w i t h  a 3 mm circular b i t .  This circular b i t  (Figure 2 )  with an 

adjustable set-screwed collect ,  was especially =dined t o  enable the 

technicians to core into the skull Fn -11 Lic'ements, thus pr2venting 

a damaging break-through. 

A magnesium coupling device (Figure 2 )  is screwed into the cored 

and tapped'hole. It is  anchored into place using a quick-setting 

a ~ y l i c  molded around the base. A 5 cm section of tubber tubing i s  t\en 

clamped onto the to? of the device and Dow Corning die lect r ic  gal 

(si l icon fluid) i s  injected into the tubing to act  as a coupling media 

between t!!e d ~ - a  and pressure sensitive t i p  of the pressure transducer. 

A pressure transducet i s  then inserted, and secured a t  proper depth 

(14) 

Fi?ite Element Models 



The tests are simulated using three-0~er.sional matfiematicaf d e l s  

of the monkey brain. -11 grimate models of this t s e  were f i r s t  

described in  Ward et al., 1978 and are shown i n  Figures 3 and 4. The 

soft brain tissue and fluids are medele& using isoparanetric brick 

elements, The internaral membranes, the fa lx  and tentorium, are modeled 

using menbrane elements. The input to the model i s  linear acceleration, 

angular velocity computed from the +accelerometers. In other words, 

the models are mathematically forced to  move just as the head moved in 

the test .  Computational improvements reported in Ward e t  al.,  1979 were 

incorporated into the mcde%s. In addition to these changes, simulation 

of  this tes t  series requfred twe new modifications. A 20 cm cervical 

cord was added for some sfsw%tiona and the Poission's ratio was varied 

fram ,499 to .4999, w g  the effective cqressi!ailfty of 'the brain. 

In each sirmrlation, the model was scaled to a-pproximate the size and 

weight of the actual b r a .  

SUBJECT -?XZPARATION 

Five primate subjects were used in these experiments: :our Macaca 

Mulatta and one Macaca Assamensis ('Sable 1). Prior to acqis i t ion,  the 

Macaca subjects had been used Fn one o r  more pharmacological research - 
projects. Each subject was *acted only once. acth mematic and 

in jury response were evaluated. The Upacts of three Macacas were 

conducted cn post-mortem subjects. Upon tmwaatbn ,  'hey were stored 

in a cooler a t  4 O  for 48 hours before testing. Liviig Macacas were used 

in  the two final experiments. The protocol for post-mtem primates was 

less compPeg than for that o f  the l i ve  anesthetized p r a t e s ,  wUch i s  

outlined below. 



Gn the morning of the experiment, the primate was given an 

int:amuscular injection of ketamine and sodium pentobarbital wzs 

injected 'sough the saphena pam vein a t  a dosage of 25 mg/kp t o  

effect. The upper body was prepared and weight and biometrical 

measurements were taken with a standard anthzoporneter, a stainless steel 

tape, a rcler and a Homes Model 5 1  HEI beam scale. body measurements are 

illustrated in Figure 5; head measurements in Figure 6.  Using a 

cauterizing scalpel, the scalp and muscle mass were removed from the 

frontal bone. The screws used to  moor the nine-accelerometer plates and 

the epidural pressure transducer skull f i t t ing  are screwed a t o  place. 

Quick-setting acrylic was molded around *&e pressure transducer f i t t ing 

and 9-accelerometer mborings of this acute implant. Figures 7 and 8 

show the positioning of the instrumeatation on the skull. 2ya and ear 

x-ray targets were positioned and two or*dogonal head x-rays (x-z and yo 

z views j were taken. . 

The primate was then taken t o  the -act laboratory and positioned. 

m e e  triaxial units were fastened to the nine-accelerometer plate. 

Silicon fluid was injected into the pressure coupler, thus removizg a l l  

air and allowing a f l u i d  connection w i t h  the pressure transducet whi& 

was then inserted. The test  was run with all data recorded on analogue 

tape. 

EZESULTS 

Tko live animdl and three post-mortem animal tests were csnductd. 

There were no significant injuries obsetved in the central nemus  

system. Stress (or pressure) and dFsplacements were computed versus 

time '3xoughout the brain. Stresses a t  the transducer Loeations were 

plotted in Figure 9-15: (stress i s  equal t o  pressure but op-wsite in 



sign). When two computed traces are shown on one curve, the transducer 

location was between two elements. In Figures 9-15 the measured 

pressures were converted to s c e s s  and plotted for comparison w i t h  *he 

computed values. ?he results show 'he following: To simulate the live 

animal response (Figures 9 and 18) the model must have a Poisson's ratio 

o f  ,4999 and a 20 cm c e v i d  cord. To simulate the post-mortem animal 

response (Figures U-U), the model must have a lower Poisson's ratio 

(V - ,499) and no carPica l  cord. When a cervical cord was added in this 

post-mortem W sirnulatian, higher negative stresses resulted, and 

tSe correlation degrades as shown in Figure 1 4 .  When a value of ,4999 

i s  used for y (vabue for l i ve  arrima%) i n  the gosflnortem animal 

sfmulations, the measured response tends to lag the computed values. 

Even when .499 i s  used, the measured W u e  lags the computed value, 

Figures K aud U. When ,499 (value for t!he post-mortem a n W )  i s  used 

, for V in the l ive  a&W sbulafion, the computed response lags L9e 

measured response as shown in Figure 15. If the cord Fs removed in the 

live simulations, the coquted stresses are much too low (Figure 16). 

The auvirmrm computed stress in Figure 16 i s  -110 kPa and the measured 

stress is -390 kPa (Figure 9). There i s  a factor of 4 differences 

between the ineasured Md camputed values when the cord i s  

eliminated. Even when the cord i s  included, the csmputed results lag the 

measured stresses (Tiqures 9 and 10). h i s  delay i s  a Unitation of L9e 

existing nrodel. The -el does not simulate neck compression, it only 

s a i a t e s  the inertial  motion of the cord. If neck compressron nete 

included La the model, the stress initiated by the cord should be 

shirt& in  tine. 

DISCTJSSION 



The response of the post-mortem brain i s  slower and more damped 

'& that of the live brain. The post-mortem brai.7 i s  L, effect more 

compressible than that of the live brain and as a result, Tressure 

(stress) i n  the post-mortem brain i s  lower than what would oc ru  in  the 

live brain under similar impact conditions. This i s  possibly due to 

post-mortem degradation and the tact C u l t  fluid i s  easily expelled out 

of the brain h t o  the unpressurited arteries and into the CSF space 

surrounding the cervical cord. The unpressurized cervical canal and 

flaccid neck in the _wst-mortem animal may uncouple the cervical a r d  

trom the b r a  response. D.e results show that the cord can hicrease 

the pressures in t'le brain by a factor of 4. The difference i s  greatest 

when the head undetgoes 5-1 acceleration because the effect of ';4e 

cervical card is  lacking in the post-mortem animal. 

To investigate the e f t  ects of fluid in the arteries and CS? s p t e m ,  

a third tyFe of test i s  needed. Similar tests on pressurized (CSP and 

arterial  presturhation) post-mortem animals should be s b l a t e d ,  and 

compared to the results in t h i s  report. 

The dynamic response of live and post-martem brains Ln situ vsries 

considerably. Response time was faster in  the live brain &hn  in the 

post-mortem. Damping and eft ective coqressibil i ty were more noticeable 

in the post-mrtem brain. Response magnitude for sane head acceleration 

was higher in the l ive  animal brain. C e m i c a l  cbrd and brain response 

seemed to be coupled in  the l ive brain, while uncoupled fn the post- 

mortem brain. Lastly, the mdel i q l i e s  that one effect of -he spinal 

cord i s  to incease the intracranial pressure L? the *act response. 
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FIGURE CAPTIONS 

9-Accelerometer Plate 

Coring Tool and Spidural Coupling Device 

Finite Element Monkey Brain Model 

Monkey Brain Mid-Sagittal Plane Model 

Identification of Body Measurements 

Identification of Head Measurements 

Instrumentation Reference Frame and Location of the Three Triaxial 

Accelerometer 

Pressure Trasducet Instrumentation 

Test 78A.209 (cervical cord present) 

Test 788241 (cervical cord present) 

Test 78A202 (cervical cord not present 

Test 78A.208 Ccerpical cord not -present) 

10. Test 78A206 (cervical cord not present) 

14. Test 78A208 (cervical cord present) 

U. Test 78A209 (cervical cord present) 

16. Test 78A209 (cervical cord not present) 



Table 1. Prbate Biometries 

+The exact age of the subjects is unknown. However, they were a l l  

a l l  adult speeimena ranging in age from If to 20 years.  

Test 
No. 

78A232 

'%$A236 

7811238 

7 W 9  

788241 

Age 
(years 1 

U-20" 

Weight 
(Kg) 

6.9 

8.2 

8.2 

8.2 

10.6 

S e x  

Male 

Male 

.Ul e 

Male 

Male 

7 
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FIGURE 7 . Instrumentation Reference Frame and 
Locat ion  o f  the Tntee Tri a x i a  l Actel ercneter 
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The response of the head to blunt impact was inves- 
tigated using anesthetized live and repressurized- and 
unrepressurized-postmortem Rhesus. The stationary test 
subject was struck on the occipital by a 10 kg  guided 
moving impactor. The impactor saiking surface was fitted 
with padding to vary the contact force-time characteristics. 
.4 nine-accelerometer system, rigidly affixed to the skull, 
measured head motion. Transducers placed at specific 
points below the skull recorded epidural pressure. The 
repressurization of postmortem subjects included repres- 
surization of both the vascular and cerebrospinal systems. 
The results of the tests demonstrate that: 1) Head impact 
~ n d  injury response are complex phenomena and require 
xreful attention to the experimental techniques used to o b  
tain the impact data as well as the interpretation of the 
results; 2) A set of initial conditions has been found such 
that the repressurized-postmortem Rhesus was more similar 
in head impact response to the anesthetized Rhesus than 
was the unrepressurized-posmorfem Rhesus (in terms of 
the transfer function relationships between tangential ac- 
celeration and epidural pressure; 3) In terms of subarach- 
noid hemodage in the medulla-pons ares associated with 
skull f racture,  the repressurized-postmortem and 
anesthetized Rhesus were similar in injury response; 4) The 
initial position of the head-neck system was a critical factor 
associated with the brain-cerebrospinal fluid system's 
response to head impact; 5 )  The thermodynamic response 
(fluid vaporizaaon) of the head-brain system was an impor- 
tant consideration when the impact produced significant 
tension; and 6) No relationships could be found between in- 
jury and negative pressures equal to one atmosphen. 

'Numbers in parentheses refer to references found 
at the end of the text. 

INTRODUCTION 

EXPERIMENTAL IMPACT TESTING of human 
surrogates provides useful information about biomechanics 
data-gathering techniques, the general nature of human in- 
jury mechanisms, kinematic and injury response para- 
meters, and injury tolemce values. One body region that 
has been investigated through the use of the human sur- 
rogate is the head (1,5,6,9,11-21,233-28)'. In an attempt 
to reduce the injuries that can occur as a nsult of blunt inl- 
pact to the head, researchers have used a number of proce- 
dures to deliver a calibrated amount of energy to the head 
of a human surrogate. The resulting kinematic moaon and 
injury, then, potentialIy, can be used to obtain information 
to address head injury mechanisms, providing that the ex- 
perimental techniques (including the choice and preparation 
of a surrogate) are appropriate. 

A major difficulty in the investigation of head 
muma is designing kinematic experiments which minimal- 
ly interfere with the biological and physical systems being 
studied, yet produce results that are accurate and can be 
used effectively to describe the physical phenomena which 
occur as a result of impact. The goal of such research is a 
paradigm of injury medhanisms which corresponds well 
with clinically observed trauma. Some understanding of 
head injury mechanisms  a s  a resu l t  of dynamic  
biomechanics blunt impact experiments has resulted from 
relating kinematic parameters to injury modes. Correla- 
tions of this type do not always impiy causation, however, 
because of 1) the possibility of several injury mechanisms: 
2) experimental inaccuracy associated with the choice of 
human sumgate; and 3) misinterpretation of the resuits as a 
consequence of faulty assumptions often compounded by 
errors which occur because of experimental techniques that 
do not (or do not or accurately) measure the needed para- 
meters. In this regard it is critical to understand the prob- 
lems and limitations associated with the experimental tech- 
niques used in head injury research. 

For example, the Head Injury Criterion (HIC) is 
derived from an acceleraaon response. One method of ob- 
taining the acceleration infomation required to generate the 
MC for human surrogates, such as the cadaver, is to mount 



accelerometers on the skull and assume that rigid body mo- 
tion will occur during impact In a previous study in which 
a nine-accelerometer array was rigidly affixed to the human 
cadaver skull, it was concluded that three-dimensional rigid 
body motion of the head is not well defined during a 
"severe" head impact when motion is measured by ac- 
celerometers d f i i e d  to the skull (14). In such impacts, 
skul l  deformat ion  w a s  in te rpre ted  by the nine-  
accelerometer array as an angular and linear acceleration 

not directly related to rigid body motion. Therefore, when 
the skull deformations (with or without skull fracture) were 
significant in seven impacts, the three-dimensional motion 
derived from the nine-accelerometer array could only be 
used to estimate the motion of the rest of the skull. This 
result implies that even when three-dimensional motion 
(consisting of both linear and angular motion) is obtained 
using a nine-acctleromcter array in one lab, the results may 
not be closely comparable to those obtained in other labs, 
and may not truly represent the desired three-dimensional 
motion. Different experimental techniques (e.g. aansducer, 
mount type, and location) employed for obtaining the three- 
dimensional motion may produce uncornparable data. 
Therefore, the HIC may not be welldefined for "severe" 
head impacts. 

A second example of the problems that can be asso- 
ciated with experimental techniques comes from human 
cadaver blunt crown head impact observations (13). The 
experimental testing showed that peak forces are not a good 
indicator of cervical spine injury. Forces as high as 3000 
lbs did not produce cervical spine injury in some tests, 
while those as low as 500 lbs produced spinal c o g  transec- 
tion in others. The faulty assumpdon that the kinematic 
panmeter of peak force correlates with injury to the cervi- 
cal spine allowed an experimental design in which a nega- 
tive correlation between peak force and trauma to the cervi- 
cal spine was obtained. 

A third example comes from the earlier observa- 
tions made on some of the Rhesus being presented in this 
report (12,16). A particular set of initial conditions pro- 
duced a very significant difference in blunz head impact 
response between the unrepressurized-posano~em and 
anesthetized Rhesus. However, we realize that other sets of 
initial conditions may produce a very small difference be- 
tween these two models. It should be possible to conduct 
two series of impact experiments having two slightly dif- 
ferent sets of initial conditions in which one set would pro- 
d u c e  n o  d i f f e r e n c e  i n  r e s p o n s e  b e t w e e n  t h e  
unrepressurized-postmortem and anesthetized Rhesus, 
while the other would produce a significant difference. 
Therefore, it would be possible for two different labs using 
seemingly similar pmedures to produce conaadictoq' con- 
clusions. Such variations in conclusions seem to stem !?om 
a lack of knowledge of the subtle aspects of head impact. 

The purpose of the dynamic biomechanics blunt 
head impact study being reported h e n  was to qualify, in a 
limited sense, a few of the critical factors associated with 
head trauma research. In particular, the effects of fluid 
vaporization, the effects of material flow through the 
foramen magnum, the potential effects of the posnnortem 
state, the effects of vascular and cerebrospinal repressuriza- 
tion on the postmortem state, the effect of the initial 

positioning of the head and neck on kinematictinjury 
response, and the effect of constraints on results produced 
by experimental techniques (i.e. measurement and analyti- 
cal procedures) will be discussed. The techniques develop 
ed and used by the University of Michigan Transportation 
Research Institute (UMTRI) for measuring three-dimen- 
sional head motion and epidural pressure will be presented 
Anesthetized live Rheus and npnssurized- and unnpres- 
surized-posunonem Rhesus w e n  subjected to a posterior- 
to-anterior direction occipital head impact. The results pre- 
sented hen  are in addition to, build upon, and are compared 
with those previously presented (See 12,14,16) so that they 
cover the data from related research programs conducted 
over the last nine years. 

The methods and procedures that w e n  used in this 
dynamic biomechanics trauma research nre outlined below. 
Additional information about the methods and procedures 
can be found elsewhere (2,3,8,1214,16). 

Imnact Testing - The twenty-two laboratory animal 
subjects used in these experiments were obtained by 
UMTRI from the University of Michigan Unit for  
Laboratoiy Animal Medicine. The Rhesus were insm- 
mented using procedures similar to those used to instru- 
ment human cadaver subjects. A nine-accelerometer m y  
was rigidly affied to the skull and epidural pressure trans- 
ducers were used to document pressure changes. The 
cerebrospinal and vascular systems of five of the post- 
mortem Rhesus were repnssurized. 

Using the pneumatic impacting device with a 10 kg 
impactor (12), ten anesthetized and twelve postmortem 
Rhesus were each subjected to a single head impact to the 
occipital region. Preliminary findings on five of the 
anesthetized Rhesus and seven of the postmortem Rhesus 
have been presented earlier elsewhere (12,14,16). 

The impactor surface was a 10.2 cm rigid metai 
plate padded with 2.5 cm Ensolite. The impactor force 
transducer assembly consisted of a Kistler 904A piezoelec- 
tric load washer with a Kistler 804A piezoelectric ac- 
celerometer mounted internally for inertial compensation. 

A specially designed timing unit was used to syn- 
chronize the impact events during each test, such as the 
release of the striker and activation and &-activation of the 
high-speed photographic equipment. The impact condi- 
tions between tests were controlled by varylng the impact 
velocity and the initial positioning of the test subject. The 
piston velocity was measured by timing the pulses from a 
magnetic probe which sensed the motion of targets in the 
piston. 

Triaxial Acceleration Measurement - An interre- 
lated set of three triaxial accelerometers (the nine- 
accelerometer array) recorded head accelerations. The ac- 
celerometers were either Endevco 2264-2000 piezoresistive 
ones or Kistler Model 8694 piezoelecuic ones. 



Epidural Pressure Measurements - Epidural pres- 
sures were measured with piezoelectric Kulite model MCP- 
055-SF catheter tip pressure transducers or with Endevco 
8507-50 pressure transducm. 

Cinendioerauhs - High-speed cineradiographs werc 
taken of the impact events at 400 or 1000 frames per sec- 
ond. The UMTRI high-speed cineradiographic system (24) 
consists of either a Photosonics 1B or Milliken high-speed 
16 mm motion-picture camera which views a 5 cm 
diameter output phosphor of a high-gain, four-stage, 
magnetically focused image intensifier tube, gated on and 
off synchronously with shutter pulses from the motion- 
picture camera. A lens optically couples the input 
photocathode of the image intensifier tube to x-ray images 
produced on a fluorescent screen by a smoothed direct- 
current x-ray generator. Smoothing of the full-wave rec- 
tified x-ray output is accomplished by placing a pair of 
high-voltage capacitors in parallel with the x-ray tube. The 
viewing field for these experiments was between 20-by-40 
cm (See Fie- 1). 

Data Handling - All transducer time-histories (i.e. 
impact force, impact acceleration, epidunl pressures, nine 
head accelerations) were recorded unfiltered on a 
Honeywell 9600 FM Tape Recorder with an EM1 multiplex 
unit or a Honeywell 7600 FM Tapc Recorder. A syn- 
chronizing gate was recorded on all tapes. The analog data 
on the FM tapes were played back for digitizing through 
proper anti-aliasing analog filters. The analog-to-digital 
process for all data resulted in a digitial signal sampled at 
6400 Hz equivalent sampling rate. 

Test Synopsis 

Twelve head impacts were conducted on post- 
mortem Rhesus, Upon termination, they were stored in a 
cooler at 4'C for 72 hours (78A232-79A260)/5 days 
(85R005-86R015)/3 weeks (85R002) prior to testing. 
Anesthetized Rhesus were used in the other ten experi- 
ments. The protocol for postmortem animals, presented in 
detail elsewhere (12), was less complex than that for the 
anesthetized labontory animals, which is outlined below. 

Test Subiect Pre~arat ion - The animal was first 
anesthetized with an injection of ketamine and then 
maintained with ketamine and sodium pentobarbital by 
means of a catheter with a b e - w a y  valve which had been 
inserted into the long saphenow vein of the leg. An airway 
was established to aid breathing when necessary. Then the 
subject was weighed and measured. Next, using a cau- 
terizing scalpel, the scalp and muscle mass wen  removed 
from the frontal bone and the screws used to secure the 
epidural pressure transducer coupling devices were screwed 
into place. Then the nine-accelerometer plate was installed. 
Next, a strain gauge was attached to the skull bone to 
record the vibrations of the skull during impact for the pur- 
pose of estimating their effect on the accelerometer signals. 

Eye and ear x-ray targets were positioned and the 
Rhesus was uansported to the x-ray room where two head 
x-rays (x-z and y-z views) wen  taken, or werc taken later 
as pan of the necropsy examination (85R002-86R015). 

The subject was then taken to the impact laboratory and 
placed in an erect sitting position with its posterior side 
towards the impactor, so that the line of impact was in the 
mid-sagittal plane in the posterior-anterior direction. 

Subiect Positioninq - The subject was held in place 
with paper tape which secured the body under the armpits, 
suspending the head and t o m  from an overhead hoist The 
test subjects were impacted at the occiput. la tests 78.4232 
and 78A234 the eyes w e n  on a horizontal Line through the 
impact site, thus the estimated center of mass was below 
the line of impact. In tests 78A236 and 78.4239 the eyes 
were raised to a point slightly above a horizontal line 
through the impact site, thus the l i e  of impact was through 
the estimated center of mass. In tests 7814238 and 78A241 
the eyes were raised higher than the previous nvo tests, thus 
the center of mass was above the line of impact (See Figure 
2). Tests 79A249-79A260 were similar to those just de- 

CINERADIOGRAPH PHOTOS OF WI'LAL POSlTIOMNG 
OF THE HEAD-NECI(: NECK-STRETCHEI) (TOP) .LUD 
XCL-RELAXED (BOTTOM) 



scribed except that higher impact energy levels w e n  used 
and the subjects were positioned so that impact occumd 
through the estimated center of mass. For Tests 85R002- 
86R015, the eyes were raised, positioning the subjects 
similar to those in Tests 79,4238 and 78,4241. 

The initial positioning of the subject also included 
placing the subject in either the neck-stretched (86ROll- 
86R013) or neck-unstretched position (78A232-79A260, 
85R002-8, and 86R014- 15). See Figure 1 for illustration of 
the initial positioning of the head-neck. To achieve the 
neck-stretched configuration, strings were placed through 
the ears and the subject was suspended by an overhead 
hoist so that approximately one-half of its entire body 
weight was supported by the neck. To achieve the neck- 

unsmtched configuration, paper tape was used to support 
the head via the overhead hoist so that only one-half the 
weight of the head and none of the remaining body weight 
was supported by the neck 

After the positioning, three triaxial accelerometer 
clusters were fastened to the nine-accelerometer plate. 
Silicon fluid was injected into the pressure couplings, thus 
removing all air, and the pressure transducers were in- 
serted. The subject was positioned in front of the impactor 
m d  stabilized with paper tape. All of the msducers  were 
then connected, cabled, and checked for continuity and 
function. 

Figure 3 shows the basic dynamic biomechanics im- 
pact test setup. One and a half-hours after impact for Tests 

FIGURE 3: TEST SET-UP FOR DYNAMIC BIOMECHANIC IMPACT 
TESTING 



85R002-86R015, one hour after impact for tests 78A232- 
78A249, and eight hours after impact for tests 79A251- 
79A260, a 5 ml dose of Uthol (concentrated, unpure 
sodium pentobarbital) was injected via the hind leg in- 
travenous catheter to euthanize the anesthetized laboratory 
animal subjects. A bilateral pneumothonx was performed 
to insure termination. 

Surgical Insnumentation 

Nine-Accelerometer Head Plate - To install the 
nine-accelerometer plate the scalp was removed from the 
frontal bone over the orbital ridges. Eve  metal self-tapping 
screws were attached fvmly to the skull through small pilot 
holes drilled into the orbital ridges and into the dental plate 
above the canine teeth. Quick-setting acrylic plastic was 
molded around each of the screws and the nine- 
accelerometer plate mount, embedding the mount in the 
plastic. After the acrylic set, the plate was rigidly attached 
to the skull. The orientation of the plate in this position is 
shown in Figure 4. 

Since it was necessary to determine the instrumenta- 
tion frame's exact location and orientation in nlaaon to the 
anatomical fr;ime, a three-dimensional x-ray technique was 
developed. Two orthogonal radiographs of the i n s m -  
rnented head wen taken. The procedure required the iden- 
tification of four anatomical landmarks (i.e, two superior 
edges of the auditory meati and two infraorbital notches) 
with four distinguishable lead pellets, plus the identification 
of four lead pellets inlaid in the plate which defined the in- 
strumentation frame. The targets were digitized and related 
using a mathematical algorithm which resolved the in- 
stmmentation center of gravity into the translations and 
rotations of the anatomical center of gravity. 

Epidural Pressure Couplings - After the scalp was 
removed from a small area over the right and left sides of 
the frontal bone, the surface was sanded. Next, two 0.3 cm 
diameter holes were drilled using a Stryker bone coring 
tool, the bone was tapped, and the dura mater was punc- 
tured under each hole. Aluminum couplings for the pres- 
sure transducers were screwed into the tapped holes (See 
Figure 5). Dental acrylic was applied around the base of 
the couplings to secure them. 

FIGURE 5 :  

EPIDURAL PRESSURE COUPLER 

Strain Gauge - A Mim-Measurement Type EA-13- 
015Y-120 strain gauge rosette was bonded with M-bond 
200 cyanoacrylate adhesive to the surface of the frontal 
bone, anterior to the bregma over the sagittal sinus. After 
the leads w m  soldered, the rosette and leads were covered 
and sealed with M-coat D paint. 

Cerebrosuinal Re~ressurization - A small hole was 
cored in the L6 lumbar vertebra and a Foley catheter was 
inserted under the dura of the spinal cord such that the bal- 
loon of the catheter reached mid-thorax level (See Figure 
6). The point at which the catheter passed through the 
lamina of the sixth lumbar vertebra was sealed with plastic 
acrylic. To check fluid flow through the ventricles, saline 
was injected through the Foley catheter until it rose to the 
top of the couplings. The couplings were capped until the. 
pressure transducers were attached in the impact 
laboratory. Dow Coming dielecuic gel (silicon fluid) was 
injected into each coupling device to act as a securing med- 
ium. The pressure transducer was then inserted and 
secured at the proper depth. Then a setup radiograph was 
made of the head. 

Vascular Re~ressurization - The common carotid 
artery was located at a point in the neck and an incision was 
made. String was looped around the common carotid and it 
was cut lengthwise. A polyethylene tube was inserted into 
the ascending common carotid, and the descending com- 
mon carotid was ligated. The opposite common carotid 
was located and similarly cut. Vascular flow was checked. 
Then a Millar catheter tip pressure transducer was inserted 
into the ascending common carotid to the point of its bran- 
ching with the external cuotid, secured with tape and sewn 
in place (See Fi,gure 7). 



FIGURE 6: 
RHESUS CEREBROSPTNAL 

REPRESSURIZATION CATHETER 

METrIOD OF ANALYSIS - The techniques used 
to analyze the results arc outlined below. Additional in- 
formation can be found elsewhere (2,3,8,12,14,16,24). 

Tangential Acceleration - As the head moves 
through space, any point on the head generates a path in 
space. In head injury research interest is in the description 
of the path of the anatomical center and in events which 
occur as it moves. A very effective tool for analyzing the 
motion of the anatomical center as it moves along a curved 
path (a one-dimensional manifold) in space is the concept 
of a moving frame (2,3,19,24). The Frenet-Serret frame 
(3), which contains infonnation about the motion embedded 
in the frame field, is one such moving frame. The mgen- 
tial acceleration is a quantity which can be derived from the 
Frenet-Semt frame. The tangential acceleration is the rate 
of change of the absolute value of the velocity of a given 
moving point. It is co-directional with the velocity. The 
tangential acceleration is a very useful tool when working 
with one-dimensional transfer functions. A short summarj 
of this method is included elsewhere (14). 

Transfer Function Analysis - With blunt impacts, 
the relationship between a transducer time-history at a 
given point and the transducer time-history of another given 
point of a system can be expressed in the frequency domain 
through the use of a transfer function. A Fast Fourier 
Transformation of simultaneously monitored transducer 
time-histories can be used to obtain the frequency response 
functions of the impact force and accelerations of remote 
points. Once obtained, a m f e r  function of the form: 

can be calculated from the transformed quantities when o 
is the given frequency, and F[F(t)] and F[&(t)] are the 
Fourier m s f o r m s  of the impact force and tangential ac- 
celeration of the point of interest, at the given frequency. 
This particular transfer function is closely related to a me- 
chanical transfer impedance (8). Mechanical hansfer im- 
pedance is defined as the ratio between the harmonic driv- 
ing force and the conespondiig velocity of the point of in- 
terest, and is a complex-valued function which can be de- 
scribed simply by its magnitude and phase angle. In addi- 
tion to a transfer function relating force to velocity, a aans- 
fer function can be generated which relates the response of 
one point in the system to another point in the system, the 
relationship being expressed in the frequency domain. 
Analogous to mechanical impedance, a Fast Fourier Trans- 
formation of simultaneously monitored transducer time- 
histories from any two points in the system can be used to 
obtain h e  frequency response functions relating those two 
points. In the case of an acceleration and a pressure, such 
as tangential acceleration and epidural pressure, a trans- 
formation of the form: 

can be calculated from the transformed quantities, where w 
is the given frequency, and F[A,(t)] and F[p(t)] are the 
Fourier transforms of .the tangential acceleration time- 
history and the epidural pressure time-history, respectively. 
The data will be presented in terms of a transfer function 
generated for tangential acceleration divided by epidurai 
pressure. 

Transfer Function Spectral Coherence - The 
coherence function Cxy2(o) is not strictly speaking a tnns- 
fer function, but instead is a measure of the quality of a 
given transfer function at a given frequency. 

where Gxx(w) and Gyy(o) are the power spectral densities 
of the two signals, respectively. Power Spectral Density is 
a Fourier Transform of each signal's auto-correlation. 
IGxy(o)la is the Cross-Spectral Density function squared. 
Cross-Spectral Density is the Fourier Transform of the 
cross-correlation of the two signals and o at the given fre- 
quency. By definition, 0 S Cxyf(o)  S 1. Values of 
cxyl(@) near 1 indicate that the two signals may be con- 
sidered causally connected at that frequency. Values sig- 



FIGURE 7: LOCATION OF VASCULAR PRESSURE TRAYSDUCER 
IN RHESUS AND CADAVER MODELS 

nificantly below 1 at a given frequency indicate that the as: 
transfer function at that frequency cannot accurately be 
determined. In the case of an input-output relationship, % ( ~ , 4 ) = ~ x . ~ . P ( x ~ ~ , 4 ~ 4 ) d x . d ~  
values of Cxyl(o) less than 1 indicate that the output is not 
atmbutable to the input and is perhaps due to extraneous where x,y are the amplitudes of the two time-histories, 
noise. The coherence function in the frequency domain is respectively, and p(x ,y , t , ,~ )  is the cross probability 
analogous to the correlation coefficient in the time domain. density. Cross-correlation can be used to obtain useful in- 
The coherence function can be used to determine the usefui formation about the relationship between two different 
range of the data in the fnquency domain. time-histories. For example, the cross-cornlation between 

the acceleration measurements at two different points of 3. 
Correlation Functions - Correlation function statisd- material body may be determined for the purpose of study- 

cal measures (8) were also used in the analysis of the data ino, the propagation of differential motion through the 
to describe some of the fundamental propenies of a time- material body. Cross-correlation functions are not 
history, such as linear acceleration or epidural pressure as resaictd to conelation of parameters with the same physi- 
shown in the appendix. cal units; for example. we determined the cross-cornlation 

between the linear acceleration and the epidural pressure 
.Auto-~0rrelation Function. This measure is the corrcla- for the h e  Rhesus modek. Cross-correlations, in general, 
tion between two points on a time-history and is a measure do not commute, i.e. tangential acceleration cross epidural 
of  the dependence of the amplitude at time t, on the pressure does not equal epidural pressure cross tangential 
amplitude at t, and is defined rts: acceleration. 

L ( ~ , ~ ~ ~ = ~ X ~ . X , . P ( X ~ ~ X ~ I , , ~ J ~ ~ ~ ~ ~  RESULTS 

where x,,x, are the amplitudes of the time-history and Table 1 lists the initial test condiaons. Table 2 lists 
p(x,,x,,t,,Q is the joint probability density. the Rhesus biometric measurements. Table 3 summarizes 

the head impacts. Table 4 reports the injuriesidamages for 
C r ~ S ~ - ~ ~ r r e l a t i ~ n  Function. This is a ITleaSUre of how which the preliminary analysis of the kinematic response 
predictable, on the average, a signal (transducer time- was reported eariier (12) and Table 5 reports on the 
history) at tiny particuiar m0mect in time is from a second injuries/damages for which the kinematic response is being 
signal at any other particular moment in h e  and is defined reported here. A goss  pathological inspection was carried 



Table 1 .  Rhesus Head Impact 
I n i t i a l  Test Conefttons 
--- - 

Test 
No. 

78A232 
786234 
78A236 
786238 
78A239 
78624 I 
79A249 
79625 1 
79A253 
79A256 
79A258 
79A260 
85~002 
85R005 
85R0136 
85R008 
BfiROtO 
BE11011 
861012 
86ROi3 
86RO14 
86ROll 

Table 2 .  Rhesua Blometr ic  Measurements* 

. A l l  test  s u b ~ e c t 9  were Macaca mulatta except 781232 which was Macaca assanenls. 

Reprossurizatlon 
Cood(t lon 

unrspressur~zed 
u n r ~ r e s s u r + z e d  
unrwressur l zed  
unrepressurlzed -- -- 
- -  - -  - -  
unrepressurized 
unre~rwssur Ized 
unrwressur l zed  
r.pressurIzed 
r w r e a r u r i z e d  
repressurlzed 
repressur fzed 
unrepressurIzed -- - -  -- -- -- 

Subject 
Condl t Ion 

postmortem 
postmortem 
postmortem 
postmortem 
amsthe t  lzed 
anesthet lzed 
anesthetized 
anesthetized 
anesthetized 
postmortem 
postmortem 
p o s t m r t m  
postmortem 
postmortem 
postmortev 
postmortem 
postmortem 
anes th t1z .d  
amsthe t i zed  
amsthe t i zed  
anesthetlzad 
anesthet1z.d 

70 
105 
100 
115 
85 

I25 
83 

113 
92 
99 

110 
85 
71 
99 
99 

N/A 
99 
99 
99 

113 
l i 3  
113 

Bra in  
Volume 

( ~ I I  

N/A 
95 

loo 
40 
7s 

115 
80 

105 
85 
80 
90 
90 
75 

100 
90 
70 
80 
8 0  
70 

100 
95 
90 

Subject Pos l t fon lng  
Centar of Gravi ty  

Wlth Respect 
tOOCc~Pl ta l1mpac t  

below 
below 
a t  
above 
d t 
above 
a t  
n t 
a t  
a t  
a t  
a t  
above 
above 
above 
above 
above 
above 
above 
above 
above 
above 

Test 
NO. 

Helght 
(Sitting) 

Neck 
Condl t lon 

uns t retched 
unstretched 
unstretched 
unstretched 
unstretched 
unstrs tched 
unstrs tched 
unstre?ched 
unstretched 
unstretchod 
unstretched 
u m t r e t c h e d  
unstretchad 
unstretchod 
unstretched 
unstretched 
unstretchsd 
st retched 
st retched 
st retched 
unstretcned 
unstretched 

Mass 
k g  

Veloci t y  
(!-/SF 

11.5 
I3 5 
12.5 
12.5 
1:. 5 
12. 5 
15.4 
13.0 
14.8 
15.4 
11 5 
16 0 
11.0 
12.2 
11.9 
11 .O 
11 . O  
10.0 
12.2 
11.9 
11.9 
12. i 

bve. Skull  
Thickness 

(cm) 

Max. Sku1 I 
Length 

icm) 

Head.! 
Muscle 

Mass ( g )  

Max. Skul l  
Sreadth 

(em) 

Hood 
Mass 

r g )  

B r r t n  
Mass 
( 9 )  



Table 3 .  Rhesus Impact lost  Summary 

Test 
No. 

Resultant 
Acceleration 

m/s/s/ 

L inear 
ncceleratlan 

Tangent 
m/s/r/ 

Resultant 
angular 

4eceleratlon 
r /s /s  

Resultant 
Angular 
Veloelty 

r / s  

Linear 
Veloclty 

m/s 

Force 
Durutlon 

ms 

Epldurul 
P r e s s ~ ~ r e  

Kpa 
Force 

N 



Table 4 .  Rhesus I n  ju#- les/Domage Suntmary 

I Test I 
NO. 

Gross 
Sku1 l 

Gross 
B ra in  

Gross 
Other 

I Epldural  hematoma a t  C l  
dura lacerated a t  C I  

78~234 I No i r t ju ry  I No in ju ry  I Epldural  hematoma a t  C1 
t o r n  muscle a t  base o f  
occ lput  

I No abnorna l l ty  o r  i n j u r y  

1 78A238 1 N o i n l u r y  I NO In ju ry  I Epldural  hematoma a t  CI  d i s k  I 
1/4 cc  b lood In occlput From I 

/ 78A24l 1 Elo Inlus-y I N o ~ f l r j u r y  I . Epldural  hematoma a t  C I  I 
79A249 I Bas1 l a r  f rac tu re  ( r i n g )  I 3/4 cc stlbdural hematoma r l g h t  I Epldural  hematoma a t  Ct.  

f r o n t a l  lobe (cerebrum) sub- o c c l p l t a l  muscles damaged 
arachno I d  hemorrhage base o f  
carebe I l UIII. pons. and medull a 

I. irlear bast l a r  t r ac tu re  
f  r urn foramen obdgnum to  occ l- 
p i t a 1  contact p o i n t  

Bas1 l a r  fractn1.e (quasi - 
I, ing) . tempora 1 I#-octure 

Petecl l ta l  l es ion  l e f t  
Fr-orltzal lobe (cerebruml) 
subarachnold hemorrhage base. 
pons. medulla and vers is  
of cerebol luen 

Epldurat hematoma a t  C1 and C2 

Damaged neck ligaments 

Basi t a r  F,-actul.e (petrous 
to  pet rous) .  Con- 
nected linear' Fracture to  
p a r l e t a l  bone* I Dura to rn  along 

s a g l t t a i  sirsus. emaclated 
t issue cerebellum. madulla I Lacerated sp lna l cord 

*AblaOrmallty - l e s t  sublect had very t t l i n  s k u l l  

Basi l a r  f ractul-e (qclasl- 
r l n g )  

Bast l a r  f r ac tu re  ( r l p n t  
petrous) 

Lacerated medulla 

Subdura 1 neaatoma alorlg 
s a g l t t a l  slnus 

Epldural  hematoma a t  Ct 

Epldural  hematoma a t  C I  



'Abnorruallty - Test subject had a Illin s k u l l  

rable 5. Rtbesus Inju#~ies/Damage Sumtnary 
- 

Gross 
0 ther 

No I n j u r y  

No anjury 

No I n j u r y  

No l n j u r y  

No I n j u r y  

Subdural helaorrhage of 
splnal  cord  a t  base 
o f  b r a l n  

No i n j u r y  

No i n j u r y  

Subdural hemorrhage o f  
sp tna l  cord  a t  base 
o f  b r a i n  

E l l a t e r a l  hemorrhage t o  
s ide o f  sp lna l  cord  a t  
base o f  medulla 

-~ 

Gross 
B ra in  

No anjury 

Subarachnold hemorrhage a t  
meattl l a  arm b r a l n  stem 

No In ju ry  
-- 

Subarachnold hemorrhage a t  
medulla and b r a t n  stem 

No i n j u r y  

No l n l u r y  

Subdural hemcrrhage.left 
f r on ta l  lobe 

Subdura l l l e m r r h a ~ e  l e f t  
f r on ta l  lobe 

No in ju ry  

No anjury 

Test 
No. 

- 

851002 

85R005 

85R006 

85R008 

86R010 

86RO 1 1 

86110 12 

86R0 13 

86R014 

86H0 15 

p-...-.p-----pp - .- 

Gross 
Skul l  

No ~rnjut-y 

Bas i l a r  sku1 l f rac tu re  

No i n j u r y  

Basi lar. r l r t y  f rac tu re *  

Bas i l a r  r l n g  f rac ture  

No in ju ry  

No In ju ry  

No ~ n j u r y  

No In ju ry  

L Inear f ractur-e of 
super l o r  r- l gh t  petrous 
L lnuar tractur-e of  l e f t  
o c c l p l t a l .  Linear f rac -  
ture  of  r l g n t  temporal 



out for each test subject. Selected time-histories in the ap- 
pendkx are exmples of important kinematic factors associ- 
ated with the observed head impact response. 

DISCUSSION 

The results of a series of head impact experiments 
conducted over the past nine years at UMTRI using 
anesthetized and postmortem Rhesus an presented. The 
tests entail different initial conditions and arc compared to 
tests of another human sunogate (i.e. the repressurized 
human cadaver) reported in previous Stapp Conferences 
(12,14 and 16). Frame-independent variables and vectors 
wen used to compare these different tests. The significant 
frame-independent vector tangential acceleration will be 
presented in detail throughout this discussion. 

It would be preferable to run a limited set of experi- 
ments and generalize the results. However, because of the 
geometry of the skull-brain-spinal card, the possible dif- 
ferent initial conditions, the complex interaction of the skull 
with the brain, and of the different injury modes that can 
result from blunt head impact, the resl~ln presented here 
apply only to the test conditions in which the experiments 
were run and may not apply to all siruanons. The features 
of the data, discussed in this section in abbreviated fonn, 
represent trends that arc felt to be important factors in head 
injury research. 

The experiments can be broken into three sig- 
nificant classes: repressurized-postmortem subjects, 
unrepressuized-postmomm subjects, and anesthetized live 
subjects. Each class can be divided into two groups, skull 
fracture and no skull fracture. In addition, the anesthetized 
test subjects can be divided into two groups, neck-saetched 
and neck-unsmtched. Although most of the subjects were 
positioned so that the estimated centzr of mass of the head 
was above the contact point of the head with a line running 
horizontally through the center of the impactor, a few were 
positioned "at" or "below." This means that, in general, 
there were two-four subjects in each grouping. Therefore, 
when comparing between groupings it is necessary to use 
only the most robust aspects of the data. 

In head impact experiments it is common to find 
variations in the input force time-histories as well as varia- 
tions in the acceleration (both linear and angular) 
responses. The differences and similarities in the force 
time-histories as weil as in the linear and angular accelera- 
tions for the impact conditions used in these tests have been 
described elsewhere (12.16). The two initial test conditions 
(neck-stretched positioning and repressurization), absent in 
the tests reported earlier (12.16) and part of the entire 
sample being reported here did not affect significantly the 
response in terms of force and angu1arAinea.r acceleration. 
for other similar initial conditions, the repressurized- 
postmortem and the neck-stretched anesthetized Rhesus 
subjects were not distinguishable in response from the 
class, anesthetized Rhesus. For a given set of initial condi- 
tions, these variations can be addressed when the sample 
size is large for each class and group and the statistics are 
appropriate. However, for the small sample size that each 
of the different cIasses of this study entail, it is helpful to 
normaiize the data through the use of transfer functions and 
to address only the most robust aspects of the differences. 

In general, the force time-histories were similar in terms of 
wave shape and magnitude for the no-skull-fracture case. 
A general idea of the range of peak forces and durations 
can be obtained by referring to Table 3 which shows an 
average peak force of 6300 N with a standard deviation of 
1100 N and a duration of 4.5 ms with a standard deviation 
of 1.5 ms. Because of the small sample size and the varia- 
tions among the tests, then was no significant difference in 
response in terms of peak values for linear/angular velocity 
or linearlangular acceleration between the different group 
of tests for the no-skull-fracture case. 

Impact Resuonse Definition Using the UMTRI 
nine-accelerometer array, it is possible to record three- 
dimensional six-degrees-of-freedom motion of an area of 
the skull in which the accelerometers ye located Since the 
nine-accelerometer moaon analysis assumes rigid body mo- 
tion and the skull and brain deform during impam the our- 
put from this three-dimensional moaon experimental tech- 
nique can only be used to estimate the motion of the head 
Thus, head impact response can be defined as a continuum 
of "events" characterized by the path traced by the moaon 
of the "estimated anatomical center," by ail the vectors 
defined on that path, and by the changes of the accelerated 
frame fields. Physically, head impact response is inter- 
preted as the response of a material body (i.e. the nine- 
accelerometer m a y )  in contact with other material bodies. 
The curve and the vectors generated as the "estimated 
~natomical center" moves in time an, therefore, a result of 
the intenctions of the skull-mount area with other material 
bodies. . 

Three-Dimensional Motion Technique - When the 
head receives an impact, several events occur: 1) stress 
waves are propagated from the impact site, 2) the skull 
starts to deform, and 3) the skuil begins to move due to the 
impact, transmitting energy to the brain via the dura muter. 
Eventually, the stress waves are dissipated, the deformation 
of the skull recovers partially or fully on removal of the im- 
pact loads, and the acceleration of the skull continues 
primarily from forces generated by the brain and neck. If 
the differential skuil motion is "seven," due to either suffi- 
cient energy in the high frequency components of the force 
time-history or to sufficient peak force, the smsses at some 
point in the skull may exceed [he failure snengrh of the 
bone, thereby producing fracture. Dynamic human cadaver 
impact experiments have shown that the motion of the 
entire skull as a rigid body as estimated by the nine- 
accelerometer array depends on the degree of skull 
deformation (14). The previous study showed that cadaver 
skull defomaaon, with or without skull fracture, correlated 
well with injury. In addition, whenever skull deformation 
was present, it significantly affected the linear and angular 
acceleration response. For the Rhesus model, however, the 
accelerometers are located on the orbital ridges and dental 
palate, sufficiently far from the impact site so that the local 
perrurbations are small even when the skull fractures 
(12,141. If the skull neix the nine-accelerometer m y  had 
been significantly p e m b e d  by skull fracture, then the me- 
chanical impedance of the skull-fracrure tests should have 
been different from that of the no-skull-fracture tests. This, 
in general, was not the case. The mechanical irnpedmce 



transfer functions in the appendix show that the mechqical 
impedance for both the skull-fracture and the no-skull- 
fracture tests were the same. Based upon human cadaver 
data, that result is different from what would be expected 
for the live human. It is believed that the mechanical im- 
pedance observed for the Rhesus tests was a result of the 
different skull geomeay and.soft-tissue dismbution be- 
tween the Rhesus and human cadaver models. The obser- 
vation implies that the effect of skull deformation on the 
nine-accelerometer recording is different for the Rhesus as 
compared to the human cadaver models. Because skull 
deformation can be an imponant aspect of mechanisms of 
focal injury and kinematic response (14), and because the 
experimental techniques used to simulate the three- 
dimensional motion of the head of the human cadaver and 
lower primate models produce significantly different results 
with regard to skull deformation, this difference implies 
that the scaling of impact and injury response between 
human cadaver and Rhesus models for some types of im- 
pacts may not be possible. As stated for the no-skull- 
fracture case, there was no significvlt difference in terms of 
peak values for tinearlangular velocity and linearfangular 
acceleration; the no-skull-fracture and skull-fracture cases 
had the same mechanical impedance which further supports 
that finding significant difference in terms of force and 
linear acceleration was difficult for this sample. 

Vascular Reunssurization Technique - The results 
presented here regarding the repressurized-postmortem 
Rhesus are potentially a function of the repressurization 
technique used. Different repressurization techniques may 
give different results. The repressurizarion techniques de- 
veloped for Rhesus subjects are similar to those used for 
repressurized human cadavers (12,14,16). However, be- 
cause of the smaller size of the vessels in the vascular 
system of the Rhesus as compared to that of the human 
cadaver, somewhat different procedures had to be used (See 
Figure 7). The Rhesus vmebral artery was not ligated. In 
the Rhesus model the pressure transducer in the external 
carotid artery resaicts the flow of the internal carotid artery 
at the measurement site. The pressure transducer used to 
monitor the carotid pressures, and, therefore, used to 
determine the vascular pressure in the brain, was placed in 
different locations in the two species. In the cadaver model 
the transducer was in the internal carotid close to the 
entrance of the carotid inw the brain. In the Rhesus model 
the transducer was in the external carotid distal to the brain. 
The precise difference this makes b e m e n  the results is un- 
krown. The initial repressurization levels may not be com- 
parable. In addition, it was more ~ c u I t  to remove the air 
in the Rhesus skull-brair! area than in the cadaver model; 
thus, a ,water propomon of the Rhesus brain cavity may 
have contained air than that of the cadaver brain cavity. 

The No Skull Fracture Imuacts - Comparisons of 
the three classes of no-fracture head .impacts for experi- 
ments, in which the initial conditions were impact velocity 
of 11.5-12.5 m/s, neck-unstretched positioning, impact 
below the head center of mass, 2.5 cm Ensolite padding, 
and the pressure transducer located at the front of the skull, 
imply that: 

1. The unrepressurized-postmortem Rhesus is 

significantly different than the anesthetized 
Rhesus as shown by the transfer function rela- 
tionships of tangential acceleration divided by 
epidural pressure. 

2. In terms of peak pressure (largest absolute 
value), the repressuized-postmortem Rhesus' 
response is more similar to the anesthetized 
Rhesus' than the unrepressurized-postmortem 
Rhesus' . 

3. The impact responses of the anesthetized, 
unrepnssurized-postmortem and npressurized- 
postmortem Rhesus are all different as shown 
by the aansfer function relationships of tangen- 
tial acceleration divided by epidural pressure. 

Inspection of the peak pressures presented in Table 
3 shows that the peak pressures of the unrepressurized- 
postmortem Rhesus were between 95 and 150 kPa, and 
those for the anesthetized and repressuxized-postmortem 
Rhesus were between 250 and 500 kPa. Although there 
were a limited number of tests in each category, the results 
were consistent enough to show that, in terms of peak pres- 
sures, the anesthetized and the repressurized-postmortem 
subjecrs wen  similar. In addition, for some of the tests, the 
peak pressures for the unrepressurized-posrmortcm Rhesus 
were opposite in sign to those of the anesthetized Rhesus 
and the repressurized-postmortem Rhesus (see Test 
78A236 in the appendix). Figure 8 represents the transfer 
function corridors for the tangential acceleration divided by 
epidural pressure for the no-fracture class of Rhesus sub- 
jects. The key defines the corridors for the anesthetized, 
the unrepressurized-posrmortem, and the repressurized- 
postmortem Rhesus subjects. 

Successful understanding of the performance of a 
given system depends on being able to predict accurately 
the ourput response for a given input. In the case of a time 
invariant h e m  system, a transfer function can be generated 
that characterizes the, system and is independent of the 
input to the system, i.e. it is an invariant of the system. 
Comparisons of outputs for different inputs will show some 
variations, but transfer functions that characterize the 
system will not. In general, systems in the real world are 
inherently non-linear and that is probably also true for the 
head when struck by a blunt impactor. We can, however, 
assert that a linear system is a valid approximation of a 
non-linear one over a limited range such as the range seen 
in these experiments. For example, if a transfer function 
generated for tangential acceleration divided by epidural 
pressure for an impact to an unrepressurized Rhesus subject 
is comparcd to another transfer function of the same para- 
meters for an anesthetized Rhesus subject and is found to 
be similar, then the a n s f e r  functions correlated well and 
represent the same biologicd system; when they are found 
to be different, then the transfer functions do not correlate 
well and are said to be representing different biological 
systems. For the tests being reported here the force time- 
histories are similar enough so that a valid !inear range can 
be assumed. 

For the unrepressurized-postmortem versus the 
anesthetized Rhesus, the magnitude differed by at least a 
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factor of 3 at ail frequencies, indicating that there is more 
energy at any given frequency in the output (pressure) for a 
given input (tangential acceleration) for the'anesthetized 
subject than for the unrepressurized-postmortem subject. 
However, it is also evident that when comparing the trans- 
fer function corr idors  between the repressurized- 
postmortem Rhesus and the anesthetized Rhesus, the dif- 
ferences suggested by the comparison of peak pressure are 
not entirely substantiated. For example, although the mag- 
nitude of the transfer function of the repressurized- 
postmortem Rhesus is similar to that of the anesthetized 
Rhesus up to about 35 Hz, above that frequency the transfer 
function magnitude indicates that the repressurized- 
postmortem, the unrepressurized-postmortem, and the 
anesthetized Rhesus al l  differ to some degree. In Figure 8 
the greatest energy in the pressure for a given acceleration 
is in the anesthet ized Rhesus,  while  that  for  the 
repressurized-postmortem Rhesus has its magnitude be- 
tween those of the anesthetized and the unrepressurized- 
postmortem subjects. 

It  c a n  be c o n c l u d e d  that  even  though the 
repressurized-postmortem Rhesus was more similar than 
the wepressurized-postmortem Rhesus to the anesthetized 
Rhesus in response as shown by the transfer function rela- 
tionships, there were still detectable differences between 
them. Note: It was also realized that this difference only 
applied to experiments of those initial conditions and would 
not apply in a general sense. Potentially it would be pos- 
sible to choose a different set of initial conditions and run a 
se r ies  of  b lun t  head  impac t  e x p e r i m e n t s  to  the  
unrepressurized-postmortem and anesthetized Rhesus and 
show that there is no difference in the pressure response for 
similar force and acceleration time-histories between the 
two models. In general it cannot be stated that there is a 
d i f f e r e n c e  i n  p r e s s u r e  r e s p o n s e  b e t w e e n  t h e  
unrepressurized-postmortem and anesthetized Rhesus for 

similar force and acceleration responses, but there exists an 
initial condition in which such a difference will manifest it- 
self. By comparing blunt head impact experiments con- 
ducted (12) on both unrepressurized-postmortem and 
anesthetized Rhesus plus the additional subjects being 
reponed here, and by carefully choosing the initial position 
of the head and neck as well as the impact velocity and pad- 
ding on the impactor surface, it can be shown that in terms 
of epidural pressure there is a significant difference in the 
pressure response of the two types of s m g a t e s  for similar 
force and accelexation time-histories. 

Transfer functions are complex-valued, including 
both magnitude and phase. The phase relationship was 
evaluated with the cross-correlation function. The analysis 
obtained from the cross-correlation function between the 
tangtntial acceleration and the epidural pressure shows 
that: 1) Effectively there was no phase lag between [he 
[angential acceleration and the epidural pressure for the 
anesthetized Rhesus (See Figure 9 which illustrates the 
maximum positive cross-correlation at zero lag and the ap- 
pendix for other tests); 2) An effective phase lag between 
the tangential acceleration and the epidural pressure of one 
or two milliseconds for repressurized-postmortem Rhesus 
was observed (See Figure 10 which illustrates the rnaxi- 
mum positive cross-correlation at one to two milliseconds 
and the appendix for other tests); and 3) The greatest phase 
lags between tangential acceleration and the epidural pres- 
sure were observed for unrepressurized Rhesus (See Figure 
11 which illustrates the maximum negative cross- 
correlation for these tests and the appendix for other tests). 
The anesthetized and the npressurized-postmortem Rhesus 
had more similar phase lags between tangential acceleration 
and epidural pressure than the unrepressurized- and 
repressurized-postmortem Rhesus. Therefore, repressuriza- 
don seemed to make the postmortem subject a better model 
of the anesthetized subject. However, it seems that the 
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postmortem Rhesus brain, whether repressurized or un- injwy modes or impacr conditionr. 
repressurized, was not as "stiff' as that of an anesthetized 
subject. This may have been due to the postmortem Head-Neck Positioning Parameter - The results 
degradation of the brain tissues, incomplete repressuriza- reported elsewhere (16) indicated that the interaction of the 
tion, or the repressurization process not removing all of the spinal cord and the foramen magnum with the rest of the 
air from the skull-brain area brain - cerebrospinal fluid system wa.s a critical factor in 

The results reported elsewhere (14) indicated that certain types of head impact response. In an attempt to 
when basal skull f n c m  o c c m d  in Rhesus subjects, sub- determine the effect of the interaction of the head wwlth the 
uachnoid hemonhaging was common in the medulla-pons cervicd spine, a series of  impact^ were run with the neck 
area. In addition, this injury did not occur in the stretched. F i p r e  3 is an x-ray of the two types of initial 
un rep re s su r i z ed -pos tmor t em R h e s u s .  For  the  neck conditions. One shows the neck-smtched configura- 
npressurized-posmonem Rhesus, focal injuries similar to tion, and the other the neck-unsmtched confipntion. Al- 
those of the anesthetized subject were observed. The im- though the impedance values between force and tangential 
plications w m  ha t  in terms of injury response for this type accelewtion as well as the time-histories of the l ines  and 
of injury mode, the repressurized-postmortem subject was angular accelerations for the two neck conditions were 
similar to the anesthetized subject. Caution must be exer- similar (See appendix), the transfer functions for the 
cised in interpreting these results because one injury mode tangential acceleration divided by epidural pressures were 
for a very panicular type of impact was involved and the not (Figure 12). This implies that the flow of material 
sample size was small. The results may not occur for orher through the foramen magnum as well as the lnerrlal 
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properties of the cord may have been critical factors in signals for the anesthetized no-skull fracture 
determining the type of pressure and stress that developed Rhesus. (See Figure 9 and the appendix for 
in the brain during i m p a c ~  In addition, the neck-stretched other tests. When the auto-correlation of two 
tests were the only ones in which subdural hemorrhaging given signals have the same magnitude, lag, 
was observed in the frontal lobes of the bran. Thenfore. and wave shape as the cross-correlation of 
not only was the impact response different, in terms of those two signals, then staasticaily the two sig- 
transfer functions for tangential acceleration and epidural nals correlate well. Therefore, it is reasonable 
pressure, but the injury response also changed. The dif- to assume that when the correlations follow this 
ference in initial positioning may have changed the pattern as the tangential acceleration ones 
hydrodynamic lubrication and the mechanical restriction as- shown in Figure 8, the pressure response is 
sociated with the skull-brain interface. In addition, the most likely due to the inertial loading of the 
large pressures that developed during impact in the neck- brain.); and 
unstretched anesthetized Rhesus subject and the inertial 2) The greatest absolute maximum value for 
properties of the restricted flow of the spinal cord- severe skull-fracture subjects was generally a 
cerebrospinal fluid through the foramen magnum may have negative quantity (i.e. a negative cross- 
helped to reduce the differential m u o n  between the brain cornlation near zero lag as shown in Rewe 13. 
and the skull during impact. The observed injuries Other examples are given in the appendix), 
(subdural hematomas in the frontal lobes) in the neck- whereas for simple skull fracture subjects the 
stretched case with angular acceleration similar to the neck- tangential acceleration correlated better with 
unstretched case imply that the interaction of the cervical epidural pressure than for severe skull fracture 
cord and the foramen magnum may be critical for these subjects. The negative correlation implies the 
types of injury, and perhaps is more important than the pressure did not follow the inertial loading of 
angular or linear veIocity/acceleration parameters for the skull. It is reasonable to assume that be- 
determining head-impact tolerance levels. cause of the geometry of the skull, deformation 

of the skull as a result of impact to the occiput 
The Skull-Defonnation Impacts - To understand would increase the volume and decrease the 

the effects of skull deformation on pressure it is f r s t  in- pressure. The negative pressure and the nega- 
structive to look at small deformation experiments, i.e. no rive cross-correlation seen in the severe skull 
skull fracture ones. In a manner similar to that of the fracture case indicates the pressure followed the 
repressurized human cadaver, skull deformation played a increase in volume associated with,skull 
small part in the pressure response of the anesthetized deformation. 
Rhesus brain up to the level when the skull fractured (see 
also 14,16). The features of the data that indicated this for The result [hat skull deformation played a small part in the 
mesthetized subjects are: epidural pressure response of the Rhesus brain up to the 

level where the skull fractured has important implications 
I )  The auto-comlations of the tangential accelera- in terms of head trauma modeling. If the head is viewed as 

tion and epidural Pressures were similar to a closed shell and the bnin and its sixrounding tissues and 
those of the cmss-correlation between the two fluids as an incompressible, or nearly incompressible, vis- 
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coelastic material (i.e. as havlng a bulk modulus near that 
of water), then small changes in volume would be expected 
to produce larger pressure changes than those observed in 
the response of the anesthetized test subjects. In addition, 
one would expect negative pressures and a negative cross- 
correlation between tangential acceleration and epidural 
pressure for the no-skull fracture subjects, because the pres- 
sure volume change mechanism would dominate any of the 
inertial phenomena. The results imply three possibilities 
for head trauma modelers: 1) The foramen magnum was 
significantly large enough so that it needs to be included in 
modeling of head blunt impact response; 2) The effecrive 
bulk'modulus may need to be viewed as significantly less 
than that of water or an equivalent system should be used 
(Rather than attempting to model all of the foramina and 
canals of the skull, an equivalent system model might be 
useful which can reproduce the same kinematics occurring 
in blunt head impacts by incorporating a "skull" having an 
evenly dismbuted set of holes.); and 3) or both. 

Although the bulk modulus of the brain may be very 
close to water, the concept of an effective bulk modulus 

TO LIYE (IFI.\IP.\CT = A I I O C E  

may be useful in describing the blunt impact response of 
the brain. The need for an effective bulk modulus concept 
results from the fact that although the foramen magnum is 
the largest enaancc and exit port of the skull, other holes 
may have some small effect on the pressure response of the 
brain. Therefore, to estimate this effect as well as the effect 
of smal l  amounts  of d i sso lved  gas in  the brain-  
cerebrospinal fluid system, an effective bulk rnodulus may 
be needed for successful modeling. An alternative ap- 
proach might be to leave the bulk modulus similar to that of 
water and use an equivalent system in which the skull is 
idealized as a s a c n u t  with small openings. 

Fluid Vaporization - Cavitation - In any situation 
where fluid is involved (e.g. water) and the tensile stress is 
reduced below the vapor pressure, vaporization occurs al- 
most instanta~eously (7,29,30). Therefore, in any blunt 
head impact test in which the epidural pressures are less 
than 0.13 kPa absolute fluid vaporization occurs. 

During skull-fracture Rhesus tests, pressures slight- 
ly below one negative atmosphere gauge were observed 



(See 14 and appendix). These were the only tests in which 
negative pressures of that magnitude were produced. 
Therefore, it seems that vaporization of the fluid near the 
pressure transduca was rapid enough to effectively act as a 
tension' (negative pressure) limiting function. This 
thermodynamic phenomenon would have affected sig- 
nificantly the s a s s e s  and strains (8) that were being pro- 
duced in other pam of the brain during the severe impacts. 
The earlier observations indicated that when negative pres- 
sures were equal to or slightly less than one negative at- 
mosphere for anesthetized Rhesus, no injuries were ob- 
served in the brain near the pressure transducer measuring 
sites (14). The same observation was made for all the 
anesthetized Rhesus in this study in which skull fractures 
produced epidural pressures of negative one atmosphere. 
Therefore, it s m s  that cavitation' was not a mechanism of 
injury for these experiments. Cavitation as a potential me- 
chanism of injury for these tests would require the non- 
repetitive formation of bubbles or cavities within the fluid 
surrounding and within the brain tissue, displacing the tis- 
sue. We believe that cavities did not form within the fluid 
within the brain tissue, but rather occurred within the 
cerebrospinal fluid located at the dura-cerebrospinal fluid 
interface because no focal injuries or evidence of cavities 
were observed within the brain tissue. 

Injury prediction based on stress or the differential 
moaon between the skull and the brain should address the 
phenomenon of fluid vaporization at the dm-cerebrospinal 
fluid interface. It, therefore, may be essential to include 
this phenomenon in any modeling effort of head impact 
response. , 

CONCLUSIONS ' 

This has been a Iimited study, using anesthetized, 
unrepressurized-postmortem, and repressurized-  
postmortem Rhesus, of a few important kinematic factors 
and injury modes associated with blunt impact to the head. 
Because of the complex nature of the head during impact, 
more work is necessary before these kinematic factors can 
be generalized to describe the responses of the skull, brain, 
cerebrospina1 fluid, and the neck to blunt head impact. 
However, the following conclusions arc drawn. 

1. A set of initial conditions can be found such 
that in terms of peak pressure, the repressurized- 
postmortem and the anesthetized Rhesus responses an sig- 
nificantly different from that of the unrepressurized- 

?ensile Stress or Tension is the internal force that 
resists the action of external forces tending to increase the 
length of the body. Compression is the internal force that 
resists the actions of external forces tending to decrease the 
length of a body (4). 

]When fluid pressure is reduced to the vapor pres- 
sure at the particular temperature, then the liquid will 
vaporize and a cavity forms. As the fluid flows into a 
region of higher pressure, the bubbles of vapor suddenly 
condense. This may produce very high dynamic pressure 
upon adjacent smcrures. When this action is continuous 
and has a high frequency, the material of the adjacent smc- 
lure may be damaged (7. See also 22,30). 

postmortem Rhesus. 
2. A set of initial conditions exists in which the 

repressurized-postmortem Rhesus, when compared to the 
unrepressurized-postmortem Rhesus, will be more similar 
in response to that of the anesthetized Rhesus (as shown by 
transfer function relationships for tangential acceleration 
divided by epidural pressure). The differences detected be- 
tween the repressurized-postmortem and the anesthetized 
Rhesus may be imporrant in terms of kinematic response. 

3. The repressurized-postmortem Rhesus and the 
anesthetized Rhesus produce similar subarachnoid 
hemorrhaging in the medulla-pons area associated with 
skull fracture. 

4. The initial position of the head-neck system is a 
critical factor associated with the brain-cerebrospinal 
system's response to head impact For given linear and 
angular acceleration-time histories, the initial position of 
the head-neck system was, in general, successful in predict- 
ing the pressure and injury response. Unless the initial 
position of the head-neck system is included in the head 
tolerance criteria function (unlike those functions solely 
based on linear and angular accelerations, intracranial pres- 
sure, and skull saain), the function may not prove useful. 

5. T h e  t h e r m o d y n a m i c  r e s p o n s e  ( f l u i d  
vaporization) of the head-brain system is an important con- 
sideration when the impact produced ~ i ~ c a n t  tension. 

6.  For the anesthetized Rhesus presented here and 
in the results presented elsewhere (12,16), no relationships 
could be found between injury and negative pressures equal 
to one atmosphere. This implies that cavitation does not 
seem to be a mechanism of injury in head impact response. 

7. The above conclusions are important for both the 
mathematical modeling and the determination of the injury 
tolemce of the head. The following factors significantly 
affect the stress and possibly the strain in the brain as well 
as the intmction of the .brain with the skull. 

* The tension in the brain, limited by vaporiztion 
in "sevcre" impacts; 

The inertial properties of the cervical cord as 
well as the flow of material through the 
foramen magnum; 
The initial position of the head-neck system; 
and 
The repressurization of postmonem surrogates. 

The results presented in this paper were ob- 
tained through a series of independently funded research 
programs conducted during the past nine years. The fund- 
ing,agencies were: The Motor Vehicle Manufacturers Xs- 
soclanon and the United States Depamnent of Transporta- 
tion, National Highway Traffic Safety Administration. Tne 
assistance in injury evaluation provided by C. J. D'Xmato, 
P. W. Gikas. D. F. Huelke, and J. Hoff is gratefully ac- 
knowledged. The authors are indebted to Nabih Alern. 



Joseph Benson, Miles Janicki, John Melvin, Richard Stal- 
naker, Paula Lux, Wendy Gould, Valerie Karime, Lilly 
Kim, and Shawn Cowper for their technical assistance. A 
special thanks is given to Jeff Marcus for his support. 

h conducting the research on the laboratory Rhesus 
subjects described in this study, the investigators adhered to 
the "Guide for the Care and Use of Laboratory Animals," as 
prepared by the Committee on the Care and Use.of 
Laboratory Animals of the Institute of Laboratory Animal 
Resources. National Research Council. 
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APPENDIX H :  Tes t  Protocol 
E X P E R l  M E N T A L  T E C H N  l Q U E S  I N  HEAD l N J U R Y  R E S E A R C H  

D O T  C o n  t r a c t  No. ~ T ~ t f 2 2 - 8 3 - C - 0 7 0 9 5  

DEPARTMENT OF TRANSPORTATION 

RHESUS HEAD IMPACT TESTS 

[LIVE OR POSTMORTEM SUBJECT] 

Through 

as performed by 

the Biomechanics Depar'nent of 

the Transportation Research Institute 

Ann Arbor, Michigan 

1985 A Series 

This protocol for the use of rhesus monkeys in this test 
series follows guidelines established by the National 
Institutes of Health and provides that the animals are 
handled according to the practices of the American 
Association of Laboratory Animal Care. 



START TEST PROTOCOL -- 



HYPING PROCESS FOR 16MM HIGH-SPEED FILM 

In order to obtain better image clarity of processed 

high-speed 16mm film, it is prepared by gas hyping in an 

oven at 30-35 degrees Centigrade for 24 hours. (~lthough the 

test samples at 50 degrees Centigrade did not break and the 

clarity was enhanced, the film was very brittle and 

potentially breakable during filming.) This treatment 

permits ASA variability in a range between ASA 50 and ASA 

2000 with good resolution. Also the film can be developed 

commercially without llnusual processing requests. The 

hyping agent is forming gas (10%H, 90%N) which removes the 

oxygen layer that has formed on the film emulsion and 

replaces it with hydrogen. A spacer ( a  piece of ribbon the 

width of l6mm film) is fed simultaneously (in the darkroom) 

onto a metal film wheel with the film so that the film to be 

hyped is separated from itself and the spacer. This permits 

.even gas flow across the film surface and uniform 

replacement of the oxygen with the hydrogen. In the hyping 

oven the lid of the light-tight film cannister is removed 

without exposing the film to light (the oven is draped with 

a light-tight cloth). After hyping, the film is rewound 

onto its wheel and is ready for use in any 1 6 m  camera. 

Currently, we use this technique for hyping film for a 1 6 m  

Milliken high-speed camera which operates at 400 frames/ 

second. 





ELECTRONICS CHECK AND PRE-TEST TRIAL RUN 

- Inspect triaxes and uniaxes for signs of wear 
- Complete wiring 
- Establish and record gains settings 
- Calibrate tape recorder 
- Check pendulum and load cell, velocity transducer, 

gate, ropecutter 

- Set timerbox 

- Check excitation and balances 
- Gate signal amplifier on 
- Suspend rubber tube five inches from ballistic 

impactor with fiber tape 

- Tape all accelerometers to tube with paper tape 
- Wire in and tape Miletus contact circuit to tube 

with paper tape 

- RUN TRIAL TEST 
- Examine signals, check wiring if necessary 
- Verify operation of cameras, ropecutter, 

cineradiograph, pressure transducers, ECG, and EEG. 

Load high-speed film 



HEAD IMPACT TIMER BOX SETUP 

TEST NO. 

EQUIPMENT 

Contro l  S i gnals 

TIMER VALUES 

Delay Run 



DRUG RECORD 

DRUG DOSAGE TIME 



HEAD IMPACT TEST DESCRIPTION 

Animal No. Sex: Height: Weight: 

Test No. 

Test description:_ 

Type of Impactor: 

Striking Surface: 

Pressure : 

Padding: 

Pre-Impact Travel: 

Post-Impact Travel: 

35mm stills: 

- Black and White 
- Color 

CAMEUS FRAME RATE POSIT1 ON 

Photosonics 1B: 

HyCam: 

Mill iken: 

Polaroid 

Notes: 



L I V E ,  ANESTHETIZED IMPACT TEST DIAGRAM 



POSTfIOPJEM HEAD IMPACT TEST DIAGRAM 



VIVARIUM PREP AND ANESTHESIA MAINTSNANCE 

Shave lower par t  of 
both hind legs. 

TASK 

Inject  animal w i t h  
ketamine if  necessary. 

Place I.V. catheter i n  
hind leg vein for drug 
administration. 

Inser t  stopcock into 
catheter ,  and tape i t  
securely t o  the leg,  

TIME 

Inject  .Na pentobarbi t o 1  
via  lower leg catheter.  

COMMENTS 

Establish an airway i f  
necesary. 

Shave back, chest ,  a l l  
of head, neck, and upper 
arms. 



BLOOD SAMPLE CATHETER - 

for drawing blood 



TASK 

Weigh animal. 

Transport to Anatomy 
Lab. 

Anthropometry. 

Position animal for 
instrumentation 
surgery on table. 

TIME COMMENTS 



ANTHROPOMETRY 

Weight (sitting) cm Weight kg 



ANATOMICAL ANOMALIES/CLINICAL OBSERVATIONS 

1. Skull 

3. Other Structures 

Observat ions 

1. Thoracic skeleton 

2 .  Heart 

3 .  Lungs 



9-AX MOUNT 

over orbital ridge (a -  
voiding sagittal sinus), 
Record postion of holes. 
Remove bone core with 
dental scoop, Tap holes 
with 8-32 tap. Screw 
metal epidural pressure 
transducer fittings into 
the 0.128" holes in the 

meter mount. Screw 

Affix the 9-Ax plate to 
the skull with dental 
aery1 i c . 



CEREBROSPINAL PRESSURIZATION FOR POSTMORTEM HEAD IMPACT 

TASK 

Locate L2 by palpat ion 
and counting from T12. 

Core a small hole in 
the lamina. 

Insert Foley catheter 
(#LO) such that 
balloon is in 
mid-thorax. 

Insert small screws 
in lamina and process. 

Seal off hole with 
acrylic . 
Check for structural - 
integrity of vertebra. 

Cerebral-spinal flow 
check. 

Check pressurization. 

J 

TIME COMMENTS 



VASCULAR PRESSURIZATI3N FO_R POSTMOXT3M HEAD IMPACT 



LIVE EEAD IMPACT SUBJECT POSTIONING -- 

1 

Attach head accelerometer 
mounts to plate with 
1-72 screws. 

TASK 

Place head and body 
harnesses on animal. 

Transport animal to 
test area for Live 
Head Impact being care- 

Initial positioning (lap 
belts). Use paper tape 

- - / only. I 

ful not to damage mounts. 

Place the animal in the 
impact chair in front of 
the cannon. 

TIhB COMMENTS 



LIVE XEAD IMPACT SET-UP -- 
Test No. 

psi :  Velocity: 

TASK TIME COMMENTS 

Plug in strain gauge 
cables, Align notch on 
cable to angle corner. 

Connect EEG, ECG. I 
Turn en blower of 
cineradiograph. 
Throughout the proce- 
dure, be careful net 
to wsuffocatew it by 
blocking its air 
intake, 

Place padding on 
impactor head surface. 
Attach ball targets 
and phototargets. 

Continuity check of 
strain gauges, accelers- 
meters, etc. 

Strain gauge balance, 
- - -  

Turn on cineradiograph 
focussing magnet, Check 
to see that it limits, 



LIVE HEAD IMPACT SET-UP (CONT.) -- 
TASK 

CLEAR LAB OF ALL INDI- 
VIDUALS NOT WEARING 
X - M Y  BADGES. 

Polaroid checklist. 
Take polaroid photo. 

If it is necessary to 
4do so, adjust the KVP 
and the distance from 
the X-ray head to the . 
cineradiograph screen; 
retake the polaroid 
photo. Check the se- 
cond photo to see if 
further adjustment is 
necessary. Record 
the number of pola- 
roids taken. Save 
and label the good 
ones. 

Exchange the high speed 
movie camera for the 
polaroid camera in the 
cineradiograph camera 
mount. 

Check alignment of movie 
camera with photocath- 
ode, 

Focus the movie camera. 

Set the lens opening of 
the movie camera at its 
greatest aperture. 

Take setup photos. Make 
sure test number and 
necessary targets are 
visible. 

High-speed X-Ray 
checklist. 
16 mm checklist. 

TIME COMMENTS 



Check the pulse width 
on the gating c i r c u i t ,  
It should be a t  225 
microseconds, 

LIVE =AD IMPACT SET-UP ( CONT. ) -- 

Set X-ray head t o  cine- 
radiograph screen dis- 
tance. Record. 

TASK 

Measure and record the 
subject midline to 
cineradiographic screen 
distance. 

Punch holes in paper 
tape which i s  supporting 
animal. 

TIKE 

Check the power console 
for proper gains on all 
channels, 

COMMENT'S 

SURE LAB IS CLEAR 
OF ALL INDIVIDUALS NOT 
WEARING X-RAY FILM 
BADGES. 

Turn of% all lights. 

Set -KV on X-ray. Re- 1 
Set mialeamps on X-ray. 
Record. 

Set time on X-ray. Re- 
cord. 
Turn on gating circuit. 
(To External). 



TASK 

Turn on nigh voltage. 
Set it at 35 KVP. 

Turn gating circuit to 
4 KV. 

Arm Cannon. 

Final positioning 

Cerebrospinal pressure 
check. 

L 

Measure and record 
head and neck angles 
Head : - Neck:- 
Take in-place X-rays, 

Setup photos. 

HiSpeed X-ray checklist 
16 mm checklist 

Final checklist. 

RUN LIVE HEAD 
IMPACT TEST. 

TIME COMMENTS 



LIVE HEAD IMPACT POST-TEST PROCEDURE -- 

epidural pressure 
transducer fittings from 
the skul1, 

DO not remove 
9AX head p l a t e .  



POSTMORTEM H3AD IMPACT SUBJECT POSITIONING 
t 

TASK 

Place head and body 
harnesses on animal. 

Transport animal to test 
area, being careful not 
to damage mounts. 

Set up pressurization 
equipment (pulmonary, 
cerebro-spinal, 
vascular head and 
vascular thorax). 

TIM3 COMMENTS , 

- 



POSTMORTEM HEAD IMPACT SET-UP 

Test No. 

psi: Velocity: 

1-72 screws. 

Couple both Kulite or ~nhevco to epidural pressure 
transducer fittings using 
a No.12 French Foley 
catheter tubing section, 
silicon fluid, and 
flat waxed string. 

Plug in strain gauge 
cables. Align notch on 
/cable to angle corner. I 
Turn en blower of 
cineradiograph, 
Thfough~ut the proce- 
dure, be careful not 
to "suffocate" it by 
blocking its air 
intake. 

Place padding on 
impactor head surface. 
Attach ball targets 
and phototargets. 

ontinuity check sf 
train gauges, accelero- 



POSTMORTEM HEAD IMPACT SET-UP ( CONT , ) 

TASK TIME COMMENTS 

Strain gauge balance, 

Turn on cineradiograph 
focusing magnet, Check 
to see that-it limits. 

Position cineradiograph. 

Position X-ray head ap- 
proximately 50 inches 
from the screen of the 
cineradiograph. 

Lock the wheels on 
the X-ray head and 
cineradiograph, 

Check filters. 

Set polaroid camera at 
f 16. 
CLEAR LAB OF ALL INDI- 
VIDUALS NOT WFEAFLING 
X-ray BADGES. 

Polaroid checklist. 
Take polatoid photo. 



POSTMORTEM HEAD IMPACT SET-UP ( CONT . 

Exchange t h e  high speed 
movie camera f o r  the 

TASK 

' 

polaroid camera i n  the 
cineradiograph camera 

TIME / COMMENTS 
I 

f f  i t  is necessary t o  
do so ,  adjust  the K V g  
and the distance from 
the X-ray head t o  the 
cineradiograph screen; 
retake the polareid 
photo, Check the se- 
cond photo t o  see i f  
fur ther  ad ja tment  is 
necessary. Record 
the number of pola- 
roids taken. Save 
and label the good 
ones. 

mount. 

Check alignment of movie1 
camera w i t h  photocathode. 

Focus the  movie camera. 

Set the lens opening of 
the movie camera a t  its 
grea tes t  aperture. 

Take setup photos. Make 
sure t e s t  number and 
necessary ta rge ts  a re  
v i s i b l e ,  

High-speed X-Ray 
checkl i s t .  
16 mm checkl i s t ,  

on the gating c i r c u i t .  
I t  should be a t  225 
microseconds, 



POSTMORTEM HEAD IMPACT SET-UF (CON'?. ) 
r 

TASK 

Set X-ray head to cine- 
radiograph screen dis- 
tance. Record. 

Measure and record the 
subject midline to 
cineradiographic screen 
distance. 

Punch holes in paper 
tape which is supporting 
animal . 
Check the power console 
for proper gains on all 
channels. 

UX3 SURE LAB IS CLEAR 
OF ALL INDIVIDUALS NOT 
WEARING X-ray FILM 
BADGES. 

Begin pressurization of I 
vascular and cerebrospinal 
systems for check. 

Turn off all lights. 

Set KV on X-ray. Re- 
cord. 

Set milleamps on X-ray, 
Record. 

Set time on X-ray. Re- 
cord. 
Turn on gating circuit. 
(To External). 

Turn on high voltage. 
Set it at 35 KVP,- 

Turn gating circuit to 
4 KV. 

Ann Cannon. 

TIME COMMENTS 



POSTMORTEM EEAD IMPACT SET-UP (CONT.) 



POSTMORTEM HZAD IMPACT POST-TEST PROCEDURE 

Remove all targets 
and accelerometers. 

TASK 

Cut strain guage wires 
leaving 1/4" of each on 
skull to preserve the 

Remove animal from 
impact chair 

TIME COMMENTS 
i 

Transport animal to . 
anatomy lab. 

Store animal if 
necessary, 

Remove screws and 
epidural pressure 
transducer fittings from 
the skull. 

Do not remove 
9-AX head plate. 

I 

Place X-ray targets on 
the animal:. 2 eye 
targets, 2 ear targets. 

Remove head and trans- 
port it to X-ray room 
for post test radio- 
graphs. 

Remove the Kulite and 
the 9-Ax plate from 
an imal . 



NECROPSY 

he animal: 2 eye 
argets,  2 ear targets. 

and neck dissec- 

Return to ULW 
for disposal,  



KVP MA SEC LABEL 

(X-RAY ROOM) 

Z-Y Distance 
from Table 

Reference 
Point 

R. Eye 

L. Eye 

R. Ear 

L. Ear 

Q1 

02 

Q 3 

CG 

X-RAYS - 
Z-X Distance 

from Table . 



NECROPSV HEAD 

Xead Muscle Weight 

Head Weight 

Brain Weight 

Brain Volume 

Skull Inside Length A 

Skull Inside Width B 

Skull Thickness a t  Bt. C 

Skull Thickness at Pt. D 

Skull Thickness at Pt. E 

Skull Thickness at Pt. F 

Skull Thickness at location of strain gauge P (SG1) 

Skull Thickness at location of strain gauge 2 (SG2) 

Skull Thickness at pressure transducer location EPIl 

Skull Thickness at pressure transducer location P I 2  



Conunents Iniuries Observed 

Head Impact 

1 .  Neck 

2 .  Skull 

3 .  Brain 

4 .  Others 



SETUP CHECKLISTS 

Vivarium Setup 
Anatomy Setup 

Testing Area Setup 
Impact Cart Setup 
Timer Box Setup 
Autopsy Setup 



Vivarium P r e ~  Room Setup 

ALWAYS WEAR LA3 COAT. 

ALWAYS WEAR FACE MASK, 

- Blue absorbent pads taped to counter. 
Number of items on this list apply 
for a run of 2 animals: 

- leather handling gloves - scale to weigh animal - needle and syringe wastebasket 
- wastebasket 
- green gloves 
- electric hair clippers 
Drugs: - Ketamine - Na pentobarbitol 

Calculate how much will 
be needed accordi-ng to species 
and approximate weight of the subject; 
add extra for total amount which should 
be available for use during the 
experiment , 

e.g. ketamine for cynomolgus (Rhesus) 
50mg/kg x 6kg = 300 mg. 

- Stethoscope 
- 6 20-6 Abbocath-T catheters 
- 3 white plastic stopcocks which 

fit catheter 

- 2 5-c. c. syringes 

- 2 3-C.C. syringes 

- 2 l-C.C. syringes 

- Adhesive tape 
- 5 sterile needles 

- Gauze 
- 2 plain forceps 



- Medium surgical scissors 
- 2 hemostats 
- Small scalpel handle 
- Large scalpel handle 
- 2 no, 1 5  scapel blades 

- 2 no.22 scapel blades 

- Flat waxed string 
- Airway tubing of various diameters 
- Tongue depressor 



Anatomy Instrumentation Setu~ 

BROUGHT FROM VIVARIUM WITH ANIMAL 

- Drugs - Syringes and needles - ETOH - UTHOL (concentrated Sodium pentobarbitol) 

- Anthropometer - Metric measuring tape 
PAPER AND PLASTICS -- 
- Visqueen on autopsy table - Blue pa& on table heavy duty trash bags - Gauze - diapers and 3 safety pins 

TAPES AND STRINGS -- 
- Silvertape - tie wraps - Masking tape - cellophane tape - Adhesive tape - Fiber tape - Flat waxed string 

SCALPELS 

- 1 large ( # 8 )  handle - 1 small ( # 3 )  handle - 2 4/22 blades - 2 #I5 blades 
- 2 t 1 2  blades 

- 2 hooked - 2 large plain - 2 small plain 
HEMOSTATS 
- needle - small straight - small curved - large straight - large curved 
SCISSORS 

- 2 small - 2 medium - 2 large 



- 2 large - 2 medium 
NEEDLES 

- 2 double curved - Trocar with stainless stell lockwire 
- 2 5cc sringes 

PRESSURIZATION 

- Modified Foley ($10) balioon catheters 
- Kulite shield - Tracheal tube - Right and left carotid pressurization catheters 

(Foley W10) - cerebral-spinal French Fcley $10 catheter - Respiratory pressure tank - fdanome%@r - Fluid pressure tank - 7% saline solution with India ink 
BOLTS AND SCREWS -- 
- 6 self-tapping lag bolts 

1/4 x 6 pan head type A sheet metal screws - 3 lengths of wood screws (No.2 self tapping) - 1-72 screws - 2-56 tap - Tap "Tn holder - Strain relied bolt - Wood and metal self-tapping screw boxes 

- OMIT PLUS (canned pressurized air for cleaning 
cauterizing oca%pef) 

- animal holding chair 
I tongue depressor 

- Wet/dry sand paper: 20Q, 400, 600 grit 



MOUNTS/INSTRvMFyNTS/FITTINGS 
- Strain Gauge rosette - M-Bond glue - M-Bond,catalyst 
- Nine-accelerometer p18tes ( small and 8 feet) - M-Coat D air drying acrylic coating, powder and 

liquid 
- Silicon 
- X-ray targets ( 2  square; one with tail) ( 2  round; one 

with tail, both in end of 2" long I.D. polyethvlene 
tube). 

- 
- Two 18" i0.085" I . D . )  and two 18" (0,066' I.D.) 

lengths of polyethylene tubing, each with one 
beveled end. - Various lenths of airway tubing 

- Dental acrylic 
- Bone wax - 2 epidural pressure transducer fittings 

TOOLS - 
- Stryker bone coring drill, coring tool, and allen head 

wrench to fit its screw. - Dental scoop - Wire cutters and fastening wire 
- Electric hair clippers 
- Electric drill 
- Drill Sits (6/32 1/16", etc.) - large and small screwdrivers (2-56 and No.2) - nut driver (for lag bolts) - wire twisters - bone shears - 2-56 drill bit with adhesive tape on its shaft 
- Soldering iron with hooked tip 
- Transformer 
- Solder and flux - Wet gauze in film cannister for cleaning soldering 

iron tip. 



TESTING AREA SETUP 

- masking tape 
- silver tape 
- fiber tape 
- large surgical scissors 
- 1 pr. large hemostat 
- bone wax 
- small screwdrivers for mounting accelerometers 
- styrof o m  

- bsPsa wood for impact chair 
- foam padding for impact chair 

- small tie wraps 
- extra tubing (various 1.B.) 
- 50 ml. syringe for dye injector 

- plastic garbage bag taped onto cart ring 
- adhesive tape 
- blue pads 

- green gloves, 4 pr. 
- gauze 
- large scalpel handle 
- small scalpel handle 
I scalpel blades, 1 each: no. 15 

no. 12 
no. 22 

I_ 2 hemostats 

- 2 forceps 
- large surgical scissors 
- 2 trocar needles 



- black thread 
- waxed string 
- 5 ml syringe with adapter tubing attached, filled with 

silicone coupling fluid 

- polyethylene tubing, 18" each: I.D. .066", I.D. ,085" 

BROUGIIT FROM ANATOMY WITH ANIMAL 

- soldering iron with hooked tip 
- solder 
- flux 
- transformer 
- moist gauze in film cannister for cleaning soldering 

iron tip 

- Radiopaque dye 40 c.c. 
- Anesthetic drugs, Uthol, syringes, and needles 
MATER I ALS 

- balsa wood 

- rags 
- foam (at least 6 sheets of 3x4 ft 6") 

- Ensolite ( . 5  cm thickness) 

- Styrofoam 
- Dow Ethafoam 
- APR pads 

ROPE CUTTERS - 
- head, 1/8" 
- nylon strings (10'24" 3/16"; 10 18" 1/8") 



PHOTOMETRI CS ( X-RAYS ) 

- X-RAY GE dental head and power supply 

- X-ray labels prepared., 

- Developer checked and changed, if necessary. 
- Cassettes loaded with film 
- Filters --Ta, Maglens, Ag 
- Polaroid Cable 
I Power supply and cable 

- Black cloth 
- Flash1 ight 

- Calibration target 
MISCZLLAKEOUS 

- calculator 
- bone wax 

- Pressurization equipment (thoracic 
arterial, head arterial, cerebral spinal) 

- Timer box 
- Strobes 

TAPES - 
- adhes ive 

- fiber 
- silver 
- masking 
- black 
- double stick 



IMPACT LAB CART SETUP 

P=ER AND PLASTIC -- 
- blue pads 

- gauze 

- gloves 

- p l a s t i c  garbage bags 

SCALPELS 

- 1 medium ( # 4 )  handle 

- 1 small ( $ 3 )  handle 

- 2 X22 blades 

- 2 $15 blades 

- 1 X12 blade 

SURGICAL TOOLS 

- 2 forceps 

- 2 hemostats 

- large s c i s sors  

- 2 double curved needles 

STRING 

- f l a t  waxed s tr ing  

- black thread 



TOOLS 

- small (1-72) screwdriver 
- large screwdriver 
- nut driver 
- baPl driver (6-32, 9-80 ]  

- 1-72 screws 
- 2-56 screws 
_I_ 0-80 screws 

- wiretwisters 
MI SCELEANEOUS 

- ball targets 
- paper targets 

- bone wax 

- tubing connectors 
- tie wraps 
- lockwire 
- 50cc syringe 

- pulmonary pressurization relief valves 

- rubber cement 



NECROPSY SETUP 

ALWAYS WZAR LAB COAT. 

~lastic taped to and covering metal table - -  
- heavy duty trash bags from Vivarium prep room 
- zip lock plastic bags for saving parts 
- 10 blue pads 
- gauze 
- silver tape 
- masking tape 
- Stryker saw 
- large and small scalpel hjandles 
- 2 no.60 scalpel blades 
- 2 no.22 scalpel blades 
- 2 no.15 scalpel blades 

- 3 hemostats 
- forceps - 1 hooked and 1 plain 
- small surgical scissors 
- medium surgical scissors 
- medium spreaders 
- squeeze bottle, filled with water 
- 10% Fonnalin and calcium carbonate 
- Fixation bottle 
- skull wedges, one with "Tn and one without 



PRELIMINARY I'MPACT LAB CHECKLISTS 

- light banks positioned,~488-V power ON - cameras in position and set 
- camera fps correct - TEST ID and phototargets visible, - DO POLAROID CHECKLIST 
POLAROID CHECKLIST 

- magnet ON - external OFF - HV a t 3 3  kkv - check filters - set  polaroid camera at f16 - set objective lens at 2 for 4x, 2.8 for 2x, 4 for lx - X-ray centered - CLEAR LAB OF ALL INDIVIDUALS NOT WEARING X-RAY BADGES! 
HIGH-SPEED CINEUDPOGRAPH CAMERA CHECKLIST 

- external ON 
- power supply read lilght ON and BRIGHT 

THIS MUST BE DONE BEFORE HV IS TURNED ON! - HV at 35 k 
- gating Mv at 4 kV - BV CIN - camera power supply light ON and BRIGHT - image intensifier objective lens at 0.6 m - Newtonian reference - calibration completed - cables clear of field of view - DO IifGH-SPEED X-RAY OPEIUTXON CHECKLIST 

HIGH-SPEED X-RAY OPERATION CHECKLIST 

- Position Cineradiograph - Position X-Ray head approximately 40 inches from 
the screen of the cineradiograph - Lock wheels on the X-Ray head and-cineradiograph table - Record X-Ray head to Cineradiograph screen distance 

Record subject mid-line to cineradiograph screen - . .  

distance 
I Turn on cineradiograph feeusing magnet, Check to see 

that it limits, 
- check filters - take polaroid photo [ in-place X-Ray photos ] - If necessary adjust the K W  and distance from the X-Ray 

head to the cineradiograph screen. Retake polaroid 
photos until no further adjustment is necessary, 
Label all polaroids. - Exchange the polaroid for the high-speed movie camera 



in the cineradiograph mount. - Check alignment of the movie camera with the outpur 
screen - Focus the high-speed movie camera - Set the lens opening of'the high-speed movie camera 
at the correct aperture - Check the pulse width on the gating circuit. Set the 
pulse width at  350 microseconds, - Set objective lens at 1.2 - TAKE 35 nun STILL SET-UP PHOTOS. 

SUBJECT CHEML I ST 

- Labels and phototargets visible - Hoist in correct position and locked - Ropecutter threaded and cable clear - Measure and record angles - Strobe check - Pressurization equipment check - Door locked - GO TO Ff NAL CANNON ROOM OPERATION CHECKLISTS 



FINAL CHECKLIST - 
FINAL CANNON OPERATION CHECKLIST 

- padding correct? - Solenoid switches set t~ synchronize timerbox? 
- Timerbox times correct? - Timerbox firing channels correct? - Strobe set? - Cock Cannon-Impactor 
- Piston status GREEN, GREEN, GREEN? - Record Paunch rope angle - Head noose and ropecutter checked? - All cables clear and strain relieved? - Calibration sequences completed? - Gate established and reset? - Pressurize cannon 
- Pulse pressurize subject - BEGIN INSTRUMENTATION ROOM COUNTDOWN 

INSTRUMENTAT I ON ROOM COUhTDOWN 

Earphone contact? 
necessary re-wiring accomplished? 
amplifier gains  set? 
amplifier excitation set? 
amplifiers zeroed [balanced?]? 
Tape Recorders set at 30 ips? 
Volume of tape recorders off? 
Tapes pos it i oned? 
subject pressure at 30 mm Hg7 
Ratchet and turn handle off brake 
Timerbox anned? 
TEST NUMBER verified? 
RUN TEST 

winch? 


