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EXPERIMENTAL DATA FOR DEVELOPMENT OF FINITE ELEMENT MODELS - PELVIS 
Contract No. DOT-NHTSA-C-HS-7-01636 UM Acct. No. 015651 

The research program, Experimental Data for Development of Finite 

Element Models, involved data gathering on the kinematic response of 

three human cadaver subsystems: 1) the pelvis, 2) the head, and 3 )  the 

thoraco-abdomen, Each impact target investigation is presented as a 

self-contained chapter in this final report. This chapter presents the 

pelvis series, Chapter 1 presents the head series, and Chapter 2 

presents the thoraco-abdomen series. 

The research program utilized 14 cadavers in 68 dynamic impact 

tests. For the pelvis subsystem experiments, 10 subjects received a 

total of 13 impacts; for the head series, 6 subjects received a total of 

14 impacts; and for the thoraco-abdomen, 11 subjects received a total of 

41 impacts. 

2 .0 BACKGROUND 

Pelvic injuries of varying type and severity have been found to 

occur in a significant number of automotive accidents [16-1,7,20,30,32] , 

Investigations of trauma of the pelvis resulting from impact in an 

automotive environment have been documented primarily through accident 

investigation methods. There have only been a limited number of 

biomechanical studies attempting to research pelvic impact trauma under 

laboratory conditions. One of the earliest of these studies was 

conducted by Evans and Lissner in 1955 [El], and consisted of impacts to 

the denuded pelvis in the inferior-superior direction. Although no 

fracture tolerance data were obtained, it was concluded from this study 

that the pelvis exhibited elastic behavior and failed due to tensile 



stresses in va1:ious structural members. Ten years later a study of the 

behavior of the knee-femur-pelvis complex in an automotive impact 

environment was reported by Patrick, et  a l .  [26]. In this  series of 

tests,  an impac:t sled was used to apply femoral-axis impacts to the knee 

of embalmed cadavers. The lowest applied load found to cause pelvic 

injury was 7.1 kN, and loads ranging from 8.5 kN to 17 kN were found to 

cause multiple fractures of the pelvis. I t  was suggested that a maximum 

force criterion (of about 6.2 kN) should be the threshold level for 

in jury of the patella/femur/pelvis complex. A similar study using 

u~~embalmed cadavers was reported by Melvin and Nusholtz in  1980 [22]. A 

single pelvis fracture was found to occur a t  an applied load of about 20 

IcN, however loads up to 26 kN were applied with no resulting pelvis 

i11 jury [22 1 . 
A recent :biomechanical study of pelvic impact i n  an automotive 

er~vironment was documented f i r s t  in 1979 [28]  and more completely in 

15180 [7] by Cesisri and Ramet. The goal of the research was to  supply 

data for design of side door padding by impacting cadavers laterally to 

th~e pelvis and recording the force/in jury relationships observed. I t  

was suggested fi:om this study that the pelvic response to  impact i s  

characterized bjr velocity of impact, maximum force, and force impulse. 

Admissible force tolerance for females was documented as 5-7 kN (1100- 

1600 lb )  and for males as 7-13 kN (1600-2900 lb) [7,28]. These studies 

essentially characterized the injury tolerance of the pelvis using 

ma~imum force and force impulse indicators. 

To further investigate the kinematic and injury response of the 

pelvis in autorncltive environment impacts, a series of tes ts  involving 

indirect impacts to the pelvis has been conducted by the Biomechanics 



Department at UJlTRI [23], The tests were conducted using unembalmed 

cadavers and two types of impact facilities: a linear pendulum impactor 

and a pneumatic impactor. Indirect loads were delivered to the 

acetabuium of the pelvis by impacting the femur either axially or 

laterally. This allowed loads to be delivered to the acetabulum in 

either anterior-to-posterior or right-to-left directions. The cadavers 

were instrumented to measure pelvic triaxial accelerations in all tests, 

while in some tests three-dimensional motion of the pelvis was recorded 

with nine acceierometers , Additionally, triaxial accelerations of the 

right and left femurs and thoracic vertebra T8 were measured. 

Photographic targets on the pelvis and femurs were used for 

photokinemetric analysis of motion due to the impact. The conclusions 

were: 

(1) Complete description of three-dimensional motion is invaluable to 

the under standing of pelvic response. 

(2 )  The complex nature of the response of the femur/pelvis/soft tissue 

system, the variability of subjects, and resulting damage patterns 

may preclude the determination of a single tolerance criterion such 

as maximum force or peak acceleration response. 

(3) In lateral impacts, energy-absorbing and load-distributing 

materials are effective means of transmitting greater amounts of 

energy ro the pelvis without ensuing damage, 

( 4 )  The nature of the impactor/femur/pelvis interaction, as well as the 

biometrics of the population at large are critical factors in 

understanding the response of the pelvis to impact and subsequent 

damage patterns. 



The work heing reported in this document i s  a continuation of those 

e:~periments which investigated the results of indirect impacts to the 

pelvis summarized above [23]. Appendix F i s  the earlier research 

3,O ANATOMICAL CONSIDERATIONS - 
The bony pelvis (Figure 1) consists of two large, f l a t ,  irregularly 

shaped hip (innominate) bones that join one another a t  the pubic 

symphysis on the anterior midline. Posteriorly, the wedge shaped sacrum 

completes the pielvic ring forming a relatively rigid structure. 

In the adult, each hip bone i s  formed by the fusion of three 

separate bones, the i l i u m ,  ischium, and pubis, which join a t  the 

ac!etabulum. The i l i u m  forms the broad upper lateral  part of the hip 

bclne and the upper portion of the acetabulum. I t s  upper curved edge i s  

the i l i ac  crest. The prominence on this crest i s  known as the anterior- 

superior i l iac  spine. Posteriorly, the crest ends in the posterior 

i l i a c  spine, adjacent to i t s  articulation with the sacrum, the 

sacroiliac joint:. The ischium forms part of the acetabulurn and has a 

superior ramus that ends below in the ischial tuberosity. From there 

the inferior ranlus ascends to  join with the inferior ramus of the pubic 

bane. Together this bar of bone i s  frequently referred to as the 

ischio-pubic ramus or inferior pubic ramus. The body of the pubic bone 

foirms the anterior part of the acetabulum. From here the superior pubic 

ranus passes to  the midline where i t  joins i t s  fellow of the opposite 

sicle through the pubic symphysis. Beneath the superior pubic rarnus, the 

inferior pubic ramus joins the inferior ischial ramus. The posterior- 

lateral  bony pekvis i s  covered by multiple muscle layers, buttock f a t  

ancl skin. The i l i ac  crest i s  relatively free of heavy musculature. The 
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rounded head of the femur articulates with the acetabulum and is held 

wi.thin the socket by ligaments. On the lateral upper femur is the 

greater trochanter, a large bony prominence, to which muscles attach. 

4.0 GOAL OF PELVIC SERIES IMPACT TESTING - 
The goal ot the pelvic test series was to investigate the 

relationship between selected kinematic parameters and resultant tissue 

damage caused by blunt indirect impact to the pelvis of the unembalmed 

human cadaver1 i%S a surrogate model for living humans. The kinematic 

parameters selected were force/angular and translational accelerations 

and velocities. A series of laboratory techniques precisely defined the 

selected kinematic and injury parameters, The impacting surface was 

padded with various materials to produce different force-time and load 

distribution characteristics. High speed photokinemetrics were obtained 

using standard techniques. Assessment of tissue damage was obtained by 

gross autopsy observations. 

Two series of pelvic impacts were conducted. In the first series, 

5 cadavers were subjected to an indirect lateral pelvic impact delivered 

by a 25 kg mass using either a linear or a pneumatic ballistic pendulum 

impactor. An additional subject received duplicate impacts. The right 

hip was impacted 8 cm anterior to the trochanterion landmark. This 

prtmided indirect loading of the acetabulum in the right-to-left 

direction. Impact force and triaxial acceleration at three points on 

the pelvis were recorded. The three triaxial accelerometer clusters 

used to document three-dimensional motion were mounted on a magnesium 

lThe protocol far the use of cadavers in this study was approved by the 
University of Michigan Medical Center and followed guidelines 
established by tlhe U.S. Public Health Serivce and those recommended by 
the! National Academy of Sciences, National Research Council. 



plate rigidly affixed to the pelvis. In the second test series, 4 

cadavers were subjected to a similar indirect lateral pelvic impact 

delivered by a 20 kg mass pneumatic impactor. Three subjects received a 

single impact, while another received triplicate impacts. Only impact 

force was recorded for the second test series. 

Impact load and pelvic acceleration data are presented in this 

chapter as functions of both time and frequency in the form of 

mechanical impedance. Injury descriptions based on gross autopsy are 

provrded. The kinematic response of the pelvis during and after impact 

is presented to indicate the similarities and differences in response of 

the pelvis for various load levels. While the fmpact response data 

cannot prescribe a specific tolerance Pevef for the pelvis, they do 

indicate variables which must be considered and some potential problems 

in developing an accurate injury criterion. 
L 



5,O METHODOLOGY': - 
5.1 Methods and Procedures of Impact Testinq: - 

5.11 Subjects - 10 unembalmed male cadavers were tested. The - 
cadavers were obtained by UMTRI from the University of Michigan 

Medical School Department of Anatomy. Following transfer to 

UMTRI, the cadavers were stored for a short time at 4 O  C until 

subsequent use. The cadavers were sanitarily prepared, 

anatomically measured, and examined radiologically prior to the 

installation of accelerometer hardware. See Table 1 for 

subject biornetrics. 

The execution and coordination of the testing sequence was 

guided by the use of a detailed protocol which is included in 

Appendix B in Chapter 2 [l-321. The testing sequence is 

outlined below and additional information about application of 

specifiic techniques is available elsewhere [l, 15,21-24,311. 

Six groups of procedures are associated with the impact 

testing-data gathering-analysis activities. They are : 1) pre- 

test preparation, 2) instrumentation surgery, 3) trial test, 4) 

impact testing, 5) post-test autopsy and injury coding in DOT 

format, and 6) data analysis and report. 

5.12 Pre-test Preparation - The arrival of a test subject 
cannot be predicted more than a half a day in advance. 

General-ly, preparation for a test sequence begins the day a 

subject is received. The subject requires a day and a half of 

preparation, which is sufficient time to set up the impact lab 

and run equipment checks which include a trial test. The areas 

requiring special preparation are outlined below. 





Morgufi - Cadaver subjects are stored there at 4OC in coolers 
until subsequent use. 

Anatomy Lab - Sanitary preparation, anthropometry [30-311, and 
surgical instrumentation of the test subject is done in the 

Anatomy Lab. Ail tools, materials, and instrumentation 

equipment necessary to prepare the subject are constructed or 

laid out in advance. Included in the setup are surgicai 

instruments, measuring equipment, gauze and toweling, 

accelerometer mounting hardware, support harnesses and clothing 

for the cadaver subjects. 

RadioLoqy Lab - The table and X-Ray head are positioned and a - 
sufficient supply of film is loaded into the X-ray cassettes. 

Adequa,te film is loaded so that the test sequence can be 

completed without interruption. Each subject is X-rayed here 

when it is received to check for structural integrity and 

surgicinl implants. 

Dark -- Rtmm - Chemicals are mixed for X-Ray developing, Labels 
for X-Rays are prepared. Courier forms and packaging for the 

16 mm high-speed films are readied. 

Physiology Lab - 16 mm high-speed films are chemically 

hypersrnsitized in order to obtain better image clarity in an 

oven at: 30-35OC with forming gas for 24 hours. 

Impact Lab - Test facilities, recording equipment, and 
accelerometers must be assembled, wired, and trial tested, In 

additica, a portable cart containing equipment for 

instrun~enting the subject with accelerometers is prepared. 

Impact padding and support materials for the subject are 



assembled near the impact device. The high-speed cameras are 

readied. All electrical equipment is connected to a power 

source. 

Impact Lab and Instrumentation Room Electronics - The input/ 
output voltage characteristics of a11 analog tape channels are 

checked by calibration at predetermined voltage levels. The 

tape channel calibrations are determined when the test pulses 

are played back off tape through a computer routine. 

All accelerometers are labeled and wired through a patch panel 

into the Instrumentation Room. From there, the signals are 

passed through amplifiers if necessary and wired to their 

designated channels as input to the analog tape recorders. 

Amplifiers are adjusted for the proper gain. Accelerometer 

excitation voltages are set on the amplifers, and their 

piezoresistive nature also requires that balancing be perfor 

med. Instrumentation Room wiring cannot be completed until the 

timer unit and the devices it operates, such as high-speed 

cameras, lights, and ropecutters, ate connected and set for the 

proper control, delay and run times. Final wiring is completed 

in the Instrumentation Room and the impacting device is 

prepared for a trial test. 

5.13 Surgery - In the Anatomy Lab the test subject surgically 

instrumented with the required test hardware. The hardware consists of 

a pelvic accelerometer mount. 

Nine-Accelerometer Pelvic Plate - The nine-accelerometer plate 
(Figure 2) is instalied in the following manner. Four lag 

bolts are screwed into the posterior-superior iliac spines, 



within the dimengions of the magnesium plate to be mounted. 

Quick setting dental acrylic i s  molded around the bolts to  form 

a securing medium, and the accelerometer plate i s  placed into 

the acrylic. 

5.14 Trial Test - To insure that a l l  mechanical and electronic 

equipment i s  functioning and wired appropriately for the test  design, 

t r i a l  tests of the equipment are performed on the day before the tes t ,  

allowing sufficient time to locate and correct system defects. 

Accelerometers, amplifiers, umbilical cables, and recorders are tested 

!q suspending a rubber cyclinder weighing approximately 20 pounds in 

front of the designated impactor with a l l  the necessary accelerometers 

taped to i t .  A preliminary check of the accelerometers and amplifiers 

i!; made to insure proper balancing and noise levels. The striker i s  

then manually released and the rubber cylinder impacted. The signals 

from a l l  accelerometers are recorded on the analog tape recorders. A l l  

channels are p1,ayed back immediately on the brush chart recorder for 

inspection purposes. The striker accelerometer i s  also tested in this  

procedure. The timerbox, cameras, lights, ropecutter and velocity probe 

are tested individually. Triaxial clusters are then labeled for their 

specific point of attachment to  the subject and placed in protective 

sleeves. 

Three classes of operations take place before and during impact 

that are necessary for the documentation of the impact event: 

events associated with recording of electromechanical 

accelerometer output, events associated with photometrics 

documerltation, and events associated with the impacting device. 
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Timing - The impact test event sequence is initiated by an 
operator-controlled manual switch and is thereafter controlled 

by signals generated by a specially constructed timing unit. 

The synchronization of the events associated with these signals 

is such that the lights are fully illumniated and the cameras 

are powered and running at the preset speed when the impact 

test takes place. In addition, the cameras are sequenced such 

that they are operational for the minimum amount of time. This 

econom,izes the amount of effort associated with photokinemetric 

documentation (changing film, etc . ) and allows for a smoother 
running test sequence. 

The recording equipment must be at operational speed before the 

striker is released. During the impact event, the output of 

the piston accelerometer must be 'fit into 'a "corridor" or 

window so that the pre-impact acceleration from rest and the 

post-impact acceleration from end-of-stroke are not recorded. 

The striker must be released so that impact will occur within 

the assigned time corridor. A sychronizing contact strobe, 

which places simultaneous electrical and photographic signals 

on the analog tape and high-speed film, must occur near the 

beginning of impact, 

Equipmeant - The basic test equipment includes the timing 
control, unit, a signal conditioning device for the force 

signal, the accelerometer patch panels, the accelerometers, the 

impacting device, cameras, the photographic lights , and the 
restrai,nts (hoists). Each piece that plays a significant role 

in the data acquisition is described below. 



Linear Pendulum Impacts -- The linear pendulum impact device 
(Figure 3 )  consisted of a free-falling pendulum as an energy 

source which struck a 25 kg impact piston. The impactor, 

guided by a set 0% Thompson linear ball bushings, was brought 

to impact velocity prior to impact and traveled up to 25 cm 

before being arrested. Axial loads were measured with either a 

load cell or a Setra model 111 accelerometer. Impact 

conditions between tests were controlled by varying impact 

velocity and the type and depth of padding on the impact piston 

surface. The piston excursion and the distance the piston 

traveled from the point of contact to the point of arrest 

ranged from 3 to 20 cm. The velocity of the piston was 

measured by timing the pulses from a magnetic probe which 

sensed the motion of targets on the piston, 

For the first series tests conducted with this device, the 

subject was placed in a restraint harness and suspended in a 

seated position. Indirect lateral impacts to the acetabulum 

were delivered by impacting the trochanteric region of the 

right femur, along the axis of the neck of the femur. 

Pneumatic Ballistic Pendulum Impacts - The UMTRI ballistic 

pendulum impact device (Figure 4 )  consisted of an air 

reservoir, a ground and honed cylinder, and a carefully fitted 

piston mechanically coupled to a ballistic pendulum. The 

piston, propelled by compressed air through the cylinder from 

the air reservoir chamber, served to accelerate the ballistic 

pendulum. The 10-150 kg mass of the ballistic pendulum was set 

at 25 kg for these tests. The piston was arrested at the end 



Figure 3 

Linear Pendulum Impact Device 
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of its travel, allowing the ballistic pendulum to become a 

free-traveling impactor. The ballistic pendulum was fitted 

with an inertia-compensated load cell, 

For the first series tests conducted with this device, the 

subject was placed in a restraint harness and suspended in a 

seated position similar to the linear pendulum impacts. An 

indirect lateral impact to the acetabulum was delivered by 

impacting the right hip 8 cm anterior to the tsochanterion 

landmark, along the axis of the neck of the femur. 

Pneumatic Impacts -- The cannon pneumatic impact device (Figure 
5 )  consisted of an air reservoir which was connected to a honed 

steel cylinder, A driver piston was propelled down the 

cylinder by the pressurized air in the reservoir. The driver 

piston contacted a striker piston affixed with a piezoelectric 

accelerometer and a piezoelectric load washer, in order to 

determine the acceleration-compensated contact loads applied to 

the test subject. The mass, velocity, and stroke of the 

striker piston could be varied to provide the desired impact 

conditions for a particular test. For the second series tests 

conducted with this device, a 20 kg mass was selected. The 

velocity of the impactor was measured by timing the pulses from 

a magnetic probe which sensed the motion of targets on the 

impactor , 

For the cannon tests, the subject was suspended by a body 

harness and an overhead pulley system while seated on blocks of 

balsa wood upon a mobile table. Impacts were delivered 

indirectly to the pelvis via the right hip as described above. 







Data H'andling - All accelerometer time-histories (impact force, - 
impactor acceleration, nine pelvic accelerations) were recorded 

unfiltered on either a Honeywell 7600 or 9600 FM Tape Recorder. 

All data was recorded at 30 ips. The analog data on the FM 

tapes was played back for digitizing through the appropriate 

anti-aliasing analog filters. The analog-to-digital process 

for all data, results in a digital signal sampled at 6400 Hz 

equivalent sampling rate. Raw transducer time-histories were 

digitally filtered with a Butterworth filter at 1650 HZ, 4th 

order. 

AcceSe.ration Measurement -- Accelerations were measured in 
three orthogonal directions at three sites on the pelvis 

proximnl to each other with Endevco 2264-2000 piezoresistive 

acceferometers. The three triaxial accelerometer clusters were 

secureti to a single mounting platform on the pelvis. The 

location of the center of gravity of the gelvis, the coordinate 

system of the triaxial clusters, and the nine-accelerometer 

array are shown in Figure 6. 

Photoki.nemetrics System - The motion of the subject was 
determj.ned from high-speed (1000 frames per second) film by 

followj.ng the motion of single-point phototargets on the pelvis 

and impactor piston. For selected impacts, a Hycam camera 

operating at 3000 frames per second provided a close-up lateral 

view of the pelvis. A Photosonics 1B camera provided an 

overall, lateral view at 1000 frames per second. 

Analytical photogrammetry was used in these experiments to 

describe the geometry of anatomical structures and their motion 
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in the laboratory reference frame , objective space 

coordirlates of points of interest were obtained once the 

coordiriates of well-defined points in an image space and the 

calibration translation and rotations were specified. The 

points in an image space were obtained with photographic 

equipment and were preserved on f i l m .  

Motion of the pelvis in space was obtained by measuring the 

time-hi-story of the position of a photographic target which had 

a well-defined position and orientation, relative to a 

predefined anatomical landmark. Defined descriptors such as 

position, velocity, and acceleration were associated with rigid 

body mcltion in object space. Once these motion descriptors 

were determined and digitized, they could then be used to  

characterize the dynamic response of the subject under study 

and to assist  in understanding injury mechanisms. 

In these tests  the chosen descriptors were based upon 

anatomical structures in a two-dimensional image space produced 

by a camera. The descriptors were restricted to the two- 

dimensional plane of the f i l m  and thus did not take into 

account rotations and translations which moved objects in and 

out of the plane of gross whole body motion. 

Test Subject Preparation - The unembalmed cadavers were stored 

a t  4 O C  ]prior to testing, The cadaver was X-Rayed as part of 

the structural damage evaluation and anthropomorphic 

measurements were recorded. Next, the cadaver was 

instrumrmted, sanitarily dressed and transported to the testing 



room where the accelerometers are attached. The subject was 

positioned. Pre-test photographs were taken, The subject was 

then impacted. 

5.15 Initial Test Conditions - For all tests in both series, 
the subject was placed seated in a restraint harness which was 

in turn suspended from the ceiling. (See Figure 7.) The 

impactor was either rigid and unpadded or padded with a variety 

of materials in different padding combinations of Ensolite, A-L 

Ensolite, styrofoam, energy absorbing foam, or APR paddings. 

Table 2 presents a summary of initial conditions and padding, 

The target area for all impacts in both test series was 8 cm 

anterior to trochanterion centered on the greater trochanter of 

the right femur. Impact occurred in the right-to-left 

direction. 

5.16 Post-Test Autopsy - After impact testing, the test 
subject was brought to the Anatomy Lab for autopsy. A gross 

autopsy was performed. All injuries were recorded in the test 

protocol on charts and brief descriptions were also written in 

the protocol. 35 mrii still photographs in color and in black 

and white were taken of all significant tissue damages, These 

were later coded according to the AIS-80 scheme and reported in 

DOT format. Occasionally, knowledgeable medical professionals 

were consulted when more descriptive information might better 

characterize the observed tissue damages than the AIS-80 coding 

permits. A%P of this information was used in the analysis and 

reconstruction of mechanisms of injury and is included in the 

written reports to the sponsor. 



L.1 NEAR PEldOULUM CANNON 

BALLISTIC PENDULUM 

Figure 7 

Initial Test Conditions 



5.2 Data Analysis and Report - The techniques used to  analyze the 

results are outlined below. Additional information can be found i n  

[1,15,21-24,311. 

5.21 Force-Time Duration Determination - 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  f i r s t  determine the peak and the time a t  which it 

occurs, Next, the l e f t  half of the pulse, defined from the 

point where the pulse started to r i s e  until  the time of the 

peak, was least-squares f i t t ed  with a straight line. This r i se  

l ine intersected the time axis a t  a point which was taken as 

the formal beginning of the pulse. For those tests  which 

exhibited multimodal signals, the least-squares l ine was f i t t ed  

from where the pulse started until  the time of the f i r s t  

significant peak. A similar procedure was followed for the 

right half of the pulse, i.e.,  a least  squares line was f i t ted  

to  the f a l l  section of the pulse which was defined from the 

peak to  the point where the f i r s t  pulse minimum occurred. The 

formal end of the pulse was then defined as the point where the 

f a l l  l ine intersects the time axis. In many cases, however, 

the formal end of the pulse as defined was not the end of 

contact between the impactor and the subject. In these 

instances, two durations were used: one to  indicate the end of 

the most significant aspect of the force-tirne-history and one 

to indicate the end of the contact. 

5.22 Frame Fields - One method for analyzing the motion of a 

material body such as the pelvis i s  t o  analyze the motion of a 



point on that body. In the case of the tests performed in this 

research program, the point chosen was midway between the 

posterior-superior i l i ac  spines. The motion of this  point was 

analyzed using the concept of a moving frame discussed 

elsewhere el51 and briefly summarized here. 

A vector field i s  a function which assigns a uniquely defined 

vector to  each point along the path generated by a moving 

point. Similarly, any collection of three mutually orthogonal 

unit vectors emanating from each point on the path i s  a frame 

field.  Thus, any vector defined on the path (for example, 

acceleration) may be resolved into three orthogonal components 

of any well defined frame field.  

Xn bio~mechanics research, frame fields are frequently used . 
which (are defined based on anatomical reference frames. The 

anatorn.ica1 references frames used are shown in Figure 8. The 

frames are based on the anatomical orientation of a standing 

test  subject. The inferior-superior direction of the femur i s  

roughly equivalent to the minus anterior-posterior direction of 

the pelvis for a seated subject. Other frame fields such as 

the Pr~ncipal Direction Triad [15] or Frenet-Serret frame [15], 

which contain information about the motion embedded in the 

frame field,  have also been used to describe the motion 

resu1t:Lng from impact. 

A very effective tool for analyzing the motion of the pelvic 

points of interest as they move along paths in space, i s  the 

concepi: of a moving frame [IS] . The path generated as each 





point travels through space i s  a function of time and velocity. 

A vector field i s  a function which assigns a uniquely defined 

vector to  each point along a path. Thus, any collection of 

three ~nutually orthogonal unit vectors defined on a path i s  a 

frame field.  Therefore, any vector defined on the path (for 

exampltp, acceleration) may be resolved into three orthogonal 

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

1aboral:ory or anatomical reference frames. Changes in a frame 

field wi th  time (for example, angular acceleration of the frame 

f ie ld)  are interpreted as vectors defined on the curve and are 

also rsesolved into three components. 

The Zfcnet-Serret Frame [15] consists of three mutually 

orthogonal vectors T, N, B. A t  any point in time a unit vector 

can be constructed that i s  co-directional with the velocity 

vector, This normalized velocity vector defines the tangent 

direction T. A second unit vector N i s  constructed by forming 

a unit vector co-directional with the time derivative of the 

tangent vector T, since the derivative of a unit vector i s  

normal to the vector. To complete the orthogonal frame, a 

third unit vector B (the unit binormal) can be defined as the 

cross  omd duct T x N.  This procedure defines a frame a t  each 

point along the path of the point of interest. Within the 

frame field,  the linear acceleration i s  resolved into two 

distinct types. The tangent acceleration Tan(T) i s  always the 

rate of change of speed (absolute velocity) and the normal 

acceleration Nor(N) gives information about the change in 



direction of the velocity vector. The binormal direction 

Bin(B) contains no acceleration information. 

5.23 Transfer Function Analysis - For blunt impacts, the 
relationship between impact force and the motion resulting at 

various points of the impacted system can be expressed in the 

frequency domain through the use of a transfer function. This 

input-output function is a complex-valued function in the 

frequency domain and can be expressed by a magnitude and a 

phase at a given frequency. Transfer functions can be 

determined from the Fourier transforms of the input-output 

response time-histories or from the spectral densities of the 

input and output response signals. 

A transformation of simultaneously monitored accelerometer 

time-histories can be used to obtain the frequency-response 

functions of impact force and accelerations of remote points. 

When the frequency-response functions have been obtained, 

another transfer function of the form: 

(Z>(iw> = (w) (F) [P(t)l/(F) [A(t)] 

can be calculated from the transformed quantities where the 

definitions are the same as above. 

This particular transfer function is the mechanical transfer 

impedance which can be defined as the ratio between simple 

harmonic driving force and corresponding velocity of the point 

of interest. Mechanical transfer impedance [15 ]  is a complex 

valued function which for the purpose of presentation will be 

described by its magnitude and its phase angle. 



In the! case of a force and an acceleration, such as impact 

force and acceleration of a given point, a transformation of 

the form: 

can be calculated from the transformed quantities, where w is 

the given frequency, F[F(~)] and F[A(~)] are the Fourier 

transforms of the impact force time-history and the 

acceleration time-history, respectively. 

2 5.24 Tlhe Coherence Function cxy (w), is a measure of the - 
quality of a given transfer function at a given frequency. 

where (;xx(w) and Gyy(w) are the power spectral densities of the 

two signals, respectively. Power Spectral Density is a Fourier 

2 transform of each signal's auto-correlation. IGxy(w) I is the 

Cross-!Spectral Density function squared. Cross-Spectral 

Density is the Fourier transform of the cross-correlation of 

the twc) signals and w at the given frequency. By definition, 

2 2 O</=cxy (w) = 1 Values of cxy (w) 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- 

2 output relationship, values of cxy (w) less than 1 indicate 

that th,e 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, For more information on this measure see 

[IS]. The coherence function was used to determine the useful 

range of the data in the frequency domain. 



6.0 RESULTS 

The tables presented on the following pages and the graphs in 

Appendix H represent the data considered most pertinent in discussing 

thle test results;, Appendix F contains preliminary research published in 

the Stapp Car Crash Conference Proceedings. Appendix G contains a 

manuscript submi,tted to the Journal of Biomechanics which discusses only 

the impacts cond,ucted with the cannon impactor, The data for the whole 

teist series in presented in Appendix H . Table 1, presented earlier in 
the text, contains biometric data of all test subjects. Initial pelvic 

te!st conditions are presented in Table 2. A summary of gross autopsy 

relsults is presented in Table 3. Impact test summaries containing force 

linear and angular accelerations are presented in Table 4. Table 5 

lists the accelerometer response peaks. 



Table 2. Initial Test Conditions 

Cadaver 
No. 

000 

020 

040 

050 

050 

050 

060 

070 

080 

080 

079 

090 

100 

Test 
No. 

82E008 

823028 

82E049 

823051 

823052 

823053 

823067 

823071 

83E087 

833088 

833091 

833093 

83E109 

Impactor 

25 kg linear pendulum 

25 kg linear pendulum 

25 kg linear pendulum 

20 kg cannon 

20 kg cannon 

i 

Padding 

2.5 cm Ensolite 
1.3 cm Styrofoam 

0.5 cm Ensolite 

2.5 cm Ensolite 
2.5 cm Styrofoam 

5,O cm Foam 
2.5 cm A . L .  Ensolite 

2.5 cm Styrofoam 

Velocity 
m/ s 

8.4 

8.4  

8.6 

20.0 

22.0 

26.0 

6.0 

26.0 

4 .O 

7.2 

10.2 

9.2 

9.2 

20 kg cannon 

25 kg linear pendulum 

2.5 cm Styrofoam 

No Padding 

20 kg cannon 

25 kg ballistic pendulum 

25 kg ballistic pendulum 

20 kg cannon 

20 kg cannon 

25 kg ballistic pendulum 

I 

7.5 cm A.L. Ensolite 
2.5 cm Styrofoam 

15 cm APRpads 

No Padding 

2.5 cm Styrofoam 
2.5 cm Ensolite 

2.5 cm Styrofoam 
2.5 cm Ensolite 

15 cm APR pads 



Table 3. Injuries . 

Cadaver 
No. 

000 

' 020 

040 

Test 
No. 

823008 

823028 

82E049 

In juries 

None 

Vertical separation fracture of 
ischio-pubic ramus. Horizontal 
fracture of acetabulwn extending 
5 cm into superior pubic ramus, 
including crushing of superior 
aspect of acetabulum. 

None 

None 

None 

Separational fracture of ilio- 
pubic ramus into acetabulum. Fracture 
of inferior pubic ramus. Fracture of 
pubic rami at symphysis pubis. 

None 

None 

None 

None 

050 82E051 
82E052 
82E053 

060 823067 

070 

080 

079 

090 

100 

82E071 

833087 
833088 

833091 

83E093 

833109 
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7.0 DISCUSSION 

The results presented in this  paper have been obtained from a 

series of pelvis injury research programs conducted during the past f ive 

years. The data i s  presented in  abbreviated form to represent the 

trends which are  f e l t  toa be important factors in pelvis impact response. 

The response of the pelvis can be interpreted as the response of a 

material body (the pelvis) in  contact with other material bodies (the 

femur, spine, sof t  tissue, and abdominal organs). The degree to  which 

each of the material badies interacts with the pelvis i s  dependent upon 

the amount of available impactar energy and how it i s  transmitted to  the 

pelvis , 

7.1 Force-Time Histories - Several dis t inct  events occurred in a l l  

the force time-histories and could be used as event markers. They are: 

the beginning of impact noted as E l ,  the peak force noted as E2, and the 

end of impact noted as E3. 

7.2 Transfer Functions -- The transfer functions generated from the 

impact force and accelerations include the effects of padding and 

subject response. The response of the pelvis under dynamic la teral  

loads requires the description of several material bodies: the impactor, 

the femur, the soft tissue and the pelvis. The ball  and socket nature 

of the interface of the acetabulum and the head of the femur, as well as 

the d i f f icu l ty  of impacting through the effective center of mass of the 

pelvis-femur complex, suggest that an instabi l i ty  w i l l  generally result 

due to asymmetric loading of the acetabulum during impact. This type of 

interaction, as well as the effects of damage produced during loading, 

can lead to  a wide range of responses. 



The accele.cometer mounting platform was anchored to  the pelvis 

through the use of lag bolts and dental acrylic. This may have added to 

the la teral  stiffness of the pelvis by reducing the differential  

mcmement between the two innominate bones during impact, consequently 

si,mplifying the gross whole body motion of the pelvis. The degree to 

wh~ich the accelerometer plate stiffens the pelvis i s  undetermined. No 

damage was observed as a result of the lag bolts indicating that the 

ac:celerometer p:latf orm was. not a significant load path. There was also 

a section of soft tissue between the mounting plate and the boney pelvis 

which may have riampened the pelvic structures' response as reflected in 

the acceleratiorl signals. 

In tes ts  8:!E008, 82E028, 823049, 83E087, 833088 and'. 83E109, the 

three-dimensional motion of the pelvis showed that the direction, 

magnitude, phasj.ng, and waveform of the motion descriptors obtained from 
L 

the nine-accelerometer analysis did not follow a consistent pattern. 

~ h e s e  differences occurred primarily in both angular and linear 

accelerations i n  those directions perpendicular to the impactor motion. 

Examples are Figures 9 and 1 0  for 823028, and Figures 11 and 12 for 

823049, Both the linear and angular variables differ significantly 

during the E l  tn E2 interval even though the gross overall motion as 

obtained from both the nine accelerometer analysis and the high-speed 

movies are the same. Variables representing this trend are the relative 

magnitude and phasing of the resultant and tangential acceleration, with 

no clear relatic~n between peak force and acceleration or when i t  w i l l  

oc~cur in  the force time-history. This i s  consistent with research 

program results from other research acceleration data [7]. Figure 13 

depicts some of the waveforms that support this observation. 
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Figure 14 

Mechanical Impedance Corridor 



The response of the pelvis to impact was complicated not only by 

dynamic instabilities of the femur-pelvis complex, but also by the 

variability between subjects, Since load was distributed to the pelvis 

through bth soft tissue and the femur, variations in these physical 

aspects between subjects can lead to varied stress levels on the 

acetabulum for a given impact force. For the subjects with large 

amounts of soft tissue, a longer El to E2 interval was observed. 

Because of the complex nature of the response of the pelvis to 

latesal impacts, it becomes difficult to generate a transfer function 

for these experiments. A transfer function was generated from the 

tangential acceleration for those tests in which the nine-accelerometer 

plate was used (Figure 2). The transfer function shows that in these 

tests for low frequencies (from 10 to 40 Hz) the pelvis behaves as a 

mass of about 25 kg indicating that the gross overall motion of the 

pelvis may be simply modeled. 

7.3 Damage -- The pelvic bone damages observed in these tests are 

similar to those observed in the automotive environment as reported in 

116-17,20,30,32] ; however, no bilateral fractures occurred, The complex 

nature of the response of the pelvis to lateral loads may preclude the 

determination of a single tolerance criterion. In this regard, peak 

force does not relate to the damage produced. This is believed to be a 

result of the interactions of the padding, impactor surface shape, and/ 

or the soft tissue between the impactor and the pelvis. With additional 

padding and soft tissue the load can be distributed over a larger area 

of the pelvis, and therefore less of the available impact energy would 

be concentrated on the acetabulum, The maximum force tolerable appears 



to  increase w i t h  an increase in load-dis tributing padding for a similar 

amount of available impact energy. 

Based on differences in the i n i t i a l  conditions of the tes t s  

performed a t  WTRI [23] and by Cesari, e t  a l .  [ 7 ] ,  it  i s  not readily 

vgtrifiable that peak force and impulse are accurate pelvis injury 

cr i ter ia .  The test  methods used by Cesari, e t  a l .  [7]  employed a 

subject seated in an upright position and impacted by an unpadded 17.3 

kg impactor w i t h  a hemispherical surface. I t  was revealed in  a series 

of tes ts  perfor,med a t  UMTRI (which employed an unrestrained subject and 

an impactor w i t h  a f l a t  surface) that variations in impactor padding, 

mass, and load path may result in large differences in the peak force 

arid impulse of the impact, which did not necessarily predict a certain 

type of injury [23]. Additional tes t  parameters, such as subject 

configuration, ]nay also have affected comparisons between test  series 

rs!sults in an unknown manner. For example, in  one research program the 

subject was seated in  a fixed position which may have caused subject- 

seat interactians, thus producing different injuries for an otherwise 

similar impact. 

The issues of la teral  pelvic impact tolerance are complex in their 

teichnical details,  but they nonetheless focus on a reasonably simple 

central problem: understanding the factors necessary to  cause injury to 

the pelvis and 'understanding the mechanism of injury. A number of 

procedures and techniques have been utilized to understand natural 

phenomena in thle scientific arena, Two of the most comonly used are 

the direct and indirect methods. The direct approach usually s ta r t s  

with f i r s t  principles and then attempts to  derive the basic laws 

gcwerning the pl'lenomena of interest. One direct approach i s  t o  assume 



that the phenomena under study (in this case, the pelvis ) can be 

characterized by minimizing the Lagrange density L which is a function 

of the independent variables (coordinates, velocities, potentials, 

gradients, field amplitudes, etc, ) of the system and the derivatives of 

these variables with respect to the integration that is to be minimized. 

£ =  1:' . + L f , g , 3  dx, . . .cix rn 

I 

One such direct method characterization would be the equation for 

governing the behavior of an elastic medium under its own restoring 

force. 

d i v  grad W=p(x,y,z) k(x,y,z)dd W/dtdt, 

~(x,Y ,z)'~/(Y (X,Y ,z)+~*u(x,Y , z ) )  

Where u is the shear modulus of the medium and y*2/3u is its 

compressive modulus. An example of this direct approach would be to 

compute the velocity and displacement of the medias under impact given 

the density p(x,y,z) and the elastic modulus k(x,y,z). 

In contrast, it may be possible indirectly through the use of 

strain gauges and accelerometers to measure the velocity, displacement, 

and acceleration when the elastic modulus is the unknown. Indeed, in 

the case of the pelvis, which is inhomogeneous, the elastic modulus 

varies from point to point. A more realistic problem then is 

determining k(x,y,z) from the displacement field which is is an example 



of an inverse problem using the indirect method. Utilizing measurable 

quantities obtained in laboratory experiments employs the indirect 

ms!thod. One parameter in impact biomechanics commonly addressed through 

the indirect method i s  the tolerance level or failure c r i te r ia .  Impact 

experiments such as the ones presented here, measure the force time- 

history and than attempt to  determine tolerance in terms of this  

vslriable . However, the indirect method requirgs a considerable amount 

of time and effort in the laboratory. Procedures may vary from 

laboratory to  1,aboratory and for complex phenomena, such as pelvic 

impact response, assumptions have to be made to simplify the problem. 

To determine the failure c r i te r ia  of the pelvis for la teral  

in~pacts, a considerable number of variables need to be addressed. The 

anlatomica1 structures are inhomogeneous with complex geometry, and other 

structures, sucln as the femur and soft  tissues, intervene between the 

impactor and th~e acetabulurn, The pelvis i s  a deformable object that 

rarely makes direct contact with the impacting surface. In most lateral  

impact environments there are two basic load paths into the pelvis, one 

thlrough the i l i tac wing and another through the acetabulum via the femur. 

Although other quantities such as maximum strain, maximum strain 

energy, and max.imum distortion are used to  specify the fai lure  cr i ter ia  

of solid materiisls, a maximum stress value i s  popularly used. A f i r s t  

aplproximation tts finding maximum stress i s  to ut i l ize  maximum impact 

force as a fai lure  criterion for a one-dimensional case, assuming that 

fa i lure  occurs ]tear maximum force. 



Where f i s  the force and a i s  the effective contact area of the 

femur with the pelvis. Then, for a given impact, the failure c r i te r ia  

can be defined in  terms of maximum force. If the contact surface i s  

such that it i s  a weak function of i n i t i a l  condition and force time- 

history, e.g., the effective contact area has reached a maximum, the 

soft tissue i s  not an effective energy absorber, and the force i s  

transmitted directly to the pelvis, then maximum force i s  directly 

related to  maximum stress and might be used as a failure criterion. 

Cesari and Ramet [6] have proposed' that a 10 kN ( 3  ms cl ip)  peak force 

for males and a 4 kN ( 3  ms clip) peak force for females would be a 

reasonable fracture tolerance level for la teral  impacts i n  the pelvis 

without loading the wing of the i l l i u m ,  However, they have pointed out 

the efficacy of using a differ& stress-related variable instead of raw 

force for a specific type of fracture. They hypothesized that many 

lateral  pelvic fractures were the result of excess bending stress in the 

pubic rarni. They computed moments of iner t ia  and used the formula: 

Where d i s  the characteristic moment and I/y i s  the area moment of 

inertia divided by the offset from the neutral axis. They were able to  

correlate fracture force and moments of inertia.  This then improved 



their cprrelation coefficient between calculated stress and fracture. 

Additional efforts have been made to base a fracture criterion on an 

ac:celeration, 'Toward this  end Haffner (1985) based on the work of 

Nusholtz e t  a1 . [23] constructed a one-dimensional linear lumped- 

parameter model as shown in  Figure 15. Mass 1 i s  associated with  the 

st.ructure side upper mass, and Mass 2 i s  associated with the pelvic mass 

upon which the pelvic accelerometer i s  attached. They cautioned that 

the model i s  not to be taken as a l i t e r a l  model but as a useful device 

for prediction of pelvic stress along the lines of others (Haffner, 

1985) and [23]. Although, this  seems to  be a useful method of producing 

a fracture tole.rance criterion, the limited data preclude determining 

the method's prfedictive value over peak force. 

The relatimship between acceleration and force and, therefore, 

potentially betqween stress and acceleration can be envisioned by the 

aslsumption that the motion during impact to the pelvic area ( to  which 

the accelerometlers are attached) i s  that of a rigid body undergoing one- 

di.mensiona1 motion. I t  has been pointed out [23] that a complete three- 

di,mensional description, consisting of three linear translations and 

three angular rotations, i s  invaluable in  determining the response of 

the pelvis to  blunt la teral  impact. This i s  a result of the ball  and 

socket nature ot the interface of the acetabulurn and the head of the 

femur, as well (3s of the difficulty of impacting through the center of 

the mass of the pelvis-femur complex. This type of geometry w i l l  result 

i n  asymmetric loading of the pelvis and w i l l  produce a wide range of 

responses for  a given impact. Therefore, for small deformations of the 

pe!lvis, i t  i s  more reasonable to  assume that the acceleration motion of 





any given point on the pelvis sufficiently far from the impact point can 

be described using the following equation. 

Where X i s  the acceleration of a given point on the pelvis, A i s  the 

acceleration of the center of mass, w i s  the angular velocity of the 

pelvis, dw/dt i s  the angular acceleration of the pelvis, and r i s  the 

radius vector of the center of mass to  the point of interest .  A one- 

di~mensional model would give only a.rough approximation of the stress 

produced during impact. A better approximation would have the stress in 

the pelvis as a function of the forces ~ ( x , ~ , z )  and torques N( ) as 

well as the point of interest X on the pelvis. 

In additio,n to  the three-dimensional motion, .the pelvis i s  composed 

of  inhomogeneous materials and i s  strain rate  sensitive as well as non- 

linear in  respo,nse. Theref ore: 



Where E is the strain of any given point on the pelvis. The motion of 

any point on the pelvis would then be: 

Where R(E) is the displacement vector of the point of interest from its 

equilibrium position. From the above discussion, it would seem that the 

application of the indirect method to determining fracture tolerances or 

maximum stress needs to address to some degree: the nbmber of initial 

positions that can occur between the pelvis and the femur, the three- 

dimensional motion of the pelvis and the femur, and the response rate- 

sensitivity of the pelvic structures. 

This would, in part, then explain the differences seen in the 

results of others [6-8,221. Nusholtz et al. [23] observed for an impact 

experiment using a flat rigid striking surface which loaded the 

acetabulum through the femur that the fracture level was approximately 

7 kN. Since the number of parameters that need to be controlled in 

lateral impact are numerous, small differences in experimental technique 

can lead to significant differences in results, The possible reasons for 

the differences betw'een these two laboratories are: 

1. The impactor used by Nusholtz et al. [23] was 56 kg instead of 

the 17 kg used by Cesari and Ramet [6], and Cesari et al. [7- 



81. I€  strain-rate i s  a factor in impact response, then the 

experi~nents performed by Nusholtz e t  a l . ,  [23] would have had a 

higher frequency contact, and, therefore, a higher strain-rate 

effect. This may, in  part, explain why Nusholtz e t  a l .  [23] 

obtained a greater number of acetabular fractures. 

2 .  Striking the femur with a hemispherical impactor permitted i t  

to  slide under the impactor, allowing greater loads to  be 

transmitted directly to the pelvis. 

3 .  Nusholtz' [23] tes t  subjects were suspended in  the a i r  and 

struck during free f a l l .  Cesari's were seated. The per se 

effect of seating on the response i s  undetermined. However, it  

seems rkasonable to  assume that for a short-duration (high 

frequency) force time-history, this  would not have an effect. 

I f  the above discussion i s  accurate in i t s  characterization of the 

pelvis, then i t  would seem desirable to  design an experiment that would 

increase the necessary load to fracture by: 

1) Increalsing the loading area. ' 

2 )  Decrearsing the strain-rate by decreasing the high-frequency 

componmts of the force time-history. 

3 )  Reducing the angular acceleration. 

The special padding used in  these experiments enabled the femur to  be 

trapped and reduced the angular motion associated with the femur-pelvic 

instabi l i ty  of the f emur-pelvis , eliminated any concentrated loading by 

uti l izing the entire surface of the impactor as a load path, reduced the 

rate  of onset o f t h e  force time-history, and, thus, reduced the high 

frequency cornpo~lents of the force time-history. Because of the effects 

of the padding, large forces were generated without fracture. This 



supports the earlier research results [22-231 in which the importance of 

protective padding was emphasized. 

This has been a limited preliminary study of some important 

kinematic factors and damage modes associated with indirect loading of 

the pelvis through the femur. Due to the complex nature of the pelvis- 

femur interaction during an impact event, more work is necessary before 

these kinematic factors can be generalized to describe the response of 

the pelvis. However, the following conclusions can be drawn: 

1) The complete description of three-dimensional 
motion is invaluable to the understanding of pelvic response. 

2) The complex nature of the response of the 
f emur/pelvis/soft tissue system, between-sub jects variabif ity, 
and damage patterns produced may preclude the determination of 
a single tolerance criterfon such as maximum force or peak 
acceleration response. 

3) Energy-absorbing and load-distributing 
materials are effective methods of transmitting greater amounts 
of energy to the pelvis without damage being produced in 
lateral impacts. 

4) In comparison to the results of others [ti-8,231, 
the pertinent observations of the experiments being reported in 
this report are that relatively large forces can be generated 
without fracture (26 kN) and that when the fractures do occur, 
they are associated with a force of 45 kN. In addition, the 
damage pattern changed from near (and including) the acetabulum 
to near (and including) the pubic area, 



8.0 UNANSWERED QUESTIONS : 

1) Can a well-p,added pubic area sufficiently dissipate energy so that 

force input from a lateral impact to the acetabulurn will not cause 

fracture? 

2) Osteoporosis in the elderly population makes them particularly at 

risk to pelv,ic fracture. Can padding thickness be determined for an 

elderly (over 55 years) population? 

3) Male and feminle pelvises are significantly different. Can tolerances 

for these pogulations be determined? 

9.0 RECOMMENDED RESEARCH 

It would sieem worthwhile to investigate the effects of different 

types of paddings in similar indirect lateral pelvic impacts . 
Investigation o:f the orientation of the leg in such impacts may also 

provide valuable information. Also, work examining the effect of 

different impact contact points may provide information that ultimately 

might be useful in the assessment of the friendly automotive interior. 
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1 1 0 APPENDIX B 
TEST PROTOCOL 



DEPARTMENT OF TRANSPORTATION 

MULTIPLE IMPACT TESTS 

Through 

as performed by 

the Biomechanics Department of 

the Highway Safety Research Institute 

Ann Arbor, Michigan 

1982-1983 E Series 

This protocol for  the use of cadavers in th i s  t e s t  ser ies  was approved by 
the Committee t o  Review Grants for Clinical Research of the University of 
Michigan Medical Center and follows guide1 ines established by t h e  U.S. Pub1  i c  
Heal t h  Service and those recommended by the National Academy of Sciences, 
National Research Council. 
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TEST DESCRIPTION - 
Cadaver No. Sex: - Height: Weight: 

Test No, (Head, Shoulder, Pelvis) 

Test 
description:Head im~act, subject in a normal seated 

position, neck angle approx, ' 1 0 '  forward, impact to 

forehead, angle of head determined by tangent forehead 
- - --- 

plane. 

Type of Impactor: PENDULUM 

Type of Bumger: WHITE VIBRATHANE 

Striker: 25 Rq PISTON, 15cm BIA. 

Impactor Angle: 5Oa(5.0m/s) 

Padding: 

Trave 

Post-Impact Travel: 16cm 

35mm stills: 

- Black and White 
- Cof or 

Photosonics 1: 1000 

Photosonics 2: 

HyCam: 3000 

POSITION 

P-A, S-I 

P-A, S-I 

Test Description - 2 



INSTRUMENTATION 

ACCELEROMETERS - I 
TARGETS TRANSDUCERS 

Head (9 AX) - X Head - X Trachea - 
Up. Sternum  AX) - Acromion - X Ascending - 

Aorta 
Lwr. Sternum ( 1 )  - Sternum ( 2 )  - X Internal - 

Carotid 
Spine ( 2  triax) - X Spine - 
Pelvis (9 AX) - Pelvis - Subdural 1 :X 
Lwr. Rib R8 ( 2 )  - 2: - X 

Up,. Rib R4 ( 2  triaxl- 3:X 

4: ? - 

Test Description - 3 



TEST DESCRIPTION - 
Cadaver No, Sex : Height: Weight: 

Test No. (Head, Shoulder, Pelvis) 

Test description: 
Head impact, same as previous. 

Type of Impactor: PENDULUM 

Type of Bumper: WHITE VIBRATHANE 

Type of Striker: 25 Kq PISTON, 15cm DIA. 

Impactor Angle: 50°(5,0m/s) 

Padding: 

Pre-Impact Travel: 14cm 

Post-Impact Travel: 16cm 

35mm stills: 

- Black and White 
- Color 

CAMERAS 

Photosonics 1: 1000 

Photosonics 2: 

HyCam: 3000 

POS I TI ON 

P-A, S-I 

P-A, S-I  

Tes t  Descrigtion - 4 



ACCELEROMETERS - 
Head (9 AX) 

INSTRUMENTATION 

TARGETS TRANSDUCERS 

X Head - X Trachea - - 
Up. Sternum (3-AX) - Acrornion X Ascending - - 

Aorta 
Lwr. Stcrnum(1) - Sternum ( 2 )  - Internal - X 

Carotid 
Spine ( 2  t r i a x )  

Pelvis (9 AX) 

X Spine - 
- Pelvis  

Lwr. Rib R8 (2) - 
Up. Rib R4 (2 triaxl- 

- Subdural 1:A 

Test Description - 5 



TEST DESCRIPTION - 
Cadaver No. Sex : - Height: - Weight: 
Test No. (Head, Shoulder, Pelvis) 

Test descript ion:J 
determined by sternum tangent plane, top oE impact 54 cm 

from seat pan. 

Type of Impactor: PENDULUM 

Type of Bumper: WHITE VIBRATHANE 

Type of Striker: 25 Kq PISTON, 21cm. 

Impactor Angle: 13"(2m/s) 

Padding: .5c:r3 ensolite 

Pre-Impact Travel: 8cm 

Post-Impact Travel: 22cm . 
3 5 m  stills: 

- Black and White 
- Cof or 

Photosonics 1: 1000 

Photosonics 2: 

BQSITION 

?-A, S-I 

P-A, S - 1  

Test Description - 6 



ACC:ELEROMETERS - TARGETS TRANSDUCERS 

Head (9-AX) X Head - - X X Trachea - 
Up. Sternum (3-AX) - X Acromion X Ascending X - - 

Aorta 
Lwr. Sternum 1 1 )  - X Sternum ( 2 )  _X Internal - 

Carotid 
Spine ('2 triad - X Spine - 
Pel.vis  (9-AX) - P e l v i s  - Subdural 1: - 
Lwr. Rib RB ( 2 )  X - 
Up. Rib R4 ( 2  t r i a x ) X  

Test Description - 7 



TEST DESCXf PTION - 
Cadaver No. Sex : Height: weight: 

Test No. . (Head, Shoulder, Pelvis) 

Test description: Left side tao, 45'?-~ into R-L, 
normal seated posture, move arm if 

necessary, top af impact 54 cm above seat pan. 

I rnpac tor : PENDULUM 

Type of Bumpe t : WHITE VI BRATWANE 

Type of Striker: 25 Kq PISTON, 21cm. sq. 

Impactor Angle: 17'(2rn/s) 

Padding: .5cm ensoPite 

Pre-Impact Travel: 8cm 

Post-Impact Travel: 22cm 

35mm stills: 

- Black and White 
- Color 

CAMERAS 

Photosonics 1: 1000 

Photosonics 2: 

HyCam: 3000 

POSI Tf ON 

4 5 '  P-A into R-L, S-I 

45 '  P-A into R-L, S-I 

Test Description - 8 



ACCELEROMETER;? - 
Head (9-AX) 

Up, Sternum (3-AX) 

Lvc,  Sternum ( 1 1 

Sgine ( 2  ttiax) 

Pelvis (9-AX) 

Lwc. Rib R8 ( 2 )  

INSTRUMENTATION 

TARGETS TRANSDUCERS 

X Head - X Trachea - - X 

Acromion 

Sternum (2) 

Spine 

- Pelvis 

Up. Rib R 4  (2 t r i a x ) X  

Ascending 
Aorta 

Internal 
Carotid 

- Subdural 1: - 
2: - 
3 :  - 

Test Description - 9 



TEST DESCRIPTION - 
Cadaver No. Sex : Height: weight: - 
Test No. (Head, Shoulder, Pelvis) 

Test description: Left side tag arms up, 
position arms to minimize interference from scapula 

as well as centering piston in the k-C/I-s plane, 
- - -  

nermal seated posture, Top o f  impact 54 cm 

above seat pan. (This test may be dropped.) 

Type of Impactor: PENDULUM 

Type of Bumper: WHITE VIBRATHANE 

Type of Striker: 25 Kq PISTON, 21cm sa. 

Impactor Angle: 97*(2m/s) 

Padding: .5cm ensolite 

Pre-Impact Travel: 8cm 

Post-Impact Travel: 22cm 

35mm stills: 

- Black and White 
- Color 

CAMERAS POSITION 

Photosonics 1: 1000 R-L, S-I 

Photosonics 2: 

HyCam: 3000 R-L, S-I  

Test Description - 10  



I NSTRUMENTATI ON 

ACCEz4EROMETERS - TARGETS TRANSDUCERS 

Heald (3-AX) - X Head - X X Trachea - 
Up. Sternum ( 3 - A X )  - X Acromion X Ascending X - - 

Aorta 
Lwr, Sternum ( 1  - X Sternum ( 2 )  & Internal - 

Carotid 
Spine (2 triax) X Spine - - 
P e l v i s  (9-AX) - Pelvis - Subdural 1:- 

Lwr. R i b  R8 ( 2 )  X .  - 2: - 
Up. Rib R 4  ( 2  triax) - X 3 :  - . 

Test Description - 1 1  



TSST DESCRI PTI ON - 
Cadaver No. Sex : - Height: Weight: 

Test No. (Head, Shoulder, Pelvis) 

Test description: Left s,ide t a D  arms dawn, normal 
seated posture, in the R-L/I-S 

plane, top of impact 54 cm above seat pan. 

-- 

Type of Impactor: PENDULUM 

Type of Bumper: W I T E  VIBRAmANE 

Type of Striker: 25 Kq PISTON, 21cm sa. 

Impactor Angle: 47*(2m/s) 

Padding: ,5cm ensolite 

?re-Impact Travel: 8cm 

Post-Impact Travel: 22cm 

35rnm stills: 

- Black and White 
- Color 

CAMERAS 

Photosonics 1: 1000 

Photosonics 2: 

HyCam: 3000 

R-L,  S-I 

R-L, 5-1 

Test Description - 12 



ACCELEROMETERS - - 
INSTRUMENTATION 

TARGETS TRANSDUCERS 

Head ( 9-AX) X Head - - X X Trachea - 
Up. Sternum (3-AX) Acromion X Ascending X - - 

Aorta 
Lw~e.  Sternum ( 1 )  - X Sternum ( 2 )  In te rna l  - 

Carotid 
Spine ( 2  t r ia ,x)  - X Spine - 
Pelvis  ( 9-AX) - Pelvis - Subdural 1 :  - 1 

E w r ,  Rib 28 ( 2 )  X - 2 :  - 
Up. Rib R 4  ( 2  t r i a x )  X - 

Test Description - 13 



TEST DESCRI PTI ON - 
Cadaver No. Sex : Height: Weight: 

Test No. (Head, Shoulder, P e l v i s  

Test description: Left side im~act, same as left side 
arms down tap. 

Type of Impactor: PENDULUM 

Type of Bumper: WHITE VTBRATHANE 

Type of Striker: 25 Kg PISTON, 21cm sq. 

Impactor Angle: 18O0(8.8m/s) 

Padding: 95cm APR pads 

Pre-Impact Travel: 9cm 

Post-Impact Travel: 2fcm 

35mm stills: 

- Black and White 
- Colo r  

CAMERAS 

Photosonics 1: 1000 

Photosonics 2: 

HyCarn: 3000 

POSITION 

R-L, S-I 

R-L, 5-1 

Test Description - 14 



INSTRUMENTATTON 

ACCELEROMETER5j - TARGETS TRANSDUCERS 

Head (9-AX) X Head - X Trachea - 
I 

2 

Up. Sternum (30~x1 2 Acromion X Ascending X - - 
Aorta 

Lwr. Sternum ( 1 )  - X Sternum ( 2 )  X Internal - 
Carotid 

Spine ( 2  triax) - X Spine 
I 

Pelvis (9-AX) - Pelvis - Subdural 1: - 
Lwr. Rib R8 ( 2 )  X - 2: - 
Up. Rib R4 ( 2  triax) - X 3:- 

COMMENTS : - 

Test Description - i 5  



TEST DESCRIPTION - 
Cadaver No. Sex : Height: - Weight: 
Test No. (Head, Shoulder, Pelvis) 

Test Description: Pelvic imoact, riqht side, 8cm a n t d o e  
to trochanterion, centered on femur, 

Type of Impactor: PENDULUM. 

Type of Bumper: WHITE VIBRATHANE 

Type of Striker: 25 Ks PISTON, 15cm DIA. 

Impactor Angle: 10O0(8.8m/s) 

Padding: .5cm ensorite 

Pre-Impact Travel: 12cm 

Post-Impact Travel: 18cm 

3Smm stills: 

- Black and White 
- Color 

CAMERAS 

Photosonics 1: 1000 

Photosonics 2: 

HyCam: 3000 

POSITION 

R-E, S-S 

R-L, S-I  

Test Description - 16 



I NSTRUMENTATI ON 

ACCELEROmTERZ - TARGETS TRANSDUCERS 

Head (9-AX) - Head - Trachea - 
Up. Sternum (3-AX) - Ac romion - Ascending - 

Aorta 
Lwr. Sternum(1) - Sternum ( 2 )  - Internal  - 

Carotid 
Spine ( 2  t r i a x )  . - X Spine  - X 

X Pelvis - X Subdural 1 :  - - 
Lwr. Ri'b R 8  ( 2 )  - 2:- 

Up. Rib  R 4  ( 2  triaxl- 3:- 

4: 
7 

Test 3escription - 17 



TEST DESCRIPTION - 
Cadaver No. Sex: Height: Weight: 

Test No. (Head, Shoulder, Pelvis) 

Test description: 

Type of ImQactot: 

Type of Bumper: 

Type of Striker: 

Impactor Angle: 

Padding: 

Pre-Impact Travel : 

Post-Impact Travel: 

35mm stills: 

- Black and White 
- Color 

CAMERAS 

Photosonics 

Photosonics 2: 

PQS I TI ON 

Test Description - 18 



AC CELEROMETERIZ - 
Head (9-AX) 

Up. Sternum (3-AX) - 
Lwr. Sternum ( 1 )  - 
Spine ( 2  triax) - 
Pelvis (9-AX) 

Lwc. Rib R8 ( 2 )  - 
Up. Rib  34 ( 2  triaxl- 

INSTRUMENTATION 

TARGETS TUNSDUCERS 

Head 

Acromion 

- Trachea - 
- Ascending - 

Aorta 
Sternum ( 2 )  - Internal - 

Carotid 
Spine 

Pelvis - Subduzal 1: - 

Test Description - 19 



TEST DESCRI PTION - 
Cadaver No, Sex: Height: Weight: - 
Test No. (Head, Shoulder, P e l v i s )  

Test description: 

Type of Irnpaccor: 

Type of Bumper: 

Type of Striker: 

Impactor Angle: 

Padding: 

?re-Impact Travel: 

Post-Impact Travel: 

35mm stills: 

- Black and White 
- Color 

CAMERAS 

Photosonics 1: 

Photosonics 2: 

HyCam : 

POSI TI ON 

Test Description - 20 



INSTRUMENTATION 

ACCELEROMETERS - - TARGETS TRANSDUCERS 

Head (9-AX) - Head - Trachea - 
U p ,  Sternum (3-AX) - Acromion - Ascending - 

Aorta 
Lwr. Sternum ( 1 )  - Sternum ( 2 )  - Internal - 

Carotid 
Spine ( 2  t r i a x )  - Spine ' 

I 

Pelv is  (9-AX) 
b 

Lwr. Rib R8 i 2 )  
- Pelv is  

Up, Rib R4 ( 2  tr iaxl-  

- Subdural I :  - 

Test Description - 2 1  



TEST DESCRIPTION - 
Cadaver No. Sex : - Height: Weight: 

Test No. (Head, Shculder, Pelvis) 

Test description: 

Type of Impactor: 

Type o: Bumper: 

Type of Striker: 

Impactor Angle: 

Padding: 

Pre-Impact Travel: 

Past-Impact Travel: 

35mm stills: 

- Black and White 
- Color 

CAMERAS POS I TI QN 

Photosonics 1: 

Photosonics 2: 

HyCam: 

Test Description - 2 2  



INSTRUMENTATION 

ACCELEROMETERS - TARGETS TRANSDUCERS 

Head (9-AX) - Head - Trachea - 
Up, Sternum (3-AX) - Acromion - Ascending - 

Aorta 
Lwc. Sternum ( 1 )  - Sternum ( 2 )  - Internal - 

Carotid 
Spine ( 2  triax) - Spine - 
Pe1.vis (9-AX) - P e l v i s  - Subdural 1:- 

Lwc. Rib R8 ( 2 )  - 2 :  - 
Up. Rib R4 ( 2  triax) - 3:- 

Test Description - 23 



- - 

Pick up cadaver from 
U of M Anatomy Dept. 
and transport to 
HSRI Biomedical lab. 

COMMENTS TASK 

Weigh cadaver and Psg 
cadaver information. 

TI ME 

Store cadaver i f  
necessary. 

Sanitary preparation. I 
Pretest X-rays: 

( KV/MA/T 

(100/10/1)  
head A-P -LdL- 

(90/10/1)  
thorax A-P / / 

(90/10/1)  
thorax A-P(2) / / 

pelvis 

(80/10/1)  
femur L 

Pre-Surgery - 24 



ANTHROPOMETRY - 
Hef ght : - 

Age! : .. 
Stature: left : right: 

Suptasternale height: 

Substernale height: 

Substernale depth: 

Substernale breadth: 

Substernale circumference: 

Vertex to 12th rib: 

Head to C7: - 
Mastoid to vertex: left: right: 

Tragon to vett:ex: left: right: 

Menton to vertex: 

Bitragon diameter: 

Acromion height: left: right: 

Acromion to tip of finger: 

Axi,llary breadth: 

Xxi llary depth: 

Axillary circ~unf erence: 

Head breadth (R-L): 

Hea,d depth (A-VP : 

Head circumference: 

Neck circumf orence: 

Anthropometry - 25 



3itrochanteric breadth: 

Syrnphysion depth: 

Vertex to Symphysion: 

Bispinous (ASIS) diameter: 

Biiliocristale breadth:. 

ASIS to Symphysion: 

Anatomical Anomalies - / Clinical Observations 
1. Head: a, Brain b, Skufl 

2 .  Neck: 

3. Thorax: a. Ribs b. Heart c. Lungs d. Diaphragm 

4. Pelvis: 

5 .  Femur 

6. Abdomen 

Anthropometry - 2 0  



R I B  AN3 STERNUM MOUNTS -- 
I TASK COMMENTS 

Locate r igh t  and l e f t  
R 4  by palpat ion,  

Make inc is ions  over 
r i b s  near f l a t  region. 
Surface must be normal 
t o  the R-L vector ,  

I 

Loop two pieces of . 
wire ( 1 /2"  (apart)  
around each r i b .  

I Locate R8 by counting 
I tiown from R'4 and up 
I frcm R12. I 

lake inc is ion  over r i b  
near f l a t  region. 
Surface must be normal 
t o  the R-L vector.  

Make inc is ions  over 
suprasternale  and 
substernale ,  

Secure mounts t o  r i b  
by anchoring with pins 
iind wire, 

Screw lag b o l t  in to  
,(tach acromion . 

Mounts - 2 7  



PRESSURE ZATION 

TASK TIME COMMENTS 

. 

Locate r i g h t  c a r o t i d  
and c u t  lengthwise. 

Locate r i g h t  v e r t e b r a l  
a r t e r y  and l i g a t e .  

Loop s i x  pieces  of 
s t r i n g  around c a r o t i d  
a r t e r y .  

I n s e r t  f ab r i ca ted  
Foley c a t h e t e r  (#I8 
or  #20) i n t o  
descending aor t a .  

I n s e r t  Ru l i t e  s h i e l d  
i n t o  ascending a o r t a .  

I n s e r t  Kul i te  s h i ~ l d  
i n t c  c a r o t i d  a r t e r y .  

I n s e r t  a r t e r i a l  
p ressu r i za t ion  
c a t h e t e r s  i n t o  c a r o t i d  
a r t e r y .  

Using syr inge ,  s q u i r t  
a c r y l i c  i n t o  a r t e r y .  
Tie  and sew. 

Locate l e f t  c a r o t i d ,  
c u t ,  loop s t r i n g s .  

Locate l e f t  v e r t e b r a l  
a r t e r y  and l i g a t e .  



PRESSURI ZATION ( CONT' D) 

I= TASK TIME COMMENTS 1 
1:nsert a r t e r i a l  
pressur izat  Jion 
catheters ( f  1 0 ,  # 1 2 ,  
or #I41 i n t o  carotid 
artery.  

Acrylic, t i e  and sew. I 

Locate trachea and cut 
Lengthwise. 

Loop two Tic! Wraps 
a,round trachea. 

Insert polycthelyne 
t,ube snugly, t i e  and 
slew. 

C:alibrate ltmgs. 

Plulmonary pressure 
rel ief  valve! 
calibration. 

Vascular f low check. 1 

Sternal geornletry i f  
necessary. 

Mounts - 29 



Mounts - 30 



HEAD 9-AX MOUNT --- 
TIME I COMMENTS 

FJi t h  cadave:r facing I down, remove a 2x2" 
area of s c a l p  spanning 
the r i g h t  p a r i e t a l  and 
o c c i p i t a l  bones. 

Drill  t h r e e  holes i n  
a t r i angu la r  pa t t e rn ,  
approximately the  s i z e  
of the  9-ax p l a t e .  

I n s e r t  th ree  screws. 

- 1 

Attach four f e e t  t o  
the  9-ax p l a t e  such 
t h a t  t h r e e  l ~ f  t he  
f e e t  can be posi t ioned 
near t h e  screws on the 
csxposed forehead. 

Place a c r y l i c  around 
isc tews . 

, 

Place p l a t e  on t o p  of 
i icryl ic  base, making 
sure the  a c r y l i c  goes 
through t h e  center  
holes  i n  thl? p la t e .  

I n s e r t  a  s t r a i n  r e l i e f  
bo l t  in  the  a c r y l i c  
base of  the  head 
platform. 

Make sure bolt does 
not contac t  p la t e .  

Mounts - 31 



HEAD TEWNSDUCERS - 

1 TASK TIME I COMMENTS 1 
Holes for transducers 
go on frontal,parietal, 
and occipital bones. 
Make sure no Xducers 
will contact the 
impacting surface. 
Also, the holes should 
not be drilled into 
suture. 

To drill holes, re- 
move a 1/4" dia .  circle 
of scalp. 

Drill through skull 
with a #7  drill. Be 
sure not to drill 
through the dura. 

Perforate the dura 
I 

without cutting brain. 

Tap hole with a No.9 
tap. 

Pinhead screws are 
attached 2cm from 
each transducer, 
Acrylic is applied 
to each area, carefully 
molding around the 
transducers. 

Note positions of 
head transducers on 
the figure. 

Mounts - 32 



Superior View 

L' 
Lsft Latcrml Vlrw 

Mounts - 3 3  



PELVIS MOUNT - 

Mounts - 34 

TASK TIME 1 COMMENTS 

Locate the posterior- 
superior i l i a c  spines. 

Screw two lag bolts 
into each spine suck 
that  t h e  Large 9-ax 
plate spans the bolts ,  

Attach four feet t o  
the p la te  such that 
the feet  are  near the 
lag bol ts .  

Place acryl ic  around 
screws and feet .  

L 

Imbed feet and 
posterior surface i n t o  
acry l ic ,  

Test p la te  t o  see 
that  i t  i s  secure. 

- - - - - - - - - - 



Mounts - 3 5  



SPINAL MOUNTS 

I TASK TI ME COMMENTS 

Spinal mounts go on 
TI and T12. 

Make incisions over 
TI and T12. Clear 
muscle and tissue away 
from process, but do 
not cut between 
processes. 

Drill a small hole 
1/4" deep in each 
process. 

Screw mounts on with 
wood screws (be sure 
screws ate in proces s ) .  

Place stabilizing and 
mooring probic devices 
on each side of the 
laminae. Secure with 
Tie Wraps. 

Mold acrylic around 
(and under) mounts and 
mooring devices and 
allow to dry. 

Make sure aceelerorn- 
eters are anatomieaPPy 
oriented. 

Spinal geometry if 
necessary. 

Mounts - 3 6  



CEXEBROSPINAL PRESStZtI ZXTION 

I TASK I TIME COMMENTS 

Locate L2  by palpation 
atnd counting from T12. 

Clore a small, hole i n  
the lamina. 

Insert  Foley catheter 
(#I4 or #I61 such 
t,hat balloon is i n  
mid-thorax. 

Insert small screws 
i n  lamina and process. 

S~eal o f f  hole with 
a,crylic. 

Check for stiructural 
integri ty of vertebra. 

C:erebral.-spi,nal f l o w  
check. 

Check pressurization. r 1 

Mounts - 37 



PREPARATION 

/ Dress cadaver. 

TASK 

Place head and body 
harnesses on cadaver. 

TIME 1 COMMENTS 

Store cadaver i f  
necessary. 

! 

Transport cadaver to 
sled lab, being careful 

I Place head, sternum, 
and rib transducers on 
cadaver. Stuff and 
sew. 

Set up pressurization 
equipment (pulmonary, 
cerebso-spinal, 
vascular head and 
vascular thorax 1, 

Post-Surgery - 38 



FJLECTRONICS CHECK AND PRETEST TRIAL RUN 

Electronics Check 

-- check accelerometers (excitat ion and zero) -- check wiring and cables 
-I) 

mount at:celerometers in t r i ax  c lusters  
-- check a~nplif i e r s  -- ca l ibra te  tape wi th  impedance-matching amp -- recordel: 
-- complete wiring -- check pendulum accelerometer -- check velocity, strobe, gate,  timer, rope cu t t e r s  -- run t r i a l  test  
-- load c e l l  mounted on pendulum day before t e s t  -- load Photosonics and HyCam cameras wi th  Kodak 16mm 

7242-#FB-430 color f i l m  

Pretest Tr ia l  Run 

1. - Suspend rubber tube f i v e  inches from pendulum 
wi th  fiber tape. 

2 a - Tape a l l  accelerometers t o  seat with paper 
tape. 

3 .  - Attach the contact switches t o  the load c e l l  
and !shock absorber w i t h  paper tape. 

4. - Run t r i a l  t e s t .  
5 - Record a l l  s ignals,  gate, and strobe. 
6 ,  - Put ii one-volt signal on a junk tape and check 

to  see i f  one volt i s  played back. 
Use signal generator or impedance- 
matclning amp w i t h  the scope to 
cal ibrate  output, 

Pretest Tr ia l  Run - 39 



HEAD IMPACT 4 - - 
Test No. 

I TASK TIME COblMENTS 

Head impact 1. 

cerebrospinal systems. 

Head Impact 1 - 40 
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HEAD IMPACT 1 - I 

Timer Box Setup 

EQUI p m a  

b mpac t 

TIMES VALUES 

Delay Run 

Head Impact 1 - 4 2  

i 

Gate (from strobe 1 )  

Lights (start) 

HyCarn (start) 

Pendulum rope cutter(start1 

Photosonics (start) 

Head, pe lv i s ,  rope cutter 
(from velocity probe) 

Piston Acceleration Corridor 

0011 

000 1 

1200 

1390 

1000 

0001 

0009 

1 

2 

3 

4 

5 

6 

7 

3 

0170 

2600 

1600 

-- ~ 

0050 

1600 

0050 

0050 



FI NAL CHECKLI ST - 

-I check transducers 

-- tape positioned 

-- slots for velocity probe lined up 

-- both strobes charged 

-. timer box values correct 
- . . .  all time]: box switches to 'off' 

- . . . .  rope cutter threaded and ready 

-- nylon (rope cutter) string unf rayed 

-I rope cutter cable free 

-- cameras !set 

-- Newtonian reference, 

-- calibration target 

-- targets in view of cameras 

-- padding 

-- correct timers charged 

-I gate trigger established 

-I timing lights on 

-- doors lo{: ked 

-- final positioning 

-- correct pressure system used 

pendulum raised 

-I power on 

-- ail pressure connections secured 

-- zero piston accelerometer 

-- head and neck angles 

Head Impact I - 43 



HEAD IMPACT -- 
Test No. 

Head Inpact 2 - 44 

TASK TIME COMMENTS 1 
Reposition as for tap. 

Final checklist. 

Finish pressurization. 

Run test. 

I 
i 



HEAD IMPACT 2 - - 
Timer Box Setup 

EQUI PIGNT 

.. Impact 

TIMER VALUES 

Delay Run 

Gate (from strobe 1 )  

- 
t i g h t s  ( s t a r t )  

ItyCam ( s t a r t )  

Photosonics ( s t a r t  

Pendulum rope cu t t e r  ( s t a r t )  1290 

Head, pelvis, rope c u t t e r  
(from velocity probe) 

Eead Impact 2 - 4 5  

Piston AcceLeration Corridor 

4 0050 

0050 000 1 

0009 

7 

8 0050 



FINAL CHECKLIST - 

- check transducers 
- tape positioned 
- slots for velocity probe lined up 
- both strobes charged 
- timer box values correct 
- all timer box switches to 'off' 
- rope cutter threaded and ready 
- nylon (rope cutter) string unfrayed 
- rope cutter cable free 
- cameras s e t  

- Newtonian reference 
- calibration target 
- targets in view.of cameras 
- padding 
- correct timers charged 
- gate trigger established 
- timing lights on 
- doors locked 
- final positioning 
- correct pressure system used 

- pendulum raised 
- power on 
- all pressure connections secured 
- zero piston accelerometer 
- head and neck angles 



THORAX FRONT TAP -- 
Test No, 

I TASK 
- - 

COMMENTS - 
Place sea t  i n  pos i t ion  
and square on pendulum. 

S t r i n g  up rope 
c u t t e r s .  

Posi t ion subject as  
per f igure  w i t h  body 
and head harnesses, 
Pro tec t  any mounts t h a t  
may be h i t  wi th  gauze 
and padding. 

Subject should be i n  
normal s i t t i n g  pos i t ion  
with back incl ined 
approx. 10"  forwards. 

Attach b a l l  t a r g e t s  
anti phototargets .  

Place one of the  
pressure transducers 
t h a t  was i n  the head i n  
t he  t rachea ,  and place 
the  Kuli te  i n  the 
descending aor t a ,  

F ina l  posi t ioning and 
se tup  photos ( see  f i g )  

F ina l  check l i s t .  

S t a r t  pressur izat ion 
of vascular and 
resp i ra to ry  systems, 

F i n i s h  pressur iza t ion .  

Run t e s t .  

Thorax t aps  - 47 
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EQUI PMISNT 

Impact 

THORAX FRONT TAP -- 
Timer Box Setup 

Gate (from strobe 1 )  

Lights (start) 

- 

HyCam (start) 

Pendulum rope cutter(start1 

Photosonics (start) 

TIMER VALUES 

Delay Run 

Head, pelvis, rope cutter 
(from ~elocity probe) 

Thorax Taps - 49 



FINAL CHZCKLI ST - 

- check transducers 
- tape positioned 
- slots for velocity probe lined up 
- both strobes charged 
- timer box values correct 
- all timer box switches to 'off' 
- rope cutter threaded and ready 
- nylon (rope cutter) string unfrayed 
- rope cutter cable free 
- cameras set 
- ~ewtonian reference 
- calibration target 
- targets in view of cameras 

- correct timers charged 
- gate trigger established 

timing lights on 

- doors locked 
- final positioning 
- correct pressure system used 
- pendulum raised 
- power on 
- all pressure connections secured 
- zero piston accelerometer 
- head and neck angles 

Thorax Taps - 50 



4 5  O THORAX TAp - 
Test No. 

r TASK TI ME COMMENTS 1 

Thorax taps - 51 

Place seat in position. 

String up rope 
cutters. 

Position subject as 
per figure with body 
and head harnesses. 
Protect any mounts that 
may be hit with gauze 
and padding. 

Subject should be in 
normal sitting position 
with back inclined 
approx. 10"  forwards. 

Attach ball targets 
and phototargets. 

Final positioning and 
setup photos (see fig) 

Final checklist. 

Start pressurization 
of vascular and 
respiratory systems. 

Finish pressurization. 

Run test. 

- -  



Thorax taps - 5% 



45' THORAX TAP - - 
Timer Box Setup 

EQUI PME:NT TIMER VALUES 

Impact Delay Run 

Gate (from st.robe 1 )  

Lights  ( s t a r t , )  

HyCam ( s t a r t )  I 
Pendulum rope c u t t e r  ( s t a r t  

002  1 

000 1 

1200 

Photosonics ( s t a r t )  

1 

2 

3 

1400 

Head, p e l v i s ,  rope c u t t e r  
(from veloc i ty  probe) 

Thorax Taps - 5 3  

4 

1000 

Piston Acceleration Corridor 

5 

000 1 7 

00 12 8 



FINAL CHECKLIST - 

- check transducers 
- tape positioned 
- slots for velocity probe fined up 
- both strobes charged 
- timer box values correct 
- all timer box switches to 'off' 
- rope cutter threaded and ready 
- nylon (rope cutter) string unfrayed 
- rope cutter cable free 
- cameras set 
- Newtonian ref erenee 
- calibration target 
- targets in view of cameras 
- padding 
- correct timers charged 
- gate trigger established 
- timing lights on 
- doors locked 
- final positioning 
- correct pressure system used 

~endulum raised 
- 0  

- power on 
- aEP pressure connections secured 

- zero piston accelerometer 
- head and neck angles 

Thorax Taps - 54 



OPTIONAL ARMS-UP THOPAX - TAF 

Test NO. 

TASK 
- - -  - - -- 1 TIM2 1 COMMENTS 

Pl,ace seat in position. 

String up rope 
cutters. 

Pcsition subject as 
per figure with body 
and head harnesses. 

1 Protect any mounts that 1 
may be hit-with gauze 
and padding. 

L , b j e c t  should be in 
I 

I 
normal sitting position 
with back inclined I 
approx. 10' forwards. 

I 

Attach ball t,argets 
and phototargets. 

Start pressurization 
of vascular and 
respiratory systems. 

Final positioning and 
setup photos see 
drawings and figures by 

***PAULA LUX*** 

Final checklist. I ' 
Finish pressurization. Ln test. -1 

' 

Thorax taps - 55 
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OPTIONAL ARMS-UP THORAX TAP - 
Timer Box Setup 

EQUI PME.NT TIMER VALUES 

I mpac t 3 Delay Run - 
Gate (from s t robe  1 )  

- 
Lights ( s t a r t )  

- 
HyCam ( s t a r t )  

- 
Pendulum rope c u t t e r k t a r t )  

- 
Photosonics ( s t a r t )  

002 1 

000 1 

1200 

1400 

Head, p e l v i s ,  rope c u t t e r  
(from ve loc i ty  probe) 

Thorax Taps - 57 

1000 

- 
Piston Acceleration Corridor 

1 

2 

I 

000 1 

0170 

2600 

3 

4 

5 

00 12 

1600 

0050  

1600 

7 0050 

8 0 150 



FINAL CHECKLIST - 

- check transducers 
- tape positioned 
- slots for velocity probe lined up 
- both strobes charged 
- timer box values correct 
- all timer box switches to 'off' 

- rope cutter threaded and ready 
- nylon (rope cutter) string unfrayed 
- rope cutter cable free 
- cameras set 
- Newtonian reference 
- calibration target 
- targets in view of cameras 
- padding 
- correct tiners charged 
- gate trigger established 
- timing lights on 
- doors locked 
- final positioning 
- correct pressure system used 
- pendulum raised 
- power on 
- a l l  pressure connections secured 

- zero piston accelerometer 
- head and neck angles 

Thorax Taps - 58 



ARMS-DOWN. THORAX - TAP 

Test No. 

r TASK TI ME COMMENTS I 
Pl.ace s e a t  i n  posi t ion.  

S t r ing  up rope 
c u t t e r s .  

Posit ion subject  as  
pcr f igure  wi th  body 
and head harnesses, 
Protect  any mounts t h a t  
ma,y be h i t - w i t h  gauze 
and padding. 

subjec t  should be i n  
normal s i t t i n g  posit ion 
w i t h  back inc:lined 
approx. 10' forwards. 

A t  tach b a l l  t:argets 
and phototargets .  

Final  posi t ioning and 
setup photos (see f i g )  

Final  check l i s t .  C i 
I S t a r t  pressurizat ion I o f  vascular and 

respi ra tory  systems. 

I Finish p ress r~r i za t ion .  

1 Run t e s t .  

Thorax taps  - 59 
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, ARMS-DOWN THORAX TAP - 
Timer Box Setup 

EQUI PMENT TIMER VALEES 

Thorax Taps - 6: 

Impact 

Gate (from strobe 1 )  

Lights (start) 

HylCam (start) 

Pendulum rope cutter(start1 

Photosonics (start) 

Heiad, pelvis, rope cutter 
(from velocity probe) 

Piston Acceleration Corridor 

Delay Run 

002 1 

000 1 

1200 

1400 

1000 

1 

2 

3 

4 

5 

0170  

2600 

1600 

0050  

1600 

0050  

0150  

I 

000 1 

0012  

6 

7 

8 



FINAL CHECKLI ST - 
-- 

- check transducers 
- tape positioned 
- slots for velocity probe lined up 
- both strobes charged 
- timer box values correct 

- all timer box switches to 'off' 
- tope cutter threaded and ready 
- nylon (rope cutter) string unfrayed 
- rope cutter cable free 
- cameras set 
- Newtonian reference 
- calibration target 
- targets in view of cameras 
- padding 
- correct timers charged 
- gate trigger established 
- timing lights on 
- doors locked 
- final positioning 
- correct pressure system used 
- pendulum raised 

b 

- power on 

- all pressure connections secured 
- zero piston accelerometer 
- head and neck angles 

Thorax Taps - 62 



THORAX IMPACT 

Test No. 

r TASK TI ME COMMENTS 

1 Reposition for I I 
shoulder (arms down ) 

Set up catch net. 

Slacken body harness. r i 
Start pressurization 
of vascular and 
respiratory systems. 

Final checklist. 

Finish pressu:rization. t- i 
/ Run test 

I J 

Thorax impact - 63 



ARMS-DOWN THORAX IMPACT 

Timer Box Setup 

EQUI PMENT 

Impact 

TIMER VALUES 

Delay Run 

Thorax Impact - 64 

I 

Gate (from strobe 1 )  

Lights (start) 

HyCarn (start) 

Pendulum rope cutter(start1 

Photosonfcs (start) 

Head, pelvis, rope cutter 
(from velocity probe) 

Piston Acceleration Corridor 

0006 

000 1 

1200 

1220 

1000 

0002 

0006 

I 

2 

3 

4 

5 

6 

7 

8 

0 170 

2600 

1600 

0050 

1600 

0050 

0050 

i 



FINAL CHECKLI ST - 

- check transducers 
- tape positioned 
- slots for velocity probe lined up 
- both strobes charged 
- timer box values correct 
- all timer box switches to 'off' 
- rope cutter threaded and ready 
- nylon (rope cutter) string unfrayed 
- rope cutter cable free 
- cameras set 
- Newtonian reference 
- calibration target 
- targets in view of cameras 
- padding 
- correct tilmers charged 
- gate established 

- timing 1ig:hts on 
- doors locked 
- final positioning 
- correct pressure system used 
- pendulum raised 
- power on 
- all pressure connections secured 
- zero piston accelerometer 
- head and neck angles 

Thorax Impact - 65 



PELVIS IMPACT 

Test No. 

TASK I TIME COMMENTS ! 
Install pelvic 
and spinal 
accelerometers. 
Stuff and sew, Pad 
pelvic plate, 

Attach ball targets 
and phototargets. 

Change padding on 
impact head surface, 

Final positioning, 
setup photos (see fig) 

Final checklist. 

Run test. 

Pelvis impact - 66 





PELVIS IMPACT 

Timer Box Setup 

. EQUI PMENT 

Impact 

TIMER VALUES 

Delay Run 

Pelvis Impact - 68 

Gate (from strobe 1 )  

Lights (start) 

HyCam (start) 

Pendulum rope cutter(start1 

Photosonics (start) 

Yead, pelvis, rope cutter 
(from velocity probe) 

Piston Acceleration Corridor 

0170 

2600 

1600 

0050 

1600 

0050 

0050 

0006 

000 1 

1200 

1220 

1000 

0002 

0006 

1 

2 

3 

4 

5 

6 

7 

8 



FINAL CHECKLIST - 

-. check tran~sducers 

-I tape positioned 

-, s l o t s  for  veloci ty  probe l ined  up 

-* both strotles charged 

- timer box values co r rec t  

- a l l  timer box switches t o  ' o f f '  

- rope c u t t e r  threaded and ready 

- nylon (rope c u t t e r )  s t r i n g  unfrayed 

- rope c u t t e r  cable  f r e e  

- cameras s e t  

- Newtonian reference 

- ca l ib ra t ion  ta rge t  

- t a r g e t s  i n  view of cameras 

- padding 

- correc t  timers charged 

- gate t r igger  establ ished 

- timing l i g h t s  on 

- doors locked 

- f i n a l  posit ioning 

correc t  pressure system used 

- pendulum r8aised 

- power on 

- a l l  pressure connections secured 

- zero pistoin accelerometer 

- head and neck angles 

Pelvis  Impact - 6 9  



POST TEST PROCZDTJRE -- 
I 

1 TASK I TIME 1 COMMENTS 1 
Remove a11 targets 
and t r i a x  clusters. 

Store cadaver if 
necessary. 

Transport cadaver to 
anatomy lab. 

Remove a91 
instrumentation, 
except for 9AX 
head p la t e .  

/ Remove head and 1 
transport it to X - b y  
Room for post test I radiographs . 

2-Y 
(Frontal 

Post test - 7 0  



X-:RAYS (X-RAY ROOM) -- - 

lief erence 2 - X  Distance 2-Y Distance 
Point from Table from Table 

-7 
R. Eye 1 

L. Eye 

KVP blA SEC LABEL 

2 - X  / / / 

R. Ear 

L. Ear 

- 

Post  t e s t  - 7 1  
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AUTOPSY 

TASK I TIME 1 COMMENTS 1 
I After com~letion 
of radiographs. 
transport head 
to  Anatomy Room 
for commencement 

**SAVE RIBS RIGHT 
SIDE 4 ,  5 ,  6*** 



Observed Injuries -- - 
1. Head: a .  Brain b. Kull 

2 .  Neck: 

3. Thorax: a. Ribs b. Heart c.  Lungs 6 .  ~iaphragm 

4 .  Pelvis: 

5 .  Femur 

Autopsy - 73 



COMMENTS : 

Autopsy - 7 4  



Anterior View Posterior View 

Right Lateral View Left Lateral View 

Superior View 

879 



-- - 
I C ~ I  NO. 

Anterior View Posterior View 

u 
Right Lateral View 

inferior View 

w 
Left tateml View 

Superior View 



TEST NO. 







YES7 NO. 

- - 

a 

A ~ R I O R  THORAX 



Test No.  a - 



T e s t  No. 



TEST NO. I 

Transverse colon - 
Transverse colon 

Right co!ic flexure 

Ascendkg colon- 



T e s t  No. 

LEFT SIDE 



TEST NO. 





LIVER IMPACT AUTOPSY SUMMARY 

SUPERIOR SURFACE OF THE LIVER 

VISCERAL SURFACE OF THE UVER 

B91 



T E S  NO. 

DATE 

PATELLA 
Right Leh 

0 Anterior 0 

Posterior 

LOWER ~XmwrnE 



TEST NO., - 

LEFT ILIUM 





fEST NO. , 

Right Profile left Profile 



TEST NO. 



TEST NO. 

THORACIC VERTEBRAE ( T I -  T 4  ) 

ANTERIOR 



T ! S  NO. 

THORACIC VERTEBRAE (TI -T4 ) 

RlGWT PROFILE LEFT PROFILE 



APPEND1 CES 

Anatomy Room Setup 
Sled Lab Setup 

Cart Setup 
Autopsy Setup 

Timer Box Setup 
Penduluni Wierdness 



MEASUREMENT 

- Anthropometer 
- Metric measuring tape 

PAPER AND PLASTICS -- 
- Visqueen on autopsy table 
- Blue pads on table 
- Gauze 

TAPES AND STRINGS -- 
- Silver tape 
- Masking tape 
- Adhesive tape 
- Fiber tape 
- Flat waxed string 

SCALPELS 

- 2 large ( # 8 )  handles 

- 2 medium ( $ 4 )  handles 

- 2 small ( # 3 )  handles 

- 2 #60 blades 
- 5 #22 blades 
- 5 #15 blades 
- 2 #12 blaees 

FORCEPS 

- 2 hooked 
- 2 large plain 
- 2 small plain 

Wnaiomy Room Setup - 7 6  



HEMOSTATS -- 
-- needle 

-- small s t ~ r a i g n t  

-- small curved 

-- large s t ra ight  

-- large curved 

SCISSORS -- 
-- 2 small 

-- 2 mediunr 

-- 2 large 

SP2EADERS - 
-- 2 large 

I- 
2 medium 

NEEIDLES -- 
-- 2 double curved 

-- 8 Trocar w i t h  s t a i n l e s s  s t ee l  lockwire 

-- 2 5cc s r inges  

CLOTHING -- 
-- Tampons 

-- Thermoknit longjohns and t o p  

-- Cotton ~locks 

-- Blue v i n y l  pan t s  and top 

-- Head and, body harnesses 

Anatomy Room Setup - 77 



PRESSU21 ZATPON 

- Modified Foley (#I8 or #20) balloon catheters 
- Kulite shield 
- Tracheal tube 
- Right and left carotid pressurization catheters 

(FsPey #lo-14) 

- Cerebral spinal catheter (Foley # 1 4 - 1 6 )  

- Respiratory pressure tank 
- Manometer 
- Fluid pressure tank 
- 7% saline solution with India ink 

BOLTS AND SCREWS -- 
- 6 sel f-tapping lag bolts 
7 

3 lengths of wood screws 

- 1-72 screws 
- 10-32 tap 
- Strain relief bolt 
- Wood and metal self-tapping screw boxes 

MOUNTS 

- Spine ( 2  

- Rib (2, triax) 
- Rib ( 2 ,  uniax, R-L) 

- Nine-accelerometer plates (large, small, and 8 feet) 
- Sternum 
- Substernale 
- Suprasternale ( t r i a x )  

- Dental acrylic 
- Bone wax 

Anatomy Room Setup - 78 



. TOOLS -- 
-- Electric hair clippers 

-- Electric drill 

I- Drill bits (Nc, 7, approx, 1/16", etc.) 

-- large and small screwdrivers 

-- nut driver (for la'g bolts) 

-- wire twisters 

-- bone shears 

-- Executive Slinky object space calibrated and nearly 
functional 

Anatomy Room Setup - 7 9  



MATERIALS 

- balsa wood 

- rags 
- foam ( a t  l e a s t  2 shee ts  of 3x4  f t  6 " )  

- Ensoli t-e 

- Styrof  oacl 

- Dow Ethaf oam 

- Overhead support bar 

ROPE CUTTERS - 
- head, 1/8" 

- pendulum ( w i t h  spr ing ,  3/16") 

- nylon s t r i n g s  ( 1 0  24"  3 /16";  10 18" 1/8"9 

- shock absorber and stprofoam bumper 

WEIG~TS 

- stee.1 blocks on pendulum 

MISCELLANEOUS 

- ca lcu la to r  

- bone wax 

- Pressurizat ion equipment (pulmonary, thoracic  
a r t e r i a l ,  head a r t e r i a l ,  cerebra l  s p i n a l )  

- Timer box 

- Strobes 

- Xead impact back brace and foam padding 

Sled Lab Setuc - 80 



TAE'ES -- 
-- adhes iva 

-- f iber  

-- s i l v e r  

-- masking 

-- black 

-- double s t i c k  

PAE'ER AND PLASTIC -- - -- 
-- blue pads 

-- gauze 

-- gloves  

-- p l a s t i c  garbage bags 

SCALPELS -- 
-- 1 medium ( # 4 )  handle 

I- 
1 small (33)  handle 

-- 2 #22 blades 

-- 2 # 1 5  blades 

-- 1 # I  2 blade 

SUB!GI CAL TOOL:! -- -. 
-- 2 forcegs 

-- 2 hemostats 

-- large sc:issors 

-- 2 double! curved needles 

ST31 NG -- 
-- f l a t  waxed s tr ing  

-- black thread 

Cart Setup - 8 1  



TOOLS - 
- small ( 1 - 7 2 )  screwdriver 

- large screwdriver 
- nut driver 
- ball driver (6-32, Q-80) 
- 1-72 screws 
- 2-56 screws 
7 

0-80 screws 

- wiretwisters 
MISCELLANEOUS 

- ball targets 
- paper targets 
- bone wax 
- vaseline 
- Q-t ips 
- tubing connectors 
- t i e  wraps 

- lockwire 
- 50cc syringe 

- pulmonary pressurization relief valves 

Cart Setup - 8 2  



AUTOPSY SETUP - 
PAPER AND PLASTICS -- - 
- Visqueen on autopsy table  

- blue pads 

- gauze 

TAPE -- 
- s i l v e r  tape 

- masking tape 

- f iber  tape 

SCALPELS - 
- 2 large ( f a )  handles 

- 2 medium ( # 4 )  handles 

.- 2 small ( # 3 )  handles 

,- 2 f60  blades 

*- 5 #22 blades . 

.- 5 #I5 blades 

.- 2 $12 blades 

FORCEPS -- 
.- 2 hooked 

.- 2 large p la in  

.- 2 small plain 

HEIVOSTXTS - 
.- needle 

.- small s tra ight  

.- small curved 

.- large s t r a i g h t  

.- large curved 

Autopsy Setup - 8 3  



SCISSORS 

- 2 medium 
- 2 large 

SPREADERS 

- 3 medium 
- 3 large 

MISCELLANEOUS 

- Stryker saw and blade 

- bone shears 
- wedge 

r i b  cutters 

Autopsy S e t u p  - 8 4  



TIMER BOX SETJP --- 
EQUI PElENT TIMER VALUES 

Impact Delay 

Gate (from strobe 1 )  

Lights ( s t a r t  1 

Photosonics (start) 

000 1 

HyCam (start) 

- 
Pendulum rope cutter(start1 

- 
1200 

2200-x* 

Piston Acceleration Corridor 

- 

Head, pelvi!!, rope cutter 
( from veloclty probe) 

Run 
7 

0001 

* x obtained from elliptic integral of the first kind. For  

10C1° . 8 7  sec, 20 O , 7 0  sec. y=angle/20 Z=210/angle 

Timer aox Setup - 8 5  



PENDULUM "WE I RDNESS 

Average 

Standard 
Deviation 

Period 

B l l O  2endulum Wierdness - 36 



12.0 APPENDIX D:  ANTHROPOMETRY 



HUMAN SUBJECT INFOWIATI ON 

CADAVER NO.: 000 DURATI BED Unknown 

AGE: 60 SEX : M CAUSE OF DEAR!: Unknown 

PHYSICXL APPE.WNCE: Caucas i an DATE OF ilEATf: 3/2  1 /82 

Weight w.................................a... 

. ............*..... 2 Shoulder (acromial )  Height. 159.4 cn 62.8 i n  

3 - Vertex t o  Symphysion Length .................. 91.2 cm 3 5 . 9  in  

4 - Waist Heighc.. ............................... 109.8 Cm 43.2 i n  

f - Shoulder Breadth (Biacromial  Breadth) .  ....... 3 1 * 8  cm 12 .5  in  

6 - Chest Breadth. ............................... 27 - 9  cln 11 i n  

7 - Waist Breadth ................................ 29.2 cm 71.5 i n  

8 . Hip B r e a d z h . . . , . . . , . . . . , . . . . . . ,  .............. 25 cm 9.8 i n  

9 - Shoulder t o  Elbow Length (Acroaion-radia le  . . 999 999 
Length) 

10 - Forearm-hand Length (elbow-middle f inger) .  ... .999 999 

11 - Tibiale Height .............................. 999 999 

11 - a k l t  Heighx ( o u t s i d e )  ( l a t e r a l  mal leous) .  ... 999 999 

13 - Foot Breaazh., ............................... 999 999 

14 - Foot Length .................................. 999 999 

Note: * weight i n  ki lograms 

" i eng tns  i n  cen t ime te r s  

*** measures 16 and 17 mss be I ~ ; I J ~  i n  case where the subject u i l !  be used 
~ r .  the seated  p o s i t i o n  Our j i i g  chc tests. I n  a l l  ~ t h c r  cases e n t e r  
9999 when under t h e s e  iueasurcs. 

82EOO 1 - 3 
WBOR.4TORY UMTR l 02 - TEST NO. 82E004-7 82E008 



15 - Top o f  Head t o  Trochanterion Length.. . . . . . . . . 88.5 cm 34.8 in 

16 - Selated Heightc*'*.., ...... . .. . . .. .. . ., . .. ... . . * 
17 - Kclee Height (seared)"". . . . . . . . . . . . . . . . . . . . . . . 999 999 

18 - Head Length .................................. 19.7 cm 7.8 in 

19 - Head Breadth.,. .. ...., .. ... ..,.,.. ... .. . .. .., 15.7 cm 6.2 in 

20 - Head t o  Cnin Height (Venex t o  Plentum). ... . . . 22.8cm g i n  

21 - Biceps Circumference. . . . . . . . . . . . . . . . . . . . . . . . . 999 999 

- 12 - clbou Circwaierence.. . . .. .. . . ,.... . ., , .. . . . . . 999 999 

- 23 - rorearm Circumference.. .., . .... , . . . . ., , . . ... . 999 999 

24 - Wrist Circumf8rence.. ... .. . ... .. . . .. . . . . .. . . . 999 999 

25 - Thigh ~ircwnference..  . . .. . .. ... . .. . .. . .. ... . , 999 999 

26 - Lower Thigh Circumference.. ... ... ... .., . .. . .. 999 999 

27 - Knee Circumference.. ., . . . . ,. . .. .. . .. . . . . . . . . . 999 999 

38  - Calf Circwniercnce ........................... 999 999 

29 - Ankle Circumference,... . ... ... ... ... :. . . .. .. . 999 999 

50 - Neck Circumference.. . . . . . . . . . . . . . . . . . . . . . . . . . 32.3cm 12.7 in 

31 - Scqye (armpit-shoulder) Circumference.. . . . . . . . 999 999 

52 - Chest Circumferc~nce, . , . . . . . . . . . . . . . . . . . . . . . . . 79.3 cm 31.2 in 

55  - Waist Circumference,. . . . . , . . . . . . . . . . . . . . . . . . . 999 999 

35 - C l ~ c s t  Depth. .. . . . . . . . . . . . . . .. . . . . . . .. . . . . . . . . 15.8 cm 6.2 in 

56 - Waist Depth .................................. 999 999 

57 - Burtock Depth.. . . . . . .. . .. . . . . . . . .. .. . . . . . . . . . 999 999 

38 - Interscye. ... ..,,. ... . .. . .. ... ... . .. ... ... .. . . 999 999 

82E001-3 
LABORATORY UMTR, I TEST N O . u 4 - 7  87~008 



HUMAN SUBJECT IN FORMATI ON 

CADAVER NO. : 020 DURATION OF BED CONFINB!ENT u r n o w n  

AGE: 67  SEX: I4 CAUSE OF DEAnl: Unknown 

PHYS ICXL XPPEARANCZ : Caucas i an J,ITE OF D E X ~ I :  3/23/82 

Xh'OblAEY: . Excessive f a t  increased time requ i  red f o r  s p i n a l  mounts 

0 - Weight c.....................s.e,+.,,...a.s,.. 77 ka 

1 - Stat~re*~......................,.....~~... 179+8 cm 

2 - Snoulder (acromial) Height. ......,........... 156 cm 61.4 i n  

3 - Ver tex  t o  Symphysion Length .................. 88.5 cm 34.8 i n  

1 - Waist Height ................,............... 1n7.3 cm 42.2 i n  

5 . Shoulder Breadth (Biacromial Breadth] ........ 3 3 . 2  cm 13.1 i n  

6 - Chest Breadth ................................ 32.7 cm 12.9 i n  

7 - Waist Breadth... ............................. 24 cm 9.4 i n  

8 - Hip Breadth.. .... 36 cm 14.2 i n  ............... ...........*. 
9 - Shoulder to Elbow Length (Xcromion-radiale . . 999 999 

Len gr h )  

10 - Forearm-hand Length (elbow-middle finger). ... 999 999 

I1 - Tibia le  Height ............................... 999 999 

12 - Ankle Height (outside) ( l a t e r a l  malleous). ... 999 999 

14 - Foot Length .................................. 999 999 

Nots: weight i n  kilograms 

" lengths i n  centimeters 

*** measures 16 and 17 must be II;;IJ~ i n  case where the subject  \?i l l  be used 
ir. the seated p o s i t i o n  curii~l;  t h ~  t e s t s .  i n  a l l  czhcr c l s c j  enter 
9999 when under these measures. 

82~02 1-22 
WBORA7ORY UMTR I TEST NO. ~ 7 ~ n 9 1 - 7 7  D4 - 87 ~ 0 7  A 



IS - Top of ilead to Trochanterion Lcnyrh .......... e 
16 - Seated Heighre**. . . . . . . . . . . . . . e . .  * .  * .  * .  . . . . . 999 999 

17  - Knee Height (seated)**  *. . . . . . . . , . . . . . . . , . . . . . 999 999 

58 - Head Length ...O............,......e.~a....... 21 cm 8.2 i n  

19 - Head Breadth. .. ..... .......,.....,... ..... ... 15.8 cm 6.2 i n  

20 - Head to Cnin Height (Vertex to Blentum). ... . . . 24.9 cm 9.8 i n  

21 - Biceps Circumference.. . . . . . . . . . . ... . . . . . . . . , 999 999 

22 - Eibow Circumference. .. . .. ....., ... . .. . .. . . . .. 999 999 

23 - Forearm Circumference.. ... ... ... . .. .. . . . ... . 999 999 

24 - Wrist Circumference,. . . . . . . . . . . . . . . . . . . . . . . . . 999 999 

25 - ihigh Circumference. .. . .. . .. ,... ... .. . .. .. .. . 999 999 

26 - Lclwer Thigh Circumference.. . . . . . . . . . . . . . . . . . . 999 999 

27 - Knee Circumference. ... . . . . .. ... .. . ... ... .. . .. 999 999 

28  - Ca,lf Circumference.. . . . . . . , . . , . . . . . . . . . . . . . . . 999 999 

29 - Ankle Circumierence.................:.... ..., 9 99 ' 999 

30 - Neck Circumference. . . . . . . . , . . . . . . ... . . . . . . . . . 42 cm 16.5 i n  

51 - Sc,ye (armpi t-shoulder) Circumference. . . . . . . . . 999 999 

31 - Chest Circumference. . , . . . . . . . . . . . . ... . . . . . . . 99 cm 39 i n  

j 3  - Waist Circumference. ....,.................... 999 999 

54 - Buzrock Circumference.. ...................... . 999 999 - 
35 - Chest Depth .................................. 22.2 cm. 8.7 i n  

36 - Waist Depth .............. L......... ........ 999 999 

37 - Burtock Depth. .. . .. ... ... .. . ... . .. ... . . . . . . . . 999 999 

38 - Interscye ........... ...... .... .. ...... ...... . 999 999 

82E02 1-22 
UBORATORY UMTR l TEST X0. 82E023-27 82E028 



HUFW 'SUBJECT INFORh1ATT ON 

CADAVER 30. : nbn DURATION OF BED CONFINEhlENT Unknown 

AGE: 65 SEX: M CAUSE OF DEATII: tlvocardi a1 i n f a r c t i o n  

PHYSICAL x P P E A ~ W C E :  Caucas i an DATE OF I I E A ~ :  3/27/82 

ANOblALY: S U R D ~ ~  r i b s  very c lose tosether  and embedded i n  deep f a t .  

AJGHROPOI.IETRY 

0 - Weight* ...................................... 87 kq 

1 - Stature**. ..........................I......., 169.2 cm 

2 - Shoulder (acromial) Height. ..,............... 146.7 cm 57.8 i n  

5 - Vertex t o  Symphysion Length.. ................ 81.8 cm 32.2 i n  

4 - Waist Height ................................ 102 err, 40.2 i n  

S - Shoulder Breadth (Biacromial Breadth) ........ 35.4 cm 13.9 i n  

6 - Chest Breadth.. ................ .... .. ... .. 32.7 cr.: 12.9 i n  

7 - Naisz Breadth ................................ 32 cm 12.6 i n  

8 - Hip Breadth. .......................... .. ..... 33.5 cm 13.2 i n  

9 - Shoulder t o  Elbow Length (Acraaion-radfale . . 999 999 
Length) 

10 - Forearm-hand Length (elbow-middle finger). . . . .  qqq ggg 

I 1  - Tibiale Height ............................... 999 999 

12  - Xnkle Height (outside) ( la tera l  malleous) .... 999 999 

- ................. ............. 15 - roof Breadth. .. 999 999 

14 - FOOT Length .................................. 999 999 

Note: weight in kilograms 

** lengths in centimeters 

*** measures 16 and 17 msr be u;de in case w h e ~ e  t h e  subject \ < i l l  be used 
in the seated positton Curiiig zhc tests. I n  a l i  cthe: c ~ s c s  enter  
9999 when under these measures. 

-f C..- 

82E041-42 
WBOR.4TOR'I' UMbR l - iczi 30. 82E043-48 82E049 





HUblAJ-4 SUBJECT INFOUlATTON 

CADAVER NO. : 050 DURATION OF BED CONFINDiENT uUnknmn 

AGE: 60 SEX : M CAUSE OF D U T I 1 :  Coronarv throhbos i s 

PHYS JCXL XPPEWNCE: Caucas i an J,ITE OF mni:  6/7/82 

MOblALY: .Riqht and l e f t  r i b s  R 4 - R 5  broken, probabiy from CPR.  

0 - Weight* ...................................... 67 kg 

. 2 Shoulder (acromial] Height....o........e.a... 155.7 cm 61.8 i n  

j - Vertex t o  Symphysion Length.. ................ 999 999 

1 - Waist Height ................................ 999 999 

S - Shoulder Breadth (Biactomial Breadth). ....... 3 7 . 5  cm 14.8 in 

6 - 'Ches t  Breadth. ............................... 999 999 

7 - Waist Breadth... ....................e.ee..ue. 999 999 

8 - Hip Breadth . . . . . . . . . . . . . . . . . . . . . . . . .e... . . . .e 999 999 

9 - Shoulder t o  Elbow Length (Xcronion-radiale . . 999 999 
Length)  

10 - Forearm-hand Length (elbow-middle f inger )  .... ggg ggg 

I 1  . Tlb ia l e  Height ............................... 9 99 999 

I? - Ankle Height (outside) ( l a t e r a l  malleous) .... 999 999 

. 13 foot Breadth. ................................ 999 999 

14 - Foot Length .................................. 999 999 

Note: - neignt i n  kilograms 

" l eng ths  i n  cent imeters  

**' measures 16 and 17 rmsr be m : ~ i t  i n  case where the subject will  be ustd 
in the seated pas ir ion  duri i~ l ;  i h c  t e s t s .  Tn a l l  c ther  cases e n t e r  
9999 when under these measures. 

LABORATORY UMTRI - TEST NO. 82E051-53 u3 



IS . Tap of ilead t o  Trochanterion Length ........... 999 999 

Knee Height  (seated)"* ...................... 999 999 

.................................. Head Length 20 cm 7.9 in 

Head Breadth ................................. 16.2 cm 6.4  in 

Head t o  Cnin Height (Vertex t o  Henrum) ....... 999 999 

Biceps Circunference ..... .... ............... 999 999 

Elbow Circumference .......................... 999 999 

Forearm Circumference ........................ 999 999 

Wrist Circumference .......................... 999 999 

Thigh Circumference .......................... 999 999 

Lower Thigh Circumfertncc .................... 999 999 

Knee Circumference ........................... 999 999 

28  . Calf Circumference ... .... 999 ................... 999 

29 Ankle' Circumference .. '999 999 . ..,.,.,......... ........ 
30 . Neck Circumference ........................... in 

......... 5 1 . Scye farinpit-shoulder) Circderence e 
..................... $2 . Chest Circumference .... . 

. . 

5 3  a Waist Circumference ........ ,.... ............. * 
......................... 34 . Buttock Circumference 999 999 . 

................................... . 35 flyest Depth 999 999 

36 . Waist Depth ............................. '.. .. 999 999 

57 . Buttock Depth ................................ 999 999 

LABORATORY UMTR I E S T  NO . R 7 ~ 0 5 ] - c ; 7  



CADAVER NO. : 060 DURATION OF BED CONFINEhENT Unknown 

AGE: 60 SEX: M CAUSE OF DEXTIl: Unknown 

PHYS ICXL A P P E W N C E  : caucas i an ~I,ITT. OF n~.xn I : 6 /  I /82 

0 - Weight* ...................................... 67 ka 

1 - Stature**.. ................,..............ee. 169.8 crn 

2 . Shoulder (acromial j Height. .................. 148.4 cm 58.4 i n  

3 - Vertex to Symphysion Length.. ................ 86. 1 cm 33.9 i n  

3 - Waist Height ................................. 99.8 cm 39.3 i n  

f - Shoulder Breadth (Biacromial Breadth] ........ 3 4 . 7  cm 13.7 i n  

6 - Chest Breadth.. ........... .. ............,.... 29.1 em 11.5 i n  

7 Waisr Breadth. . . . .  ........................... 23 em 9.1 i n  . 
8 - Hip Breadrh...,. 28.6 cm 11.3 in ............................. 
9 - Shoulder to Elbow Length (Acromion-radialc . , 999 999 

Length) 

10 - Forearm-hand Length (elbow-middle finger] . . . . . .  ggq 999 

............................... f l  - Tibiale Heighr 999 999 . 
12 - Ankle Height [outside) (lateral malleous). ... 99 9 999 

............. 12 - Foot B r e a d t h . . . . . . . . . . , . . . . . . . . .  999 999 

14 - Foot Length .................................. 999 999 

Note: * weight i n  kilograms 

** lengths in centimeters 

+*+ measures 16 and 17 must be ii;;~Jr? in case wnere the subject u i ' l l  be used 
ir. the seated p o s i t i o n  Ouriiig inc tests. I n  a l l  c t i ~ c r  cases e n t e r  
9999 when under  these measures. 

LIMTR I Dl 0 82E06 1-62 
LABORATORY - TEST XO. I f 7 ~ 0 6 3 - 6 6  m67 



15 - Tap o f  liead to Trochanterion Lcngth.. . . . . . . . . 9 99 999 

16 - Seated Heighte**. . . , . . . . . . . . . . . . . . , . . . . . * .  . . . 9 99 999 

17 - Knee Height (seated)"*. . . . . . . . . . . . . . . . . . . . . . 999 999 

18 - Head Length .................................. 19.2 cm 7.6 in 

19 - Head Breadth... .. .. . . . .. ... .. . .... ... .. ... . .. 15.5 cm 6.1 in 

20 - Head to Chin Height (Vertex to blentum). .... .. 22.1 cm 8.7 in 

21 - Biceps Circumference,. , , . , , , . . . . , . . . . . . .. . . . 9 99 999 

22 - Elbow Circumference.. . . . . . . . . . . . . . . . . . . . ... . . . . 999 999 

23 - Fa~rearm Circumference.. .., . ..... ... .,. ... ... . 999 999 

Circumference 

~ircumf erence . .............. I . . . . . . . . .  

26 - Lower Thigh Circumference.. . . . . . . . . , . . . . . . . . . 999 999 

27 - Knee Circumference ........................... 999 999 

23 - Cali Circumference ........................... 999 999 

29 - Ankle Ci~cumference...... ....,... ... :........... 9 99 999 

50 - Neck Circumference. .......................... 44.6 cm 17.6 i n  

51 - Scye (armpit-shoulder) Circderence. . . . . . . . . 999 999 

5 2  - Chest Circumference .......................... 90.2 cm 3 5 . 5  in 

5 3  - Waist Circumference.. .....,.................. 999 999 

34 - Buttock Circumference.. .. .. . ... ... ... .. . . .. . . . 999 999 - 
35 - Chest Depth .................................. 21.6 cm 8.5 in  

56 - Waist Depth .................................. 999 999 

37 - Buttock Depth ................................ 999 999 

82E06 1 -62 
UBORAT3RY UMTR l =st NO. 82E063-66 8x067 



HUb1XN SUBJECT' TNFOWlATTON 

CADAVER NO. : 070 DURATTON OF BED CONFINEMENT a 

AGE : 6 1 SEX : M CAUSE OF DEATlI: 1 

PHY S i CXL APPE4RANCE : c a 'w I T  0 I : 9/9/82 

R ibs  broken durina C P m d  

to  sternum w i t h  w i  re.  

ANTHROPO(IIETRY 

. 1 S t a t u r e * * . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  181 cm 

2 - Shoulder (acromial] Height ................... 156 cm 61.4 i n  

j Ver tex  t o  Symphysion Length.. 999 999 ................ . 
4 - Waist Height ................................. 999 999 

S - Shoulder Breadth (Biacromial Breadth). 36 .2  cm 14.3 i n  ....... 
6 Chest Breadth, .... 999 999 - ........................... 
7 Waist Breadth... 999 999 - ............................. 
8 - Hip Brezdth. ................................. 999 999 

9 - Shoulder ;D Elbow Length (Acronion-radial e . . 999 999 
Length) 

10 - Forearm-hand Length (elbow-middle f inger) .  ... 999 999 

11 - Tibiale Heighr ............................... 999 999 

12 - Ankle Heighr (outside) ( lateral  malleous) .... 999 999 

............................... 15 - Foot Breadth.. 999 999 

14 - Foot Length.. .................. .. ........... 999 999 

Note: * weight i n  kilograms 

** lengths i n  centimeters 

*** measures 16 and 17 must be 1iu4t in case where the subject will be used 
in ;he seated  pos i t ion  d u r j i i ~ ;  rhc tests. I n  a l i  ctl~e;. c ~ s a s  en t e r  
9994 when under these measures. 

UBOR.4TORY UMTR l ill 2 - TEsTgO, 82E071 



.......... . 15 Tc~p o f  Head t o  Trochancerion t c n y t h  999 999 

16 . Seated Heighr*** ............................. 999 999 

...................... 17 . Knee Height (seated)"' 999 999 

18 . Head Length ................... ... . . . . . . . . a * .  20.6 cm 8.1 i n  

19 . Head Breadth ................................. 15.3 cm 6 i n  

....... . 20 Head t o  Chin Height (Ver tex  t o  Menrum) 999 999 

......................... . 21 Biceps Circumference 999 999 

22 . Elbow Circumference .......................... g g g  999 

23 . Forearm Circumference .................. .. ... 999 999 

24 = Wrist Circumference .......................... 999 999 

25 . Thigh circumference .......................... 999 999 

.................... 16 . Lower Thigh Circumference 999 999 

Z i  = Knee Circumference ........................... 999 999 

18  . Calf Circumference ........................... 999 999 

29 . h k l e  Circumference ................. : ........ 999 499 

30 = Neck Circumference ........................... 32 cm 12.6 i n  

31 . Scye (armpit-shoulder) Circumference ......... 999 999 

52 . Chest Circuraference ..................... .. ... 999 999 

55  . Waist Circumference .......................... 999 999 

31 . Buttock Circumference. ... ......... 999 999 ........... - 
35 Chest Depth .................................. 999 999 . 
36 . Waist Depth .................................. 999 999 

37 Buttock Depth 999 999 ................................ . 

LABORAT3RY UMTR l TEST YO . 82E071 



HUNAN SUBJECT INFODIATT ON 

CADAVER NO. : 079 DURATION OF BED CDNFTNEblENT u w n  

AGE: 51 SEX: M C A U S E O F O E A T I I : ~ v n & j ; l l i n f a r r . t j n n  

PHYS ICXL APPE.WNCE : Caucas j an p,lTE OF DEA'i'll: 2/26/83 

XNO~LALY: . Structures weakened f rom CPR. 

Weight*. ............................. O.. ..... 83 kc1 

1 - Stature**.................................... 169 cm 

2 - Shoulder (a t romia l )  Height. ............. .. .. 146.5 cn. 5 7 . 7  i n  

3 - Vertex t o  Symphysion Length .................. 999 999 

1 - Waist He igh t  ................................. 999 999 

5 - Shoulder Breadth (Biacrornial Breadth) ........ 30.4 cm 12 i n  

6 - Chest Breadth.. .............................. 34.2  cm 13.5 i n  

7 - Waist Breadth................... ............. 999 999 

8 - Hip Breadrh .................................. 31 cm 12.2 i n  

9 - Shoulder t o  Elbow Length (Acronion-radiale . . 999 999 
Length) 

10 - Forearm-hand Lengrh (elbow-middle finger). . . . .  999 ooa 

I 1  - T i b i a l e  Heighr ............................... 999 999 

12 - Ankle Heighr (ours ide )  ( l a t e r a l  malleous) .... 999 999 

13 - f o o t  Breadth ................................. 99 9 999 

14 - Foot Length .................................. 999 999 

Note: weight i n  kalograms 

** l eng ths  i n  cent imeters  

*-* measures 16 and 17 must be ualJt  i n  case  where t h e  subject  w i l l  be used 
ir! the seated  p o s i t i o n  d u r i i t ~  cnc tcs;s .  i n  a l l  atl~e: clss2; e n t e r  
9999 when under  these measures. 

LABORATORY UMTR I Ul? - TIST NO. 83E076 



1S = Top of ilesd to Trochancerion Lcnyth .......... 999 999 

16 = Seared Height* 7t ............................. 999 ' 999 

...................... 17 . Knee Height (seated)+** 999 999 

.................................. 18 . Head Length 20 cm 7.8 . i n  

19 = Head Breadth ................................ 16 cm 6.3 i n  

20 . Head to Chin Height (Vertex to Mentum) ....... 999 999 

21 . Biceps Circumference. ........... .. .......... 999 999 

I2 . Elbow Circumference. ......................... 999 999 

23 - forearm Circumference .. .. 999 999 . ................... 
24 . Wrist Circumference .................. .... .. 999 999 

25 . Thigh Circumference .......................... 999 999 

16 . Lower Thigh Circumference .................... 999 999 

27 Knee Ci~cumlerence ... .... 999 999 . ...... .............. 
IS Calf Circumference ..... 999 999 ...... . ............... 
29 . Ank It Circumference ................. : ........ 999 999 

20 Neck Circumference 36 cm 14.2 i n  ........................... . 
31 . Scye (annpit-shoulder) Circumference ......... 999 999 

52 . tnest Circumierence ......... .. ............... 999 999 

j j . Naist Circumference .......................... 999 999 

31 . Buttock Circumference.. ....................... 999 999 . 
35 . Chest Depth .................................. 999 999 

. 
56 . waist Depth .................................. 999 999 

37 . Buttock Depth ................................ 999 999 

38 . fnterscye .................................... 999 999 

LABOMT3RY 1 I M ~ R  T TEST KO . 8 3 ~ 0 7 6  



HUMAN SUBJEC? INFOUIATTON 

CADAVER NO. : ' 080 DURATION O F  BED CONFI NEhlENT Unknown 

ACE: 44 SEX: M CAUSE OF DEATll: Pulmonary edema 

PHYSICAL APPE.4R.2NCE: Caucasian DATE Or: OEA'TI I : 3/6/83 

ANOr\lALY : - L e f t  rib R4 weakened. Sternum weakened. 

0 - Weight*. ..................................... 72 kn 

................................... 1 - Stature*'. 17'1 clm 

.. ............ 2 - Shoulder (acromial) Height. ... 147.4  rm 58 i n  

3 - Vertex t o  Symphysion Length .................. 88 cm, 34.6 i n  

I - Naist Height ................................. 89.5 cm 35.3 i n  

f - Shoulder Breadth (Biacromial Breadth). ....... 32.5 cm 12.8 i n  

6 - Chest Breadth... ............................. 33.8 cm 13.3 in  

Breadth ............................... 25 cm 9.8 in 

8 - Hip Breadth.. ........ ...... .................. 31.4 cm 12.4 in 

9 - Shoulder t o  Elbow Length (Acronion-radinle . . 999 999 
Length) 

10 . Forearm-hand Length (elbow-middle finger). ... 999 999 

............................... 11 - Tibia le  Height 999 999 

12 - Ankle Height (outs ide)  ( l a t e r a l  malleow) .... 999 999 

15 - foot Breadth ................................. 999 999 

14 - Foot Length .................................. ,999 999 

~ o t e :  * weignt i n  kilograms 

** lengths i n  centimeters 

*** measures 16 and 17 msr be I U ; I J ~  i n  case where the subject \< i l l  be used -- 

ir! :he seated pos i t i on  d u ~ i i ~ g  thc t e s i s .  I n  a l l  cther  cases e n t c r  
9999 rnen under these measures. 

83E081-82 
UBOR.4TORY UF1TRI TEST NO. 63~083-86 83EO87- 88 

Dl 6 



15 - Tclp o f  liead to Trochanterion Length . .  . . . . . . . . 999 999 

16 - Seated Heighrw**. .. . .. ,.. ... .... .. , .. . .... ... 999 999 

17 - Knee tieight (seated)"'. . . . . . . . , . . . . . . . . . . . . . 999 999 

18 - Head Length .................................. 19.8 crn 7.8 i n  

19 - Head Breadth... ....., .., .......... ..... ...... 15.5 cm 6.1 i n  

20 - Head to Cnin Height ( V e n c x  to Clentum). ...... 23 cm 9.1 i n  

21 - Bice?s Circumference. . . . . . . , . . . . . . , , . . . . . . . . . 999 999 

22 - Elbow Circumference .......................... 999 999 

22 - Fc~rearm Circumf'erence. ....................... 999 999 

24 - Wrist Circumference. ....,.....,.s............ 999 999 

25 - Thigh Circumference.. . . . . . . . . . . . . . . . . . . . . . . . . 999 999 

16 - Lower Thigh Circumference.. . . . . . . . . . . . . . . . . . . 999 999 

27 - Knee Circumference. . . . . , . . , . . . . . . . . . . . . . * .  . . . 999 999 

23 - CaJf Circumference.. ... .... ... .. . .... , . ...... 999 999 

29 - Ankle Citcumference.. . . . . . . . . . . . . . . .:. . . . . . . . 999 999 

30 - Heck Circumference ........................... 57 cm 22.4 i n  

31 - Sc,ye (armpit-shoulder) Circumference. .. ... .. . 999 999 

j 2  - Chest Circunrfexence . . . . . ... . . . . . . . . . . . . . . . . . . 100 crn 39.4 i n  

53 - Waist Circumference ....,.,..................... 999 999 

54 - Butrock Circumf'erence.. . . . . . ... .. . . ... . . . .. . . . 999 999 - 
35 - Cllest Depth. ,. . . . . . . ... . .. ... .. . . . . .. . . .. . . . . 15.3 cm 6 in 

36 - waist Depth .................................. 999 999 

37 - Buttock Depth ................................ 999 999 

38 - Interscyc .................................... 999 999 

i lBORAT'ORY 1 ~ M T Q  T TEST NO. 



HUPW SUBJECT INFOUIATT ON 

CADAVER NO. : a89 DORATTO8 OF BED CONf TNEbZEhT Unknown 

AGE: 62 . SEX: M CAUSE OF DEATII: Myocardial i n f a r c t i o n  

PHY S I CXL APPEARANCE Caucas i an D,ITE 

WOFULY: . None 

0 - Weight* ...................................... 76 kg 

....... 1 - s t a t u r e * *  ..................... ....,.. 175 .8  cm 

2 . Shoulder (acromial)  Height.. ................. 152 en: 59.8 i n  

3 - Vcrcex t o  Symphysion Length.. ................ 84.5 cm 33.3 i n  

4 - Waist Height ................................. 999 999 

S - Shoulder Breadth (Biacromial Breadth)..  ...... 3 4 . 7  cm 13.7 in  

6 - Chest ~ r e a d i h .  ............................... 34 cm 13.4 i n  

7 - wais t  Breadth.. .............. ... ............ 999 999 

8 - Hip Breadrh. ................................. 3 1 .5  17 4 i n  

9 - Shoulder t o  Elbow Length (Acromion-radinle . . 999 999 
Length)  

10 - Forearm-hand Length (elbow-middle f i n g e r )  .... QQQ 999 

11 . Tibiale Height ............................... s 
... 12 - ,Ukle  Height (ou t s ide )  ( la tera l  mal leaus) .  999 999 

........................... . 13 - Foot Breadth.. ... 999 999 

14 - Foot Length.. ................................ 999 999 

Note: * weight  in kilograms 

** lengths in cent imeters  

*** measures 16 and 17 must be ~l i ;~Je i n  case  where t h e  subjecr \$ill be used 
i n  the seated p o s i t i o n  duriill; zhc  iests. I n  a l l  c;her c ~ t s  e n t e r  
9999 when under  these measilrcs. 

LABORATORY UMTR l Dl6 - TEST NO. 83E071-75 83E091 



.......... 15 . l o p  of Ilead t o  'Trochanterion Lcngth * 
17 . Knset Height (se, a ted)  +*+ ...................... * 

Length 

19 . Head Breadth ................................. 15.3 cm 6 in 

20 = Head t o  B i n  Height (Ver tex  t o  Mentum) ....... 9 99 999 

21 . Biceps Circumfe.rencc ......................... 99 9 999 

Fo. rearm 

25 = n i g h  Circumference .......................... 999 999 

16 . Lower Thigh Circumference .................... 999 999 

31 . Scye (armpit-shoulder) Circumference ......... 999 999 

5 2  . Chest Circumference .......................... 999 999 

jj . waist Circumference .......................... 999 999 

33 = Burtock Circumference ................... .... . .  999 999 - 
55 = Chest Depth .................................. 999 999 

36 . Waist Depth .................................. 999 999 

37 . Burtock Deprh ................................ 9 99 999 

38 - Inrerscye .................................... 999 999 



HUMAN SUBJECT INFORJIATION 

CADAVER NO. : 090 DURATION OF BED CONFINEbENT Unknown 

AGE: 51 SEX: M CAUSE OF DEATI: Cerebral Contusion 

PHYS ICXL XPPEAk4NCE: Caucasian JtlTE OF DEAT 1 : 

XNOI\%LY : .. None 

0 - Weight T.. . . . . . . . . . . . . . . . . , . . . . . I . . . . . . . . . . . . .  68 kg 

................................... . 1 Staturer*. 180 cm 

................... . 2 Shoulder (acromial) Weight 155 .4  cm 6 1 . 7  i n  

3 - Vertex t o  Symphysion Length. ................. 999 999 

I - Naist Height ................................. 999 999 

f - Shoulder Breadth (Biacromial Breadth). ...... , 33.3 13.1 i n  

6 - Chest Breadth.. ..................... ...... . 31.9 cm 12.6 i n  

7 - waist B r e a d t h . . . . . . . . , , . . . . . . .  ............... 999 999 

8 - Hip Breadth. . . . . . . . , . . . . . . . . . . . . . . . . . .e . .e . . .  30 cm 11.8 l'n 

9 - Shoulder to Elbow Length (Acromion-radiale . . 999 999 
Length) 

10 - Forearm-hand Length (elbow-middle f inger ) .  ... 999 999 

............................. 11 - Tibiale Height.. 999 999 

12 - Ankle Height [outside) (lacera1 malleous) .... 999 999 

13 - foot  Breadth.. ............................ .. . 999 999 

14 - Foot Length .................................. 999 999 

Note: * weight  i n  kilograms 

** lengtns i n  centimeters 

*'* measures 16  and 1 7  mus; be t i i :~ ie i n  case where the subjec; \.till be used 
in the seated position d u r i i ~ s  rhc  ccsts. I n  a l l  c:hcr cases en t e r  
9999 when under these measures. 

UFlTR I LA BORA'TO RY D20 ,- TEST NO. 83E092 87F093 



15 . Top of ileod t o  Trochanrerion Length .......... 999 999 

16 . Seated H e i g h t e *  * ............................. 999 999 

17  . Knee H e i g h t  (seated)*** ...................... 999 999 

18 . Head Length ...................a.e.............. 19.4 crn 7.6 i n  

19 . Head Breadth ................................. 15.5 cm 6.1 i n  

20 . Head t o  Cnin Height (Vertex t o  Irlentum) ....... 999 999 

21 . Biceps Cirtumference ......................... 999 999 

. 22 . rlbow Circumference .......................... 999 . 999 

24 . Wrist Circumference .......................... 999 999 

25 . Thigh ~ircumferlcnce .......................... 999 999 

26  . Lower Thigh Cir:umf erence ...... .. ............ 999 999 

13 . Calf Circumierelnce ........................... 999 999 

29 - Ankle Circumference .......................... 999 999 

50 - Heck Circumference ........................... 37 cm 14.6 i n  

31 - Sc:ye (ampi t -shoulder)  Circtrmference ......... 999 999 

31 . Bu'ctock Circumfc?renct ......................... 999 999 . 
35 . Chest Depth ................... ... ..... ... ... 999 999 

36 . Waist Depth .................................. 999 999 

37 . Buttock Depth 999 999 ................................ 
38 Interscye 999 999 .................................... . 

LABORATISRY 1 IMTR T TEST NO . 83E092 Aq~oq ' (  



HUbIEVJ SUBJECT INFORNATI ON 

CADAVER NO. : 100 DURATION OF BED CONFINEbfEKf Unknown 

AGE: 60 SEX: 1 7 1  CAUSE 01: DEATII: Cardiac arrest - Carcinoma of Paqcrea- 
PHYSICAL APPE.WNCE:  Caucas jan A T  OF I :  5/20/83 

Ah:OblAEY: . Riqht rib R7 is abnormal. 

0 - Neigh;+, ...................................... 76.5 kq 

1 - Stat~re**...........,........~~~....~.~~..~.. 182.3 cm 

2 - Shoulder [acromial) Height ................... 158.5 cin 62.4 in 

2 - Vertex to Symphysion Length .................. 91.7 cm 36.1 in 

4 waist Height 108.6 cm 42.8 in ................................. . 
5 Shoulder Breadth (3iacronial Breadth).  31.4 cm 12.4 in ....... . 
6 - Chest Breadth.. ... . 27 cm 10.6 i n  .......................... 
7 Waist Breadth...............e..... 31.3 cm 12.3 in  - ........... 
e - Hip Breadth .................................. 33.9 cm 13.3 in 

9 - Shoulder to Elbow Length (Acronion-radiale . . 999 999 
Lengrfr) 

10 - Forearm-hand Length (elbow-middle finger) . . . . . .  999 999 

11 - Tibiale Height.. ............................. e 
11  . Xnkie Height (ou ts ide)  ( la teral  malleous) .... 999 999 

!j - Foot 3readth. ................................ 999 999 

14 - foot Length 999 999 .................................. 

Note: weight in kilogram 

** lengths  i n  centimeters 

*** measures 16 and 17 must be 1wJa in case where zhe subject will be used 
ir! the seated pos i t ion  d u r i i ~ ~  t h c  tests. I n  a l l  c the z  c t s c s  e n t e r  
9999 vnen under chess mcasurcs. 

83ElOl- 103 
LAaOR.4TO R'i UMTR I 022 - TEST 30. 83E104-108 83E109 



15 - Top of lleod to Trochanterion Lcngth .... . .. . .. 999 999 

16 - Seazed Height** ............................. 999 999 

l i  - Knee Height ( ~ e a t e d ) ~ * * .  . . . . . . . , . . . . .. . . . . . . . 999 999 

18 - Head Length ................................... 19.3 cm 7.6 i n  

19 - Head Breadth.,......,........................ 14.6 cm 5.7 i n  

20 - Head t o  Chin Height (Ver tex  t o  Blentum) .... . .. 21.8 cm 8.6 i n  

21 - Biceps Circumference ........................ 999 999 

22 - Elbow Circumference.. . . .. ...... ... . .. . .. . . . . . 999 999 

23 - Forearm Circumference........................ 999 999 

24 - Wris; Circumierencc.. . . . . . . . . . . . . . . . . . . .. . . .. 999 999 

25 - Thigh Circumference.. . . . . . . . . . . . . . . . . . . *.. . . . 999 999 

26 - Lower Thigh Circumference.. . . . . . . . . . . . . . . . , . . 999 999 

27 - Knee Ci;.cumr^erence ........................... 999 999 

1 3  - Calf Circumfezence.. . . . . . . . . . . . . . . . . . . . . . . . . . 999 999 

29 - Ankle Circumier~nce...,.............;. ....... ' 999 999 

30 - Neck Circumference. ... . ., . . . ...... .. . . . . . .. .. 38.3 cm 15.1 in 

31 - Scye (annpit-sh~oulder) Circumference. .. . .. .. . 999 999 

32 - Chest Circumfetcncc.., , .... .... ... ... . .. ... . . 91.7 ern 36.1 in 

33 - Waist Circaamfer~ence .......................... 999 999 

54 - Burtock C i r c~mf~~rence  ........................ . 999 999 - 
35 - Chttst Depth., . . .. . . . . . . , . . . .. . . . . . . . . . .. . . . . 22.5 cm 8.9 i n  

56 - Wa.ist Depth ................................... 999 999 

37 - Burtock Depth ................................ ' 999 999 

38 - Interscye .................................... 999 999 

Ui30RATllRY I IMTR T TEST 80. 83E 109 



HUMAN SUBJECT INFOUIATT ON 

CADAVER NO. : 120 DURATION OF BED CONf INEbfENT Unknown 

AGE: 20 SEX : F CAUSE OF DEAR!: Renal f a i l u r e  

PHYS ICXL APPE4RANCE: Neqro DATE OF ~ E A ~ I :  8/22/83 

rWOtULY: Sores  on s k i n  probably from needle  punctures .  

Weight * . . . . , . . . . . . . . . . . . . . . . . . e . n s . . . . . . . . . . . . .  46 kg 

I - Stat~~e**....................~~..,...... . . . , a  162.7 cm 

................. l - Shoulder (acromial) Height.. 141.6 cm 55.7 i n  

3 - Vercex t o  Symphysion Length.. ................ 76.3 cm 30 i n  

4 . Waist Height ................................. 99.2 cm 39.1 i n  

5 - Shoulder Breadth (Biacromial Breadzh) ....,... 31 cm 12.2 i n  

6 - Chest Breadth.. .......................... .. .. 25,7 cm 10.1 i n  

7 Waist Breadth ................................ 21.9 cm 8.6 i n  . 
8 - Hip Breadth..............................*.. 27.2 cm 10.7 i n  

9 - Shoulder to  Elbow Length (Acromion-radiale . . 999 999 
Length) 

10 - Forearm-hand Length (elbow-middle f inger ) .  . . . .  999 qqg 

11 - Tibia le  Heighr ............................... 999 gqa 

12 - Ankie Heignr (ourside) ( l a t e r a l  nalleous) . . , . 999 999 

13 - Foot  Breadth. ................................ 999 999 

14 - ioot Length .................................. 999 999 

* weight  in k i log rms  

** l eng ths  i n  centimeters 

**' measures 16 and 17 musr be i ~ ~ i d c  i n  case where the subject  will be used 
i h  the  seared position duriil; t h c  t e s t s .  I n  a l l  ether  c = s ~ s  e n t e r  
9999 when under these measures. 

WBOR.ATORY UMTR I D24 - TEST NO. 83E121A-C 



.......... 15 a Top of Head tc Trochanterion Lcnyth 72.9 cm 28.7 i n  

16 . Seazed HeightMr* .............................. 999 999 

17 - Knee Height (scrated)*** ....................... 9 99 999 

................................... 18 - Hsad Length 18.9 cm 7.4  i n  

19 - Head Breadth .............. ... ................ 14.4 cm 5.7 in 

20 . Head t o  Rin Height (Ver tex  t o  Mentum) ....... 2 4 . 5  cm 9.6 i n  

21 . Biceps Circumicrencc ........... .... ... .... ... 999 999 

C 22 = cl. bow Circumference ............ ... .......... 999 999 

13 . Fc~rcarm Circumference ......................... 999 999 

24 . Wrist Circumference .......................... 999 999 

25 - Thli,o h Circumference .......................... 999 999 

26 . Louer Thigh Circumference .................... 999 999 

27 - Knee Circumference ........................... 999 999 

I 8  - CaJf Circumference ........................... 999 999 

29 - h k l e  Circumference ... : ............ .: ....... 999 999 

30 . Neck Circumference ................... .... ... 32 cm 1 2 . 6  i n  

31 . Scyt (armpi t-shoulder) Circumference ......... m 
2 . Chest Circumference .......................... 71.4 cm 28.1 i n  

33 . Waist Circumference .......................... 999 999 

3 . Buttock Circumference ......................... 999 999 . 
35 . Chest Depth .................................. 17.6 cn 6.9 i n  

36 . Waist Depth .................................. 999 999 

37 - Buttock Depth ................................ 999 999 

38 - Interscye .................................... 999 999 

UBOUTORY UMTR l E S T  NO . 8 ' 3 ~ 1 2 1 ~  . C 



HUPlAN SUBJECT IN FORhIATT ON 

CADAVER NO. : 1 20 DURATION OF BED CONFZ NEhENT Unknown 

AGE: 57 SEX : M CAUSE OF D E A I l :  Acute mvocardial infarction 

PHYSICAL APPEAR4NCE: Caucasian J,ITE OF n~xnl: 9/11/83 

MO~~ALY: Autopsy revealed evidence o f  previous thoracic surgery, Rf  bs 

weakened at cartilaginous junction. 
I 

0 - Weight*.. .................................... 7 2 . 5  ka 

1 - Starure** . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Q . . o e  1 7 q 5  

. .... . . . . . . . . . *a , .  2 Shoulder (acromial) Htigfit. .  151.4 cm 59.6 in 

j - vertex to Symphysion Length.. ,............... 87.5 cm 34.4 in 

4 - Waist Height ................................. 104.8 CIT, 41.3 in 

5 - Shoulder Breadth (Biacromial Breadth) ........ 33.5 cm 13.2 i n  

6 - Chest Breadth.. .............................. 33.2 cm 73.1 in 

7 - Waist Breadth ................................ 31.9 cm 12.6 i n  

8 - Hip Breadth. ........................ ..,.. ... 33.9 cm 13.3 in 

9 - Shoulder to Elbow Length (Acronion-radiale . . 999 999 
~ - -  Length) 

10 . Forearm-hand Length (elbow-middle finger]. ... 999 clas 

............................. 1 1  - Tibiale Heighz.. 999 999 

12 - Xnklc Height (outside) (lateral malleous) .... 999 999 

13 - Foot Breadth.,. .............................. 999 999 

14 - Foot Lcngrh .................................. 999 999 

Note: kilograms 

" l tngths in cenzimeters 

*** measures 16 and 17 =st be rr;;rJe in case where the subject will be used 
ir! the stated position Curiilg thc tests. I n  a l l  crher  cases enrer 
9959 when under these measures. 

UBOR.4TO RY UMTRI D2G - TESTNO. 83EI3IA-C 



l j  - Tap of Head t o  Trochanrerion Lcnyth, ... . .. . . . % 
16 - Seated Heightc**. , . . . . . . . . . . . . . . . . . . . . ... . . . . 999 qqq 

17 - Knee Height (seated)***. . .. . .. .,. . O O . .  . ... . ... # 
2 1 . 5  rrn 18 - Head Length.. . . . . . . . . . . . . . . . . . , . . . . I . .  .... . . .. 8 . 5  in 

15.4 cm 19 - Head Breadth. , . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.1 in, 

20 - Head t o  Cnin Height (Vertex t o  blentum). ... . . . 25.9 cm 10.2 i n  

21 - Eiceys Cirtunference ......................... 999 999 

- 22 - tlbow Circumference .......................... 999 999 

23 - Forearm Circumference.. . . . . . . . . . . . . ... . . . . . . . 999 999 

24 - M i s t  Circumference. . , . . . . . . . . , . . . . . . . . . . . . . .. 999 999 

25 - Thigh ~ircumference. .. ... ... ... .... .. . .. .. . . . 999 999 

26 - Lower Thigh Circumference ........... ... ...... 999 999 

27 - Knee Circumference. . . . . . . .. . . . . . . . . . . . . . . . . . . 999 999 

23 - Calf Circumference. .......................... 999 999 

29 - Ankle Circumference.. . . . . . . . . . . . . . . .:. . . . . . . . 999 999 

30 - Neck Circumference.. . . ... ... ...... ... . . . . .. .. 42.2 cm 16.6 i n  

31 - Scye (armpit-sh~ouldcr) Circtrmfertnce.. . . . . . . . 999 999 

31 - Ch~est Circumference. . . . . . . . . . . . .. . . . . . . . . . . . . 99.8 cm 39.3 in 

31 - Bu,c tock Circumference . . , . . . . . . . . . . . . . . . . . . . . . . 99 9 999 
" 

ff - Chest Depth .................................. 23.5 cm 9.3 in 

36 - Waist Depth .................................. 999 999 

37 - auSttock Depth ................................ 999 999 
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Impact Response and Injury of the Pelvis 
Guy S. Nusholu. Nabih M. Alern, 

and John W. Melvin 
Univmity at Mlchigan 

Hiqhway Sam Rnrvch ~nrdtUU 

ABSTRACT 

Ru l t i p ie  ax ia l  knee impacts and/or a single 
la tera l  pe lv is  impact M r e  performed on a to ta l  
of 19 cadavers. The imuactinq surface urs 
pad- wi th  various materials to  produce 
d i f f e r m r  force-time and load d is t r l bu t ion  _ charaeterist lcs. Impact load and skeletal 
accaleratlon data are presented ar function# of  
both t l rm  a d  f~equency i n  the form of 
aechanical impedance. i n ju ry  descpipt ions based 
on gross autopsy are given. 

Tha k i n m a t i c  response of  the pelv is  during 
and a f te r  impact i r presanted to  indicate the 
s im i la r i  t i es  and d i f fe rweas  i n  response of  the 
pelv is  fo r  various load Iwe ls .  While the 
impact response data cannot prescribe a speci f ic  
tolerance i w a i  for the pelvis, they do indicate 
variables which must be considered a d  s a a  
po ten t i r l  probirar i n  davelopinq an a c w s r e  
in jury  c r i t e r ion .  

Pelvis in jur ies of varying type and 
s w e ~ i  t y  have been found to occur i n  a 
siqni f i cant numbaf of a u t m t  ive aeci dents 
(1-5). Investigations of t rama of the pelvis 
resul t ing f r cn  impact i~ an automotive 
mvironmenl have been documented pr imar i l y 
t h rwqh  accident investigat ion methods. There 
have only been a l imi ted number of  bioiwchanieal 
studies attanptinq to  research pelvis impact 
t r a m  under laboratory conditions, One of the 
ea r l i es t  o f  these studias war conducted by Evans 
and Lissner i n  1953 (61, and consisted of 
impacts t o  the denuded pelvis i n  the in fe r io r -  
superior direct ion. A 1  though no fracture 
tolerance data were obtained. i t  wa# concluded 

f r c r  th ls  study that  the pelvis exhibited 
e las t l c  behavior and fa i l ed  due to tens i le  
s t r e s u s  i n  various structural members. Ten 
y u r s  la ter  a study of  the behavior o f  rne knea- 
fww-pe lv i s  coaplex I n  an a u t a ~ t i v e  impact 
mv i romsn t  war reportad by Patr ick c t  rl. (7) 
I n  th i s  r u l e s  of tests, an impact $lea was used 
t o  apply famoral-axis impects te the knee of  
aarbaliMd cadavers. tha lowest appl i ed load 
found to  cause p. lv is  i n ju ry  was 4 . 1  kN, and 
loads ranging f r m  8.5 kN to  17 kN -re faund to 
u u r a  mul t ip le  tractures of  the pelvis. i t  . 
wqr suqgeeted char a m a x i m  force c r i t e r i o n  (of 
about 6.2 kN) should be the :hrrrhold level for  
i n ju ry  for  the pate l la / fwur /pelv is  ownpiax. A 
s ia i  l a r  study using un.cnbalmed cadavers war 
reporud by nelv in  and Husholtz i n  1980. A 
sing## pelv is  fracture was fwnd  to occur a t  an 
apOllad load of about 20 kN, however loads up :o 
26 kN were applied w i th  no resui t ing peiv is  
injury. 

A recent b imechmics l  study of pe!vis 
impact i n  an w t o m t l v e  enviromnmt was 
docwaented f i r s t  i n  1979 (9) and more comoletely 
i n  1980 (10) by Cesari and Ruret. The goal of 
t h i s  rasearch was to supply data for  design of  
side door padding by impacting cadavers 
Ia te ra i l y  i n  the peivis and recording the force/ 
in jury  relat ionahips observed. I : was suggested 
from th i s  study that the response to  irn~acf i s  
charactrriz.d by ve loc i ty  of impacts, naximum 
force. and Impulse. Admissible force :olerance 
for  fanales was documented as 5-7 k N  ( 1  100-1600 
Ib) and for males as 7-13 kN (1600-2900 Ib). 
These studies essentiai iy characterize p e l v ~ s  
in jury  rolerance using maximum force and impulse 
indicators. 

To further invert igate the kinematic and 
in jury  response of the paivis i n  automocive- 
e n v i r o m n t  impacts. a series of tests involving 
indirect impacts to  the peivis have teen 



conducteo by the Eiomechan~cs Deprtment at HSRI. 
The tests were Conducted using unrmbalmed 
cadavers and two types of impact f a c i l i t i e s :  a 
pendulum impactor and a pneumatic impactor. 
ind i rect  loads wore del ivered to the acetabulum 
of the pelv is  by impacting the femur e i ther  
ax ia l l y  or l a te ra~ l l y .  This a l l w e d  loads to  be 
delivered to  the a~catabulum i n  ei char anterior- 
to-posterior or r i g h t - t o - l e f t  direcrions. The 
cadavers were i nritrmented to  measure pelv i  c 
t r i a x i a l  scceler11tions i n  a l l  :est$, whi le i n  
some tests thre81-dimnsionel not  ion of the 
pelv is  was racorsded wi th  nine accelerometers. 
kddi t ional iy ,  t r i a x i r l  accelerations of the 
femur and the 1:horacie vertebrae (T8) ware 
measured. Photogf'aphic targets on the pe lv i s  
and fmur  were uaud for photok inmetr ic  analysis 
Of motion due to  Ithe immct. 

The bony pelv is  ( f igure 1) consisfs of tw 
large. f l a t  i rregtr lar shapsd h ip  (coxel) bones 
that  j o i n  one mother a t  the pubic s m h y s i s  on 
the anter ior  m i d l i ~ .  Poster ior ly  the wedge 
shaped sacrum canplates the p l v i c  r i n g  forming 
a relatively r i g i d  structure. 

In  the adult,  each h ip  bone I s  formod by 
the fusion of  three separate bones. the i 1 iur 
ischium and pl~bis, which j o i n  I t  tha 
acatabulm. The i l i ~  forms t i e  broad upper 
l a te ra l  pa r t  of the h i p  bone and the upmr 
por t ion of the acetabulu. I t s  uppar cwved 
edge i s  the i l i a c  c r u t .  The m e t  c-ly 
refered to  prominence on t h i s  crest  i s  the 
mt8r ior-super l o r  I l i r e  spine. Poster ior ly  the 
crest ends i n  the posterior i l i a c  s p i ~ .  
adjacent t o  i t s  a r t i cu la t ion  wi th  the sacru.  
the sacro i l iac jo in t .  Tha i s c h i w  forms par t  o f  
the acetabulw and has a superior ramus that  
ends below i n  the i sch ia l  tuberosity. F r w  
there the in fe r io r  ramus ascends to  j o i n  wi th  
the in fe r io r  ranus of the pubic boner Together 
t h i s  bar of bone i s  frequently re ferred t o  as 
the ischic-pubic ramus or  i n fe r io r  pubic rams. 
The body of  the pubic bone forms the m t a r i o r  
part of the acetabuiun. Frea here the suprr lar 
pubic rrmus passes to the midl lne where i t  jo ins  
i t s  fel low of the opposite side through the 
pubic symphysis. Below the i n f e r i o r  pubic r a m s  
jo ins the in fe r io r  Isch ie l  ranus. The 
poster ior - la tera l  bony pe lv i s  i s  covered by 
mul t ip le  muscle layers, buttock f a t  and skin. 
The i l i a c  crest i s  r e l a t i v e l y  f ree of heavy 
musculature. Thc rounded heed of  the femur 
ar t icu lates wih the aeetabulm and i s  held 
w i th in  the socket by Iipuaents. Lateral ly, on 
the upper fanur i s  a large bony prminanca. the 
greater trochanter, for  the attachment of  
murc I es . 

SUBJECT PREP4RATION 

Following transfer to  HSRI, the cadaveric 
subjects ware stored r t  4. C unt i  l subsequent 
use. The cadavers were san i ta r i i y  prepared and 
wee  examined radio lop ica l ly  p r io r  t o  the 
ins ta l l a t i on  of rceelerometer hareware and a f te r  
tne test. 

Impact teats were conducted usi.ng HSRl1r 
penduiua and pneumatic impacting devices. A 
t o ta l  of 19 cadavers wera used i n  three ser ies 
o f  tests. Mu l t i p le  l e f t  knee impacts (described 
b e l w )  and a single Ia te re i  impact were 
performed on a group of eight cadavers, 
i n s t r m n t a d  w i  t h  t r i a x i a l  a c c e l e r w t e r  
c lus t r r s  on the pelv is  and r i g h t  t r0Ch~n te r  of 
the f a r .  A second group of r i g h t  cadavers was 
subjected to  knee impacts along the d i rec t ion  of  
the f m r a l  axis of each side. Of these e igh t  
rub jw ts .  four had t r i a x i a l  a c c a l e r a ~ c e r  
clusters on both trochmters. one was 
i n s t r w m t e d  wi th  a nine-accelerwneter p l a t e  on 
tha pelvis, and three had no instrumentation. 
f ina l  ly. three cadavers were subject to  l e f t -  
side la te ra l  impacts. each instruntmntad w i t h  a 
pelv lc  nine-aceelermeter plate. 

Accelertt lon Measurement -- Accelerat Ions 
were masured i n  three orthogonal d i rect ions a t  
fwo d l f f r r m t  s i t e s  (trochanter and pelvis) w i th  
End.vco 226k-2000 piezoresi s t i ve  a c c e l e r w t e r %  
by recurlog a t r l r x i a l  accelerometer c lus te r  t o  
a mounting placform a t  each site. Three- 
d lnn r ion+ l  motion drtarminatlon was made 
ppsr ib le  by a f f i x i n g  three t r i a x i a l  c lusters of  
a c ~ e I u 0 1 ~ t 8 r s  to  a l ightweight magnesium p la te  
which war i n  tu rn  r i g i d l y  attached t o  the 
pelvis. The locat ion of the center o f  grav i ty ,  
the cmrd lna t r  system of the t r i a x i a l  clusters, 
and the nina accelerometer array are shown i n  
f igure 2. The f igure i s  divided i n t o  four 
sections. The top half  of the f igure shows the 
location of the instrumentation for  those tests  
i n  which the response of both trackanterr were 
obtainal. The lover l e f t  hand corner shows the 
location of t r i a x i a l  elustars i n  those tes ts  i n  
which both trochrnter and pelv is  response were 
measurrd. The lower r i g h t  hand corner shws the 
location at the t r i a x i a l  c luster  o r  nine 
acceleromter array for  those tests i n  which 
only pelvis response was measured. The locat ion 
and mounting of  the accalarmater platforms wera 
a8 followr: 

Trochanter: An inc is ion war made b e l w  the 
greater trochantar and several short s e l f -  



Fig. 1 - Anatomical overview of pelvis (5) 



81 -TROCHANTERION RESPONSE 

LEFT TROCHANTER AND/OR PELVIC RESPONSE 

Fig. 2 - lrlstrumentation and phototarget location 



tapping screws using a mul t i -po int  attachment 
schrme secured the mounting platform to  the 
f m r .  The platform was then anchored with 
ac ry l i c  to  insure r i g i d i t y .  

Pelv is  9 - ~ c c e l e r a e t e r :  ? w r  lag bo l t s  were 
scravrcl i n to  the pe lv i s  near the posterior- 
superior i l i a c  soines. Acry l ic  was applied, 
encasing both the bo l t s  and the mounting plate. 
wi th  the CC of the instrumentation p late midway 
between the posterior-superior i l i a c  spines. 

Pelv is  Triax: T w  119 b o l t s  with tapped 
heads were screwed i n t o  the poetrr ior-superior 
i l i a c  spines. A l ightweight magnsiuapiate 
spanned the bol ts  and was s u u r d  by two rcrsvs 
anchored in to  the tapped heads of the lag bol ts .  

Ptnduiwd Imoac t~  - The p m d u l h  impact 
device  consist^ of a f ree - fa l l i ng  p u r d u l u  as 
an energy source which s t?  ikea e i ther  a 25 kg or 
a 56 kg impact pisron. The impactor, gui4.d by 
a set of Thompson l i n u r  b a l l  burhings, was 
brought to  impact ve loc i t y  p r i o r  t o  imp*-ct and 
t ~ a v e i a d  up to  25 en boform heing arrestad. 
Axlal loads were m a r u r l d  w i t h  e i ther  a CSf 
b iax ia l  load e e i l  o r  a Setra 1196.1 Ill 
a c c e l r r a ~ t e r .  Shear loads m e  Pnasurad (whtn 
r e l w m t f  wi th  the CSE b i u i a l  load ca l l .  
Impact condit ions betul.n t rsza w u e  control lad 
by varying impact ve loc i t y  (up to  8.5 d s ) ,  md 
the type and depth of  paddinq on the impret 
p i s ton  surface. Tk. p i s ton  ucurs ion 'and the 
distance the p is ton traveled f r o l  the pa in t  o f  
contact t o  the point  o f  ar rest  ranged f ron  3 to  
20 an. The veloc i ty  of  the p i s ton  was - s u r d  
by t iming the pulses f r m  a mrgnetic probe nhich 
sensd  the motion of  targets on the p is ton a t  
0.89 o intervals. A specia l ly  designed timer 
box war used to  contro l  and synchronize the 
events o f  a test, such as the release o f  the 
pendulw and act ivat ion and deaetivat lon of  
l i g h t s  and high s p e d  cmmras. 

For tests conductso w i th  t h i s  devicr. the 
subject was placed i n  a res t ra in t  harness and 
suspended i n  a seated pcsit ion. Ind i rect  
impacts to  the acetabulua i n  the antarior-to- 
poster ior  d l rec t lon  m r e  del ivered by impacting 
the knee along the d i rec t ion  of  the femoral 
shaf t  ax is  ("axial knee impacts"). Ind i rect  
l a te ra l  impacts to  the acetabulm were dei ivered 
by impacting the t rochantr r ic  region o f  the 
femur, along the axis of the neck of the famup. 

Pneumatic -- The pneumatic impact 
device consisrs of  an a i r  reservoir uhich is  
connectad to  a honed staei cy l inder .  A dr iver  
p is ton i s  propel ied down the cylinder by the 
pressurized a i r  i n  the resarvoi r. The dr iver  
p is ton contacts a s t r i k e r  p is ton which i s  f l  t ted 
w i th  a p iezoelect r ic  accelerometer (K is t ler  
904A) and a p iezoelect r ic  load washer (Kis t lar  

805Ai to a l l w  h e  determination of 
acceierat ion-compensated COntlCb loads appl ied 
to the test subject. The mass, ve loc i ty ,  and 
stroke of the s t r i ke r  p is ton can be contro l led 
t o  provide the desired impact condit ions for a 
par t icu lar  test.  The ve loc i ty  of the impactor 
i s  measured by timing the pulses frm a magnetic 
probe which senses the motion of  targets on the 
impactor a t  1.3 cm intervals. 

For the pneumatic impactor tests, the 
subject was suspended by a body harness and an 
overherd pul ley system an0 i n  addi t ion was 
seated qn a block of balsa mod. Impact¶ were 
d e l i v o r d  ind i rec t l y  to the pelv is  through 
loading of the femur at  the knee, as described 
rbov* . 
THREE-OIMNSIONAL M T I  ON OETERMf NATION 

The HSRl a t h o d  used f o r  measuri nq the 
th r ; i d iamiona l  m t l o n  of the pelv is  i s  based 
OR a technique u s d  to  measure the general 
m t l o n  of  a vehic le  i n  a simulated crash (11). 
I n  the e w r m t  appilcation. three t r i a x i a l  
c l u a r u s  of  Endwco 226L-~000 accelerometers are 
a t f i h d  t o  r l i g h t - n i g h t  magnesiun p ia te  which 
I s  t?m r i g i d l y  attackad to  the pelvis. With 
t h l a  r t t m d  it i s  pors ib le  t o  take advantape ot 
th. physieal and g IoMt r i ca1  propert ias of the 
tes t  w b j r t  as well  ar the s i t e  of  impact i n  
the drsign of  a s y a t a  fo r  measurements of 3-0 
motion. 

The nine ac ra l t ra t i on  signals obtained f r m  
the t h r u  t r i a x i a l  clusters are used fo r  the 
cemputation of  the pelv is  motion using r least- 
squares t ~ h n i q u e ,  the de ta i l s  of which arc 
deacribad elswhere (12.13) . The method takes 
advantake o f  the rrclundmcy of nine indapendent 
acceleration mururmencs to  minimize the ef  feet 
st axpmriwntai er ror  . 

Each subject underwent two radiologic 
examinations, one p r i o r  to  and one fol lowing the 
test.  High-spaed photographic coverage of  the 
tes t  consisted of two l a t u a l  views. A Hycam 
camera operating a t  3000 frames per sacond 
provided a close-up view of  the pelvis. whi I e  a 
Photosonics I0  camera oparating at  1000 frames 
per sacond was used to obtain an ovcral l view of 
the test subject. The motion of  the subject was 
determined frwn the f i l m  by fol lowing the 
motions of f ive-point phototargets. The targets 
were a f t  ixed to  the r i g i d  accelerometer mounts 
located on the pelvis, trochmtar, and spine. 
Since the resul t ing f i i m  provided r la tera l  v i a  
of the test.  the motion observed was two- 
dimensionai and r r s t r i e t e d  to  the plane of the 
f i Im. 



$or a l l  tests, the subject was placed i n  a 
rest ra in t  harness which was i n  turn suspended 
from the ce i l ing.  For the axial knee impacts. 
the subject was po!~itioned as i n  Figure 3 wi th  
the impactor i n i t i a l l y  8 to 10 cm f r m  the knee. 
These tests used as padding ei ther 2 . 5  cm of 
insol i te .  2.5 cm of r t y ro tom,  or a combination 
of 2.5 cm Ensoi i te  a~?d 2 . j  em styrofoam. The 
la tera l  pelvis impacts required that the subject 
be posi tionad as in  Figure 4 ,  with the impactor 
i n i t i a l l y  centered 8 cm anterior to  the greeter 
trochanter. For these tests. the impactor was 
either r ig id .  paddad wi th  2.5 cm Enselite, or a 
embination of 2.5 cm Ensoiite and 2.5 cn 
styrofvam. 

PELVIS iflPACT RESPONSE 

One method for  analyzing the sotion of a 
material body i s  t o  analyze the motion o f  a 
point on that  body. In the case of the tests 
performed i n  t h i s  study, the point  chosen i s  
mi away between postor i or -super I or  i 1 1 ec spines 
(PSIS). The motion i s  then an8lyz.d using the 
concept of a moving f rame d iscuurr l  elsewhere 
(13) and b r i e f l y  sunur ized here. 

A vector f i a l t l  i s  a function whish a s i g n r  
a unique1 y defined 3vectw to  each point along 
the .path gen*rrted by the w i n g  point. 
Similarly, any co i lect lon of t h r n  n u w a l l y  
arthogonel u n i t  vlbctorr emanating from e#h 
poiGt on the path i s  a frame f ie ld .  Thus M y  
vector defined on the path ( for  exmple. 
acceierationl may be resolved in to  W r  
orthogonal components of  any well  d a f l d  f r m a  
f ie ld .  

i n  biomechanics research. frame f l e l d r  
which are frequently used are d e f i n d  brced m 
anatomical reference f r a e s .  The rnatonicr i  
reference frames used here are shown i n  F lgurr  
2. The frames are based on the maLoraicrS 
or ientat ion of a standing tes t  subject. 
Therefor*, the I-S d i rect ion o t  the trochantrc 
i s  roughly equivalent t o  the minus A-P d i rec t ion  
of the pelv is  for n seated subject. O thu  f r m  
f i e lds  such as !:he Principal Direct ion Tr iad 
(14) or frenet-Serret frame (13). which contain 
information about the motion embedded i n  the 
frame f i e ld ,  have , l lso b m  used to describe 
motion resui t i  ng f ran impact. 

The Frrnet-Saerrat frame cons i st5 of three 
mutuaily orthogonal vectors T, N, 8. A t  any 
point  In  tima a un i t  vactor can be constructed 
that i s  co-directional w i th  the velocity Vector. 
This normalized velocity vector defines the 
tangent d i rect ion t, A second u n i t  vector N i s  

constructed by forming a u n i t  vector co- 
direct ional with the time der ivat ive at  the 
tangentvector T (the der ivat ive of a u n i t  
vactor i s  normal to the vector).  To complete 
the orthogonal frame, a th i rd  oni t vrctor 8 (the 
un i t  binormal) can be defined as the cross 
product T a N. This then def ines a frame at  
each point  along the park and re ro \v rs  the 
acceleration in to  two d i s t i n c t  types. The 
tangent acceleration (Tan(T)) i s  alwrys the rate 
of chmge of speed (absoiute ve loc i ty)  and the 
normal acceleration (Nor (N) ) contai ns 
acceleration information about the chmge i n  
d i rect ion of the velocity vector. The binormal 
d i rect ion contains no acceleration. 

I n  the case of a single t r i a x i a l  
acceleroaeter, the use o f  the Irenet-Sarret 
t r a m  i s  impractical but i t has been found ( ) I )  
that  i n  mrny cases during d i r e c t  i m a c t r  i t  is 
poeaibla t o  f i n d  the m s t  s ign i f i can t  component 
of accelerrtion, therefore the pr inclpal 
d i ract ion o t  not ion can be obtained. 

One method of datemining the pr inc ipa l  
d i rect ion of motion and constructing the 
Principal Direct ion Triad 1s to  derermino the 
direction of  the acceicrat ion vector i n  the 
w i n g  f r a m  o f  the Lt i8~i. I  accelerometer 
cluster and then prercr i be the transformation 
n u w e a r y  to obtain a n w  moving frame that 
would have one of i t s  a x u  i n  tha p r inc ipa l  
d i r rc t ipn.  A s ing le point I n  tim a t  which the 
u c e i w a t l o n  i s  a larx inrnwaschosentodaf ine 
th. d f r r t i o n r l  c o s i n s  for  transforming f ran 
the t r i a x  frame to  a new frame i n  such a way 
that  the resul tant  acce lua t lon  vector (AR) and 
"pr inc ipr l "  u n i t  vector (A11 were co- 
d l r u t i a a i .  This t h m  can be used t o  construct 
a n v f r a m r l g i d l y  f ixed to  the tr iax. but 
d i f f t r i n g  f r m  the o r ig ine l  one by an i n i t i a l  
rotat ion. After completing the necessary 
t r a n s f o m t  ion, r comparison between the 
argni tude of  the principal d i rec t ion  and the 
r e ~ l l t m t  aeceieration i s  parformad. I n  the 
case o f  the impacts preranted here. there was 
only a s l i g h t  dif feranca between the two 
quant l t ler  during themort s ign i f icant  pa r t  of 
t h r  Impact. However, fo r  responses occurr i ng 
af ter  impact t h i s  was not always the case. 

FORtE-TIME DURATION DETERRIMATION 

I n  order to def ine the pulse duration, a 
standard procedure was adopted rh i ch  determines 
the beginning and end of the pulse. The 
procedure i s  to detrrmlne f i r s t  the peak and the 
time at  which i t  occurs. Next, thd l e f t  ha l f  of 
the pulse. daflned f r a  the point  where the 
pulse s tar ts  to  r i s e  to the time of  the peak. i s  



Fig. 3 - Schematic pendulum test setup - right leg impact 



Fig. 4 - Schematic pendulum test setup - pelvis impact 



Iearr-squares f i t t e d  wi th  s s t ra ight  l ine. This 
r i s e  l i n e  intersects the time axis at  a point  
h i c k  i s  taken as the formal beginning of the 
pulse. For those tests which exh ib i t  
mu1 timodal signals, the least-squares l ina i s  
f i t t e d  from where the pol t r  s ta r t s  to  the time 
of  the f i r s t  s ign i f i can t  peek. A s imi lar  
procedure i s  fo l lowtd for  the r i g h t  ha l f  o f  the 
pulse. i.e., a least  squares l i n e  i s  f i t t e d  to 
the f a l l  sect ion of the pulse which i s  defined 
from th r  peak to the point  where the f i r s t  pulse 
mini- occurs. The formal end of the pulse i s  
defined then as the point  where the fa1 l I in* 
intersects the time axis. In  many careso . 
hatever, the formal end of  the pulse (as def In.4 
above1 i s  not the end of contact betwen the 
impactor and the subject. I n  these instances, 
two durations are used: one to  indicate tha end 
of  the most s ign i l ieant  rapeel o f  the forC@*th@ 
his tory  and one t o  ind icate the end o f  the 
contact. 

IHPACT TRANSFER FUNCTION ANALYSIS 

Y t  t h  blune impacts, the re la t ionship 
between impact force and the m t i o n  resu i t i ng  aL 
various points  of the Impacted s y s t u  ern b. 
expressed i n  the frequency donain through th. 
use of a transfer function. A faat Fourier 
t r m s f o r m t i o n  of  sinultan.ousiy monitorad 
transducer time h is to r ies  c m  be u u d  to  obta in 
the frequmcy response tune t iom of lapact force 
and acceleration8 of  r-ta paints. Ome 
obtained a t r r n s f u  funct ion of  the Con  

can be calculated from the t r a n s f o r a d  
quanti t ies where U) i s  the given f r q u w c y ,  and 

and are the Fourier t r m r f o r n s  
of the impact forces and acceleration of the 
point  of interest, a t  the given frrquency. This 
particular transfer function i s  c lore iy  re la ted 
t o  meckanial transfer impedance which i s  deffned 
as the r a t i o  becueen simple hanaonic d r i v ing  
force and corresponding ve loc i t y  o t  the po in t  o f  
interest. nrchrnical transfer impedaee (15) 1s 
a co~aplax valued function which for the purposr 
of presentation w4li  be described by I t s  
mrgni tuda and i t s  phase angle. 

RESULTS 

The tables and sraohs presented on the 
fo l  l a i n g  pager represent the data considered 
 st p r r t i n m t  i n  discussing the t O S b  resul ts .  
Table i contains b i a m t r i c  data of  a l l  t es t  
subjects, as wei l as the test  numbers 
corresponding to earn subject (since most 

subjects received mul t ip le  knee impacrs as well 
as a la tera l  pe iv ia  impact, one suojact w i l l  
have several correspondi ng test  numbers) . The 
i n i t i a l  conditions fo r  a l l  knee impact tests and 
a l l  l a te ra l  impact teats are presented i n  Tables 

I 2 and 3, respectively. 

A sumn(lry of gross autopsy resul ts  for the 
la te ra l  impact tests i s  presented i n  Table 4. 
The series of knee impacts produced only one 
injury. A l l  pelvie i n ju r ies  were sustained an 
the impacf~d side ot the pelvis. 

Imp.ct tes t  runarr ies containing force and 
t k r ~ - d $ ~ n s i o n a i  motion infatmation for  axial 
knee imp8cts t o  each cadaver appear i n  Table 5. 
and i n  Tabie 6 fo r  la tera l  pe lv is  impacts. 
S u r e r i r r  for f w e e  and t r i a x i a l  r cca l r ra t i on  
are presented i n  T a b l o  7 and 8 for the ax ia l  
knee i n p u t s ,  and i n  tab le  g fop the la tera l  
i m w t s .  

0 I JCUSS I ON 

The resul t s  presented i n  t h i s  paper have 
b.u, obtained f r m  a series of  pe lv i s  in jury  
r 8 s u r c h  preqrlns conducted during the past f i v e  
y u r s .  the  data i s  prasented i n  abbreviated 
fwa t o  represent the trends which are f e l t  to 
ba important factors i n  pe lv is  impact response. 

The response of  the pelv is  as character izad 
by the time h i r t a q  of  various acealerations and 
ve ioct t les (both angular and l inear)  i n  addit ion 
to the f w c e  tima history. i s  dependent on the 
Iwpu to r  surface padding, maas and i n i t i a i  
veloci t y  as well  as var ia t ions between 
ind iv idu r l  t es t  subjects. This i s  ar r ived at  
f r m  analysis o f  three dimensional motion 
obtained from nine accelercmaters, t r i a x i a l  
a c c a l e r m t e r  c lusters (af f ixed :o the peivis. 
the impacted femur and the femur opposi te the 
impactor), as well  as high speed photokinametric 
docunmtrtion. 

Three-Oimensional notien -- Tests 
79A243-79AZkB repras;nt s i x  impacts to a single 
tut subject. The s i x  tests  are divided in to 
three groups wi th  s imi lar  impacts on each knee. 
The three groups are: low veloc i ty  ( 3 . j  m/s and 
2.5 en Ensol i t e  impac:or surface padding). 
medium veioc i ry  (5.6 m/s wi th  2.5 cm Ensol i t e  
impactor surfaee padding), and high ve loc i ty  
(8.5 m/s v i  th r i g i d  impactor surfaces). The 
time h is tory  of the three oimansional motion o f  
the pelv is  obtained f r w  the nine accelermatar 
array i s  sumnarirad i n  i ab ie  5. The maximum 
impact force ranged frcm 4kN t o  2OCN u i  th  the 
durat ion of  impact ranging from 12 ms to jO ms. 



Table 1 .  Biometries 

Cadaver 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

. 15 
,16 
317 
18 
19 

Weight 
(Kg) 

29.0 
57.2 
99.5 

106 
35.3 
65.9 
68.1 
91.7 
41.6 
61.9 
91.2 

100 
88.0 -- 
52.0 
76.9 
86.5 -- 

68.3 

Height  
(cm) 

173 
160 
175 
178 
176 
169 
176 
174 
179 
174 
180 
175 -- -- 
184 
180 
169 -- 
174 

Age 

64 
73 
76 

67 
89 
76 
76 
66 

56 
62 
61 
5 2  
60 
67 
65 -- 
40 

Cause o f  Death 

D i f f e r e n t i a t e d  lymphoma 
Pneumonia 
Cardiac a r r e s t  

63Myoca rd ia l  i n f a r c t i o n  
Cardiac resp. a r r e s t  i n t r a c t i b l e  congest ion 
Cardiac a r r e s t  
Coronary occ lus ion  
Myocardial i n f a r c t i o n  
Amyotrophic l a t e r a l  s c l e r o s i s  

7 3 T e r m i n a l p n e m o n i a  
Cardiac a r r e s t  
Cardiac a r r e s t  
Cardiac a r r e s t  
Cardiac a r r e s t  
b r d i a c  a r r e s t  
Cardiac a r r e s t  
Myocardia l  i n f a r c t i o n  
Cardiac a r r e s t  
Cardiac a r r e s t  



Table 2: Summary of Initial Conditions for Knee Impacts 



T a b l e  2: Summary of Initial Conditions for Knee lmpacts(continued) 

8OL 136 19 6.0 56 R i g i d  



T a b l e  3 .  Summary o f  I n i t i a l  Cond i t ions  for L a t e r a l  Impacts 





Table 5. 3-0 Motion Knee Impact Test Summary 

Test 
No. 

79A243 , ms= 

79A244 
P Ins- 

79A245 
IDS' 

94246 
0 ms- 

79A247 
0 ms- 

79A248 
0 1115' 

Peak Angular 
Acceleratton (rad/s/s) Impulse 

(N.6) 

58 

59 

Peak Force 
(N) 

3750 
1 I 

3780 
1 I 

5750 
12 

6000 
1 1  

2MH)O 
3 

2 1 0 0 0  
2 

P-A 

-150 
4 

430 
3 

530 
4 

-600 
3 

-1700 
3 

19000 
1 

Duration 
(n/s) 

30 

30 

R-L 

-670 
5 

-380 
5 

- 800 
5 

-1440 
8 

-30000 
3 

-20000 
2 

Peak Linear 
Acceleratton (m/s/sl 

1-5  

1200 
5 

- 1  130 
5 

-1750 
5 

2000 
5 

20000 
2 

-17500 
1 

80 

75 

120 

135 

RES 

1180 
6 

1050 
5 

2000 
6 

2200 
4 

31000 
3 

25000 
1 

30 

32 

12 

12 

P-A 

-95 
7 

-90 
5 

-120 
7 

-150 
4 

-1750 
2 

-1050 
2 

1-5 

70 
6 

75 
5 

115 
6 

160 

1 0 0  
3 

1600 
2 

R-L 

-150 
6 

200 
5 

+300 
7 

-260 
4 

-2600 
2 

2750 
2 

TAN 

160 
6 

250 
5 

320 
6 

340 
8 

3200 
2 

3200 
2 
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Table 7 :  Knee Impacts 
- - - - 



Table 8. Lateral Pelvis Impact 
--- -- 

Table 9 .  Lateral Impacts 
- 

Peak Lfnear Peak Angular 
Acceleration Acceleration 

(a/s/s ( rad/s/s)  

P-A R-L 1-5 Tan P-A R-L  1-5 Res ---- ----. 



Several d i s t i n c t  events occurred i n  a l l  the 
force tima h is to r ies  and could be used as event 
m a k e  They are: the beginning of impact 
noted as E l ,  the peak force nored as E2. and the 
m d  of  impact noted as E3.  Both angular and 
l inear  accalerations begin a t  the El went  and 
raaeh maximums a t  or before the El event. Even 
though there i s  s ign i f i can t  angular acceleration 
during t h i s  in terva l ,  the primary acceleration 
I s  i n  the tangent d i rec t ion  (with a smaller 
component i n  the normal d i rect ion)  ind icat ing 
that  the d i rec t ion  of motion changes slowly w i th  
time. In  addition, the angular acceleration 
during t h i s  in terva l  d i f f e r s  i n  ru.gnitud0 and 
d i rec t ion  fo r  each of  the three sets of  tests. 
For tests  79A243 and 791244 (Flgurrs 5 and 6) 
the angular accelerat ion was found to  h 
pr imar i l y  i n  the 1-5 d l rec t lon  (although I e s s u  
conponents occurred i n  the R-L and P-A 
direct ions) . I n  tests 79A245 and 79A246, the 
magnitude of  the angular accaierst ion i s  greater 
and 1s t o  a greater degree i n  the R-L a d  P-4 
di rect ion.  i n  tests 79A247 and 7911248 (Figwe* 
7 and 8 )  , the magni tude of  the angular 
accelerat ion i n  the R-L a d  P-A d t r r e t i o n  I s  
s imi lar  i n  magnitude t o  that  o f  the I - S  
d i rect ion.  Along u i t h  the changes i n  argnitudL 
and d i rec t ion  o f  the angular acce lae t ian  w i t h  
changing impact velocity, there I s  m lncrearing 
r a r i o  of angular accelarat ion t o  pHL f 0 l C l  a# 
well  as a change i n  the r a l a t i v e  phasing of  t L r  
angular acceleration time h is to ry  t o  fo rc r  tiu 
history during the El-€2 in terva l .  In Iddl tlm 
t o  changes i n  angular accelerat iou w i th  
increasing impactor va loc l ty ,  them w e  also 
ehangas i n  the l inear  aceeluatloclt  I t s  
magnl tude. d i rect ion,  and phasing wi Zh respoct 
t o  the £2 events. For t a r t s  791243 and 79A2W. 
tne 1 inear aecoleration uas primari l y  i n  the L -  
PA plane during the EI-€2 event i n te rv r l .  As 
the magni tude of the loading i n c r e d  (a8 In 
tests  791245 througn 79A248), a s l g n i f i e r n t  
component of  l inear accelerat ion I n  tha I-S 
d i rec t ion  developed. 

Physieal:y, th is  implies that  the response 
of  the pe lv i s  can be intarprsted a8 th r  rssponse 
of  one material body (the pelvis) i n  contact 
w i th  other material bodies (the ffmr, spin*, 
abdwinal  organs. and so f t  t i  ssue) . The degree 
t o  uhich each of tha mater la1 bodies in teracts  
u i t h  the pe lv i s  i s  depmdent upan the amount of 
avai lab le impactor energy and how i t  I s  
transmitted to  the pelvis. 

T r iax ia l  Bitrochanteric Reswnsq -- Although the padding on the impactor surface 
was d i f fe ran t ,  the loading i n  tests  791081 
through 79L090 (Table 7) i s  r i a l  l a r  to that  of 
the the previous teats. The response i s  
measured wi th  two t r i a x i a l  accelercuuter 
c lu r te rs  located near aach trochantar. Using 
the same event markers on the force tima h is tory  

as i n  the previous tests, some information about 
the response o f  the pelv is  from the trochanteric 
rcspcnse may be obtained* Near the E l  event 
the accelerarion c f  she rrocnanter o f  the 
Impacted side begins, however the accelerometer 
of the opposi ta  trochantar displays I i t L I e  or no 
motion un t i  1 near or a f te r  the E2 event. 
Acceleration o f  the impacted side perks before 
the EZ event. whereas the accelarat ion response 
of the other troshantar reacher a maximum near 
th r  E 3  event. The mot ion indicated by t h i s  type 
of response i r  somawhat sirailar to  test  79A243 
and 79A244 ( fo r  the pelvis) wi th  the greatest 
ro ta t ion  i n  the 1-5 d i rect ion.  However, i t  i s  
clear t ra  the accelermatar data and high-speed 
Idovies that  although the palvia seems to  behave 
as i t  *re ro ta t ing  about a f ixed po in t  near the 
t rochmter  o f  the opposite funur during the E l -  
El i n t r w r l .  motion a l te r  the E Z  event i s  
considuably more coaplex, . u i t h  the peak 
veloci t y  of the oppositr f m r  more than ha l f  of 
thet  o f  the i l~prctmd f a u r ,  

lording t o  tha t  o f  the pfev lour ly  mentioned 
tests (79A213-118 and 79L081-090). The response 
i s  m88lUrrd the use of e r iax ia l  
a o c e l u o w t u s  located on the pelv is  and 
thoehantr  on the side of impact. as we1 l as 
p h o t o k l n ~ t r l c  doewkntation. The peak forces 
range f r m  6 t o  11 kn. 

i n  soar of  thrsa tests. the force rime 
hintor7 I s  rini la r  t o  that  of 79l.081 through 
79LD90 wi th  o m  perk and a we1 l def ined 
brginninp and and. hoV.ver a feu of  the eests 
h w e  a m r e  cmpt rx  tor- time h is tory .  They 
exhib i t  r w r r a l  local  maxima and/or continuing 
i n p r c t o ~  contact agt r r  the i n i t i a l  pa r t  o f  the 
pulse occurs. Although the response o f  the 
t r o c h a n t r  as interpreted by the pr inc ipa l  
d i rec t ion  accel.ration and resu l t i ng  
accelerat ion ttnu-history waveforms i s  s imi lar  
t o  SUM o f  the prevlous heavily-padded t rs ts .  
othars dlspiay dup .d  orc i  l la tory  motion (Figure 
9 .  This responee i s  general i y  observed during 
the f i r a t  roct ion o f  the pulse and unobservable 
shor t ly  a f te r  the E2 event. In  addi t ion the 
p a k  accr lerat ien generally occurs around the 
time o f  the f i r s t  slgnlfPcant maximum of the 
fo rc r  tim history .  Other researchers using 
f i n i t e  alemmnr madeling of the femur (16) have 
shwn that  various modes of banding and tors ion 
Can occur. Po ten t i l l  l y  both :he osci 1 latory 
nature of  the trochanteric resoonse and the 
multlmodal nature of the force tlme h ~ s t o r i a s  
for  these tests  are a resu l t  of the bending of 
the femur. 

Although i n  these tests only t r i a x i a l  
acceleration i s  measured and the force time 
h is tory  varies from tes t  to test  i n  a very 



Run ID: 79A244 
l l l l I I i I l l l l l l l l l  

IMPACT 
FORCE 
(N) 

FORCE 
IMPULSE: 
(N-s) 

LIN ACC 
TAN (T) 
(m/s/s:r % ?? 

NOR(N) 
(m/s/s:l 

% 
'IN 

: ? 
ANG ACC 
P-A(I) 
(rd/s/s:) 

ANG ACC 
R-L(J) 
(rd/s/s:t 

ANG ACC: 
I-S(K) 
(rd/s/s)1 

Fig. 5 - Test 79A244 
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general way the response of the pelvis, as 
interpreted by the principal d i rect ion 
accelerations, i s  similar i n  these tests to  thae 
of the response interpreted by tangential 
acceleration in  tests 19A247 and rgA548. Table 
8 CMPares the acceieraeion time history o f  the 
pelv is  to that of eke force time h is tory  and 
acceleration time h is tory  of  the trochanter. I n  
general. the peak acceleration o f  the pelyia i s  
less than and lags behind that o f  pmak 
trocnanteric accelerations. In  addition, the 

0 resultant ?eak veioci ty o f  tho troshanter i s  
greater than and precedes the pelv is  ' peak 
velocity. and is  pr imar i ly  i n  the 1-5 d i rec t ion  
(of the fmur)  . 

Transfer Funct i ons -- The transfer funct ion 
formed tram the impact force and accelrrat ion 
includes the ef fects  of  padding a d  subject 
response. A corr idor for  transfer functions 
formed froin the impact force and eanqlnt 
acceleration for tests 79A243-79A218 i s  shown i n  
Figure 10, 

for  tests  791243 and 79hZ41 the t r a n s f u  
function i s  included i n  the corr idor t o  100 k. 
For test  791245 and 79A246 tha transfer functlon 
i s  included to  150 Hz, and for  tests 791247 and 
791248, i c i s  included f r w  10 t o  kO0 HZ. the 
corr idor rearesmting p l v l s  rasponre 
( interpreted by mechanical impedance for force 
and resul t ing velocity) shows that a l l  SIX tests 
are s imi lar  to 100 Hz. Four t r t r s  rrr s i a l l a r  
to  150 H z  and two are s imi lar  Lob00 Hz. t h i s  
seane to  be true despi te the d l f f r r m t  1-t 
conditions (d i f ferent  padding, d i f f e f m t  i n i t i a l  
velocity, opposite side impacts), Nld. d i f f w ~ t  
time h is tory  responses. This wid s m  t o  
fndicata that the responses f w  th i s  subject are 
repeatablr. symetr i c  ( s w  response for 
opposite s ided  and l inear t o  a t  l u s t  100 Hz. 

The mechanical impedance fo r  tests 79A081 - 
79A090 ( f  i gure i 1) i s generatad f tar force a d  
pr inc ipa l  d i rect ion acceleration, and i s  
considered va l i d  between 10 and 100 Hz. I n  the 
frcsuency range between 10 and 30 H z  i t  I s  
smeuhae s imi lar  to  the impedmca of tests 
79A243 through 791248. Above th is  range. 
hcwever. there i s  a continual dael lnr i n  the 
valur of the iwedanca. This i s  b r l i w e d  t o  b8 
a resu l t  o f  the styrofoam padding urrd i n  those 
tests. 

For pe lv is  tests BOLO94 - 8OLl36, the 
mechanical impedance obtained f r m  the pr inc ipa l  
d i rect ion acceleration was s ign i f i can t l y  less 
than those calculated from the accelerations i n  
the two direct ions normal to i t  above 25 H z  i n  
a l l  tests. For the trochanter, the mechanical 
impedance was va l i d  for  regions below t h i s  range 
however fo r  cmaarison purposes i t  is  prascntad 
dwn to  25 Hz. The upper l i m i t  for the v a l i d i t y  

of the p l v i s  impedance was LOO Hz and therefore 
the trochanteric upper l imi t i s  cnosan as 400 
Hz. To ootain information about the 
repeatabi l i ty  of the response of d i f f e ren t  test  
subjects, mult iple impacts (at a subinjurious 
level]  uere performed 417 arch subject (Table 8) 
w i  t h  each subject i n  the same i n i t i a l  p o ~ ~ u r a l  
configuration while the impactor surface padding 
and veioci ty w&re varied. The transfer function 
formed f r m  the principal d i rect ion acceleratian 
and force-time history for  both the pelv is  and 
traehmter are shwn in  Figures 12 and 13  for 
tests 80Ll14 and 80~115, respectively, and i n  
F igurer 14 and I; for  tests aO~i35 and 80L136, 
reepectively: 

I t  was observed that the acceleraeion 
response of  the trochantrr i s  pr imar i ly  i n  the 
SHI d i r r c t i o n  as that o f  the force uhi i e  the 
acceleration of  the pelvis i s  not. Oespi te th i s  
and the fact  that impact conditions varied 
betwan iW8CtS to  the saw side. observation of 
t k u e  transfar function wveforms (and others 
mt prasencd) shad that the transfer functions 
fo r  repeazrd tests on the Sam side are r i m i  i a r  
fo r  both the pelvis m d  trochanter. The 
t r W s t W  function for  the pelvis and the 
trochanter of  the s u u  subject are r i m i  tar i n  
wwefom up to 200 Hz, although they d i f f e r  i n  
mgnt tudn -- valurs for the meehani cal impedance 
of the pelv is  r e  g8neral i y  two to  four t imrs 
that  o f  thole tor  the t rochmter .  The amount o f  
scatter betwon subjects i s  addressed In  Figures 
16 and 17, which reprreent the corr idor for  
imprcts that d id  not resul t  i n  in jury  fo r  boch 
tha p l v l s  and trochmter, respeetivaiy. 
Althwqh the W corr idors look s imi lar  
(d i f f e r ing  only i n  nrqnitude below 100 Hz) .  they 
c w r f  a wide range of possible responses, 
p.rticul&rly above 200 Hz. This magnitude 
indicates t h e  although the response of a s ~ n g l e  
s u b j r t  i s  similar for repeated impacts. there 
I s  wide s e a t t r  betwan subjects. 

i n  addit ion \a the above observations on 
the transfer functions. i n  same of the tests 
(e.g., 80t.135 and 80~136) a resonance war 
observed batween I80 and 280 Hz, which i s  wi th in  
the brnd I n  whieh others have obsarved a 
resonance (16,17) . This resonance (which i s  
observed i n  both the pelvis and trochanter, 
although i t  i s  !nor* pronounced i n  the trochanCer 
transfer function) i s  potent ia l ly  re ia tsd to the 
0 8 c i l l a t w y  behavior mentioned above and also to 
the pradl t tcd f i r s t  mode bending ( 1 6 ) .  Although 
mast of the test subjecLs did not display th i s  
resonance, i t  does occur i n  a few af the tests 
which may help to  explain $me of the scatter 
obsewad. 

Dalnaqc & the Pelvis and Femur -- Many of 
the tests involved loads above 10 kN. with only 
one resul t ing in jury  ( test  80L103 resulted i n  a 



Fig. 10 - Corridor for pelvis impacts, 79A243-79A248 
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:mu ted  f racture of the famorai condyles) . I n  
th i s  regard, tests 79A204 to  79A208. w i  t h  loads 
from 20 to 37 kN, rac~ulted i n  no in jury  to the 
femur or pelvis. Therefore, wi th  respect to  
set t ing tolerance la!rels, the indication i s  that  
eitnar much higher impact ve loc i t ies ( for  a 
given mess) than Rlwe been used i n  these tests  
must oe considered, or else other factors not 
addressed i n  t h i s  study influence the in ju ry  
resoonse of the pelv is .  i n  these tests, the 
subject 's i n i t i a i  eonf igurat ion was held 
constant and the impactor padding, mass. and 
i n i t i a l  contact ve loc i ty  were varied. Possibly, 
the coleranca level could be influenced by the 
or ientat lon of the ptaivis and/or f w u r  before 
contact. I n  addition, no consideration was 
given to  the in teract ion of the pelv is  w i t h  a 
seat, which could ~r an important factor  g i v ~  
the complexity of  the pe lv i s  reaponre sh#n i n  
t h i s  study. Therefore, the in fornat ion 
generated i n  there knee impact tests Cannot be 
used to  set to lermce I w e i s  i n  and o f  
themselves. The complex nacura of the response 
and the scatter between tes t  sublects aphasize 
the d i f f i c u l t y  o f  t h i s  task. 

LATERAL IHPACTS 

The response of the pe lv i s  u n d v  d y n u i c  
la tera l  loads requires , the d m ~ l p t i w ,  of 
several matcr(ai hadies: the imR8CtOr, the 
femur. the sof t  t i s rue  and the pelvis. Tke bal t 
and socket nature of the interface O r  the 
acetabulun and the tiead ot  the f r u r  as wel l  as 
the d i f f i c u l t y  of impacting th rwgh  the 
e f fec t i ve  canter o f  mass of  the p e l v i s - f m r  
camplax suggest that  i n  general an I n s t a b i l i t y  
w i l l  resul t as anymetr ic  loading o f  the 
acatabulum occurs during impact. This typ.  o f  
in teract ion as well  as the ef fects  of d m g .  
produced during laatling c m  l u d  t o  a w i d .  rmg. 
of responsrs. I n  )this regard the ~ c c r l e r a a n t u  
mounting platform, which i s  anchored to  tha 
pelv is  through the use of lag bolts, my Idd t o  
the la te ra l  s t i f fna i ls  of the pe lv i s  by redw ing  
the d i f f e r e n t i a l  ravment between the W con8l 
bones during i~npact, and coaseqwntly 
s impl i fy ing the glross whole body m t i o n  of  the 
pelvis. However, aithough the d.grre t o  which 
the accelarmter p la te s t i f f e n s  the pe lv i s  i s  
undetermined. No damage was obsuvad as 8 
resu l t  of the lag bo l t s  ind icat ing that  the 
acceleramatar platform was not a s ign i f i can t  
load path. The t a r t s  represented i n  Tables 6 
and 9 describe the resul ts  of  la tera l  acetabulun 
loadings through the t rochmter ie  area. Only i n  
rest 80~121 waa the pelv is  loaded d i r e c t l y  near 
tha i l i a c  crest. The forca time-history from 
these tests can be described i n  a manner s imi lar  
t o  that of tes t r  19A243 th rwgh  79A2b8 (Table 5) 
and 7g~081 through 79L090 (Table 7) uslng the 
same event markers. The peak forces fo r  the 

tests ranged from 3 t o  19 kN wi th  durations from 
30 to 50 ms. 

Table 6 summarizes the three-dimens ional 
motion for the pelv is  of 82E008, 82E028, and 
8ZEOLg. i n  these tests the direct ion, 
magni tude, phasing, and waveform of the motion 
descriptors obtained from the nine accelerometer 
analysis d id  not fol low a consistent pattern. 
These differences occur pr imari l y  i n  both 
angular aeceiaration and l inear  acceierations i n  
those direct ions perpendicular fo the impactor 
motion. Examples are Figurer I3  and l ?  f o r  
82E049, and Figures 20 and t i for 82E028. Both 
the l i m a r  and angular variables d i f f e r  
s ign l f l can t l y  during the E l  t o  EZ in terva l  even 
though the gross ovarai I motion as obtained from 
both the nine accelerometer analysis and the 
h igh-rp.d w i e s  are the same. Variables 
repre8mting , t h i s  trend are the re lac iva 
augnitudr and phasing of the resul tant  and 
p r l m i p a l  d i rect ion acceleration fo r  tests  
80LUg5 to 801137 (depicted i n  Table 9). w i t h  no 
c l u r  re la t i on  b e t m n  peak force and 
acceleration a s w a l l  as when i t  w i l l  occur i n  
the foren tim history. This i s  consistent w i th  
thm resul ts  from the acealerat ion data presented 
I n  (10). Flgure 22 depicts same of  the 
W o r n  obslnrwl I n  these tests. 

n e  r r p o n s e  o f  the pe lv i s  to  impact I s  
co l l p l l ea td  not only by dyn8mic instabi I i t i e s  of  
the f u r - p e l v i s  conplex, but also by the 
v e r l a b i l i t v  !aatw.n subjects. Slnce load i s  
d ls t r lbutad to  the pe lv i s  through both so f t  
t i s s w  an4 the f u u r ,  variat ions i n  there 
physical atpacts beruean subjects can lead t o  
v r r i . d  s t r rss lavels on the acetabulum fo r  a 
given i-ct fore.. For those subjects wi th  
large amounts of  so f t  tlssue, a longer El t o  E2 
l n u w r i  w a  obsrrved. 

Bacrusm of  the ccmplax nature of the 
rrrponrn of t h r  pe lv is  t o  l a te ra l  impacts, i t  
becmas d l f f l c u i  t t o  genence a transfer 
function fo r  these experiments. Howver, fo r  
soma tests I n  which a tri ax was used r transfer 
function could be obtained that generated 
machmical impedance values s ign i f i can t l y  less 
than those calculated for  the two d i r e c t  ions 
n o m l  t o  the pr lnc ipa i  d i rect ion abova 10 HZ. 
I n  addit ion a transfer function was generated 
from the tmgental accelerat ion for  those tests  
i n  which the nine accelercmetar p la te was usad 
(Figure 23). The transfer function shows chat 
i n  these t a t s  for  low frequencies (from 10 to  
40 Hz) the peiv i  s behaves as a mass of about 2 5  
kg indicating that the gross overal l  motion of 
the pelvis may be simply modeled. 

-- The pelv ic  bone damages observed 
i n  these tests are s imi lar  t o  thosr observed i n  
the a u t ~ ~ ~ t l v e  environment as reported i n  ( I  -5) ; 



IMPACT 
FORCE 

(N) 

FORCE 
IMPULSE 

(N.s9 

' LIN ACC 
TAN(T) 
(m/s/s> 

1 LlN Act - I- AAn 

ANG ACC 
P-A (I) 
(rd/s/s) 

ANG ACC 
R-L(J) 
(rd/s/s) 

ANG ACC 
I-S(K) 
(rd/s/s) 

Fig. 18 - Test 82E049 



Run ID: 823049 H7 

I ' " ' I " " ~ " " ~ ' " " " " ~  

IMPACT 
FORCE 
(N) 

LIN ACC 
TAN ('T) 
(m/s/s) 

LIN ACC 
P -A (11) 
(m/s/s) 

' LIN ACC 
R-LI:J) 
(m/s/s) 

LIN 14CC 
I-S(K) 
(m/s/s) 

Fig. 19 - Test 82E049 



I IMPACT 
/ FORCE 

I (N) 

LlN ACC 
TAN (T) 

(m/s/s) 

LlN ACC 1 NOR(N) 

1 (m/s/s) 

ANG ACC 

ANG ACC 
R-L(J) 
(rd/s/s) 

ANG ACC 

Fig. 20 - Test 82E028 



IMPACT' 
FORCE 

(N) 

1 LIN ACC 
i TAN(T) 
I (m/s/s) 

Run ID: 823028 H7 
r i l ~ i ~ l l l i l l i l  l , l i i i , , l , l ,  

LIN ACC 
P -A (I) 
(m/s/s) 

l LlN ACC 
I 
R-L(J) 

- 

LIN ACC: 
I-S(K) - 
(m/s/s)  

Fig. 21 - Test 82E028 



700-M, 6th Order Fitter. A PR 22/82 1 l:27: 19 

0 10 20 30 40 SO ms 
Align& FX 6 AR 

PELVIS 

Fig. 22 - Pelvis impact response 
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nowver, no b i  l a te ra l  fractures occurred. The 
cocnplex nature of  the response of the pelv is  to  
l a teP l l  loads may preclude the determination of 
a s ing le tolerance c r i te r ion .  This i s  a r r i w d  
ae by emparing the fesul ts  i n  Tables 4 and 9 as 
we l l  as the above discussion. I n  th i s  regard, 
peak force does not re la te  to the damage 
produced. This i s  be l  ieved to  be a. resul t of 
the interact ions of the padding, iqpactor 
surface shape- and/or the so f t  t issue between 
the impactor and the pe lv  i s. W i th  addi t i  ona l 
padding and so f t  t issue the load can be 
d is t r i bu red  w a r  a iarger are8 of the pelvia, 
and therefore lass o f  the avai lab le impact 
energy i s  Concentrated on the acetabulum. The 
maxi- force to lerable seans to inereere wi th  
an increase i n  load-distr ibut ing padding for  
simi l a r  avai iab le impact energy. 

Based on dif ferences i n  the i n i t i a l  
condit ions of the testa performed a t  HSRI and 
those described i n  (10) .  It i s  not  r d l l y  
v e r i f i a b l e  that  pwk  fore* a d  ilnpvlse arm 
accurate pelv is  In ju ry  c r i f u i a .  Tho t a r t  
mthods described i n  (10) mployed a s u b j u t  
seated in an upr ight  pos i t ion a d  impacted by m 
unpadded 17.3 kg impactor wi th  a h m l s p h u i c a l  
surface. I t  uas found i n  t h i s  series of  tests  
performed at  HSRl (which m l o y r d  vn 
unconstrainad subject and f !a t  impactor swfaca) 
that  var ia t ions i n  impactor padding. mar, and 
load path may resu l t  i n  large d i f f u m c r s  i n  t h  
peak force and impulse of tha i w c t  d i s h  do 
not  necessarily sorr lrpond t o  the in ju r ies  
produced. Addi t i onel test  parwmters, such as 
subject configuration, also af fect  c-ri sons 
bmtueen tes t  series resui ts  i n  an wkr \~w 
manner. For example, tha Fact that  i n  one 
research prograa the subject i s  seated in a 
f i xed  posi t i o n  may r e r u l t  i n  sub jec t - ru t  
in teract ions thus producing d l t fe ren t  i n ju r ies  
fop an otheruise s imi lar  impect. 

subject to axial knee imoacts as given by 
mechanical impedance i s  l inear from 10 to  
100 Hz, repeatable, and symnetric (the same 
for each side). 

(3) n e  cmplex nature of  the response of the 
femor/pelvis/soft t issue system, betueen- 
subjects v a r i a b i l i t y ,  and damage patterns 
produced may preclude cna determination of  
a single tolerance c r i t e r i o n  such as 
rmximu~l force or peak accelerat ion 
response. 

(4) Energy-absorbi ng and load-d i s tr i but  i ng 
materials a m  ef fect ive methods of 
transmitt ing g r e r t u  amounts of energy to  
the. pe lv i s  u i  thout d w g e  being produced i n  
la tera l  impacts. 

6) fhe nature o f  the impa~tor/femur/peIvis 
in teract ion as we1 l as the bicnetr ics  o f  
the population a t  large are c r i t i c a l  
factors i n  understading the response of 
the pe lv i s  t o  impact and subsequant damage 
patterns. 

Thb resu l t s  prasefitad i n  t h i s  paoer have 
been obtained f roa a saries of independently 
funded research program conducted during the 
past f l c n  y o u r .  The funding agencies uere: The 
Biowdica i  Seience Department of  General notors, 
the k t o r  Vehicib Haufacturer 's  Association, 
and $ha United States Department o f  
Transportation. Hetional Highway Traf f  i e  Safety 
Adainistt8tion. 
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o f  rone impareant kinematic factors and d w g e  Sobecki i n  completion of t h i s  work. 
modes associated u i  th ind i rect  loading o f  the 
pe lv i s  through the f m r .  

Because of  the compiex nature o f  the 
pelv i  s-femur in;eraetion during an impact r v m t ,  
rnore work i s  necessary before these k i n e m t i c  
factors can be generalized t o  describe pelv is  
response. However. the fol iowing conclusions 
can be draun: 

(1) tha cwlplete descript ion of three- 
dimensional motion i s  invaluable t o  the 
understanding of  pe lv is  response. 

(2) The response of the pelv is  of a r i ng le  test 
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Absuact--A moans of channelrnq energy throughout the ?elvac system and 
d s s s r p t b g  hazardous stress concentrations at  the acetabulum zs 
assessed hrrefly in the contoxt of i t s  r s l m c e  and rmportance an the 
desagn ot protactive devices. Biomedw,ics testmg s i m l a t d  stress 
conc.nuat&ons An the acetabulmn r ~ s u l t i n q  gram a bPow to the right 
t:ochantcu, as cco~r~only occurs Fn reersational and passengat contexts. 
The findings should b. pertinsot for mrdical caretakers as well as 
safety derlgners. 

whtlr walking, clirnbeq, ruMLnq, jucmping or si t t ing,  man i s  a t  

risk for ?elvie fracturr. Spcses, pde~tr iu )~  and pssrnger victsms 

far closed fracture and 601 for cgrrn : r laure (IlrrPf and Norton, 1 9 8 5 ) .  

mu! minor pelvic fracture i q r ~  hlv. &a consqumc#s: Spmcu and 

Lalaiudham repartd that mfnor fractures of thr lnZuior or suparior 

:an trequgltly wwr asswhtd with loss at bleed and unantrdpated 

death a few days later  (Spencer md L.lrrdR.lr, 1985). Pelvic fractures . - 
most a m o n l y  occur a t  the U B # U ~ ,  rad thr puUc I-. The s e e  

i l i r c  junction, t3e wfnp of the i U m ,  lad the -is axe also si tes 

3t  fractures. Lateral Lpp.b to the hip un uusa  lmjurios to the soft 

cissuea, the hip joint, the p.lvis, and the e o n t ~ t s  of -he pelvrc . 

cavity-the cecum, siSpaaid colon, u r m  W a r ,  u t w s  or prostate 

and major Slocd vessels such as -&e e, internal or eztcural i l iacs.  

A limited nu!nbau of b i c m d m b a l  sttldier have attampted to study 

pelvic impact trauma under Laboratory conditions. One of t!!e earlrest 

of thesa studies ( m s  and Lissner, 19551, consistad of inpacts to the 

donuded pcrlvis m the inferror-superior diraczzon. Altttough no tractuse 

toloranca data were obtained, it was concluded from t h i s  study that *the 



pelvis axhihFtd elastic behavior and fafled due to tensile stresses in 

various structural mabers. Tan years later t study of the behavior of 

the knecfemur-prlvls complex in an impact environment was reported 

(Patrick et al.,  1965). In this sarier of tests ,  an impact sled was used 

to apply femoral-axis m c t s  to the bee of ~~ cadavers. The 

lowest applied load found to u u s r  pelvic injury was 7.1 M, and loads 

ranging from 8.5 !a to 17 M wue found to cause multiple rractures of 

the pelvis. It wrs sumastd  that a m a W m  f o r q  c r i tu ion  (of about 

6.2 M) should ba the thruhoU level far in jury of thr  patella/f emur/ 

pelvis C O ~ ~ ~ L W .  A similar study usbq raported that 

a single p i M c  fracturr W e d  at aa -lid ford of a b u t  20 M, 

however loarls up to  26 M wur *lid w i t h  no r a N t i a q  prlvis rn jury 

(Melvin and Nusholtr, 1980). 

The gaQ of a biFglULk.alU1 sf* Of palvie hapact i n  an autoamtive 

envrronrmnt was to supply data for tba drsign of side d4ot padding 

(Cesari et  al., 1978,1980). Thm-pslvis of' tly cadaw ns *ctd 
" 

laterally a d  the forcr/fnfury rrhttonsbips uere & s M d .  It was 

suggrsted from this tb.f peLVit  r.feOlUm to Upst 1s 

chracterizod by velocity at -iqaor, z m h t i m  force, arid lapulse. 

Admissible force tolrrmce far femlea was &ammtd u 5-7 kN and for 

males as 10-13 W. Thue studies essmti.fly c h u a c t u i z d  pelvic 

znjury tolrrance using mximm forcr and wise krdiators.  

OpWsation of a pro@yl.ctfc tor pelvic fracture requires an 

understand!~nq of the junemrtics, stress conerantrations and marqy paths 

of the ?elvis under blunt &pact conditions. aeeause potential h ju rq  

types and si tar  are multiple, it i s  unlAely that a successful palvic 

?rotaction cri tarion w i l l  consist of a single patametar (Bat :nu, 1985) . 



. It i s  more likely t.h: multiple parameters can be idantified wNch w i l l  

be globally predictive of fracture tolapanca. Bapetully, suo9 multiple 

protective parmeters would also be protective of the contants of "he 

pelvic cavity (HaffneC, 1985).  To date, biomechanics research has 

provided sparse quantification of the stress rasponse of the pelvis to 

blunt lataral  rmpact (Alem e t  al. 1978; Ashton, L981; Brun-Cassan c t  

a l . ,  1982; Caldarala a t  al., 1979; Cesari ud m e t ,  1982; Cesari er 

al., 1980; Raffnar, 1985; ~ ~ u A ,  1981; NushclU s t  al., 1982; Ramet 

a Cesari, 1979). 

To fpvestigata the k inkt i c  ud fajurp respcnrr of the pelvis i n  

impact mviromnratr, a s u i u  of tes ts  iavolvLng U r r t  fmpacts t c  :he 
~ - .  

pelvis have h e n  conductd by th. tJca.cbuJrs unit of the B ~ o S C ~ M E ~ S  
1 

3ivision a t  the University of HtcUpur T?ansport.tion Rerear& Institute 

(UMTXI) W N ~  u e  the practtrtot a&twrrts tot the tes ts  b.fng 
. ,- 

presented in this a r t i c ~ e ,  (ku&lltz e t  a~., 1982). ~ h .  t a r t s  ware 

eoaductd using um&&md &&s and two eyprs of mt frci l i t ias :  
- .  

a purdullrm impactor ud r pmu&tic - . ,  Indirect lmds wut 

axially a t  the )on or 1 a t u J l y  akn. the grutar troctYatar. m i s  

allowed loads to be dei ivard  to the dcetaiwlun in eiti~e anterror-to- 
. , 

postarior oz right-terieft dirwtions. The adavats ware krstrumentd 

to measure pelvic trW acceluatiens in all tests ,  while Ln some 

tes ts  three-dimensional mofian of the pelvis n s  rw~rdud with nine 

accolatometers. Additionally, trhxtil accelrrations of tha fennu and 

-thoracic vertsbrae T8 wore measured. Photographic targets on tha pelvzs 

and famur were usad for photokin(Dnet:ic analysis of motion due to :he 

impact. The canclusians were: 



(1) Comp.lete description of the&msronaL motion i s  invaluable :o 

the ~ndus tandbg  of the respansa of 'he pelvis. 

( 2 )  The lmtute of the impactor/fanur/pelvis mtaraction, as well as the 
I 

biom~trics of the papulation a t  large ate crztical factorq i n  

undacstandmg the response of thr pmlvis to lapact and subsquonr 

daaage pattarns. A fundmental source of variability ln the 

Wnematzc response of atdC.1 s t n ~ c t u r e ~  such as the tamur and 

pelvis durlng ht8ral impact appvts  to originatr i n  the shape of 

the kip joiatt, bruuse drtting lmpret the rot#.ion of tho famoral 

head in the .c* t .ba lurp  is ig uaprdtrtable function of t!!e 

geometries, tile of mtr- of the. prux&al f smut by the 

prddrd t t Z i k ~ ,  a+ th* p ~ p u l l r i o a  Ln  SO^ t ~ ~ S S U O  

'WcWtS snd. disttibvflo~ 1985). 

( 3 )  'he c o q l u  nature of tb. rarpctue of ti38 tspput/pelvLs/sof t trssue 

syst rrm, b.twaa¶-subjwXs vwizhiliQ, and resulUnq damago pattkcns 

may p r d u d e  the dat- ai a single t o l u m c e  ctitatzon such 

as oanimtnn t a c r  ar peak .#riurtioa r ~ t e .  

( 4 )  In lrtual Wets,  eart(gpabmrbtn9 md lorddfstr ibuting 

matruials are effective w Z h d l S  of trrnsmittirq wartar  amounts of 

enu'ry to the palvi,s w i t b u t  dmuge being produced. 

Tho work kLng r e p a t t d  fn this ar t ic le  contlnud the WTRI 

investimnion of the results of tnditrt bpacts  to the pelvis by 

lmpact3q latarally abwe *he ttochrntu (Nusholtz e t  al., 1982) . The 

qoal of '9e  tes t  series was to investigate thr relationsbp between 

maximud hpact :orce mediatad by padding and resultant skeletal tissue 

damage asused by lateral  blunt impact to the pelvis of L!e unembalmed 



human cadavar*. I t  was hypotheskad that in lataral  inpacts to Me 

p e l v ~ c  area, tho major Loading would be :hrouqh the femur and careful 

padding of the impactor surface could profoundly affect  the torte time- 

history. The inlury response of the pelvis and i t s  :elationsh&p to 

auirmcm force AS presentd to indicate Me difficulty of determining 

Stress occurzing Ll the pelvls undrr m e t .  

ANATOMICAL CONSfDERRnONS 

m e  bony pelvis (Figure 1) eansists of h~ large, f lot : r r e g ~ l c ~  

shaprd hip bsner -3nt jou, ona rncthrt at tha pubic symptwsis on Me 

anterior midline. Postariasly, tim wedpa $hap& sacrum completes the 

pelvrc ring fo- a r a l a ive ly  rim s m u r a .  

In the adult, uch U p  kens is LCrilPd bp tha tusien d three 

sepuate bones, -8 Uum, iscirtum, and paWs, wNeb join a t  the 

ac~tabulum, The iUua forma tb. bf~ad k W  put of the h i p  

bcne and tha upper patricln of tb@ acatabulm. Its uppu curved odqe rs  

%!e t l h c  crest. ?he ischirap f m s  p u t  of tbr 8crUbPlum and has a 

superior ramus that radt h b u  in th ischtrl tukrositly, Pram 'here 

the n f e r i o r  ramus a- tn joLu WItb the fni.rlot 8-s of Me pubic 

bone. Together this br of bone i S  P q u r n t l y  rdrtrrd to as the 

rschlo-pubic ramus or infuiot puhLc rws .  Tha pubic bma forms :he 

antarror tN-d of tha rcetabLltm. Pra h u e  tha nrparior pubrc ramus 

passes to the mrdlina whur it j o i ru  i t s  fellow of the oppositr szde 

through the pubic symphysrs. Waw, t& Muior pubic ramus joins the 

uaferior ischfal ramus. The poster ior-ktual  bonp peLvFs 1s cmered by 

:?The protoeol :or *&a use of cadavers in this  study was appruved 3y the 
Univers~ty of Mlcbgan Medical Center and followed guidelines 
astablished by the U.S. Public Health Sewice and those recomaandad by 
the National Academy of Scioh~as, National Research Council. 



multlpla thick muscle l ayus ,  buttock f a t ,  and s k h .  The i l i a c  crest i s  

telatrvely free of heavy musculature. ?he rounded head of the femur 

articulates wrth the acetabulum and i s  held witfun the socket by 

capsular l~qamants. Laterally, on the upprr femur, i s  a large bny 

proMnenl:e, the greater trachmtu, tor the a t tac tmat  of muscles. 

MI?PIIPS, 

The exeqution and coofd@ation of the testing sequence was guided 

by the use uf r detailed protocol. The testing sequence i s  outlined 

blow anti addiftonrl WorrPrtion about applic8tioa of s p r r f i c  

teehniquas is avsilabll cfrwhwe (Nuaholtz e t  al., 1982, 1984) . 
Desim - Porce wrs the puametu s a l r t d  to doscribe the dynrrPic 

kinlmptz~zs of #e w. Thr impacting surface u q  -04 with a 

compositr of u a t u i a l s  to  distqib@e the lod w u  thm impacted side of 

the p e l v ~ s .  P r e t e s t  pmotoqrrgiri VQ taka. Iajurp was assessed Sy 

gross autopsy. 

Str lku padding. Tim pddinO ior t&e s t z i k u  consisted of a 

composite of mrtuials d u i m  to W- rround the hip aad leg duting 

W e t .  %sically it n s  a rudwicb of 2.5 q EnsoUte, 2.5 an 

Styrofoam, and 2.5 Ensolit. with nags cnqaosd of 2.5 9 h s o l i t e .  See 

Figure 2 wbzch illusQ?atrs tho prddtnq in pOS+tioa on the str iker and 

the antrapmtmt of the pdvis-f rmur duriaq impaqt. 

Suble ts  - Pour un- male cadavers wars obtrmd by UMRI from 

the m v e r s i t y  of Michigan Medical SCROOl w t m m t  of Anatomy. 

Pollowang :&-anstar to UMTRI, the cadavers were stored at  4 *  C unti l  

subsequent use. The ca&vers were sanrzarrly prepared and measured 

(Reynolds e t  al.,  1978, Snow and Reynolds, 1976). ?ha cadaver was also 



examined radiologically prior to  the Fnstal?atiola of accelerometer 

hardware. 

~acfl subject was suspwded by a MY ,bunass and an warhead pulley 

system seated on a block of balsa wood. LateraP pelvzc w e t s  wsre 

delivered by a 20 Kg mass U s t i c  impactor. The target area for tibe 

cantst of the impact ferr a l l  inrp.ctr wrs 8 cm antarior to  Erochanterion 

on the right hip. ' h tae  subjocts r u r t v d  a S W S e  irPpact while tha 

tourth recsiocd t r i p l i c a t e  latual p 4 v k  Upacts t o  the sama hip. 

Eouipment - Thr b s i c  t a r t  equipeat W u d u  r t iming  controI device, a 

s i ~  e o n d L t W q  uai: tor the farce s&=l, caanoat =Qerasf 

photographic lights, an& a restrrLirt (a hoist systm).  

Cannon. The pnwmtic LmplcT 6&Lca (Flgnra 31 ,  consists of an arir 

EBSUWU which is C ? ~ P I K ~ ~  to L b o n d  steel egliadpr. A driver piston 

i s  prapellsd down the cpZtndrr bp P a  prersurL2.d .it ia the resumi:. 

The d r i v u  piston c a t u = s  a rtrfkre pisten whtd is fi.trob wi*& a 

piezoelectric a c r e l m t u  art& A pir+otlwSrit lod wwR+t to  a?Pow =!a 

datrrrainatiea of actaiuati-satd centact lords a p p l i d  t o  t!!e 

t e s t  subject. Tbr mass, vJadrp,  arrd sYrakor  the s t r i k e r  piston can 

be c?ntrolled t o  provide -the d u i r d  frap.rt. cllmditions tw a particular 

t es t .  Por the t e s t s  king rleotfed h u q  r 20 kg mass n u  saiactod. 

The velOCiW of tbo is musurd by t W a p  the pulses trom a 

magnetic probr w h i c h  reuses tSH motion of targets ai the rmpactor a t  

1.3 an tntemdlS. 

Data Haodling. A l l  force t imrh is to r ias  were recorded unfiltsred 

on a Baneywel? 7600 ?M Tape Bocorda. The analog data on the FM tapas 

ware played Sack for  d i q i t a i n g  *through propar anti-aliasmg analog 



f i l te rs .  The analog-to-digital process :or a i l  data, results Ln a, 

Cigital signal sampld a t  6400 Hz equivalent sampling rats .  

RESULTS 

The tahls presented below repressats the data considered most 

?errinant in  discussing the test  reru1tp.-The issues of lateral  pelvic 
. -- .. 

impact to1a:ance are camplax i n  their t@iaical details, bur they 

nonetheless focus on a reasonably simple c p n t r q  problem: u n d e f s t W g  

%to factors necessary to uuse  injury to the pelvis a* understanding 

the mecknim o f  injury. A.aumhu of grocaiures and teetmiquas have 

been u t ~ l i z ~ z d  to understand natural pha- in the sc imtCic  arena. 

Two of the lmst collPDonly us& rre thr direct and FndFtoct methods. The 

direct apprlaach usually starts  w i t h  first prfnelplet a@ then a t t q t s  

to derive the basic laws g0v-g th. pWwmna ot interest. One 

di:ect approacb is to assume that the ph- UPdaf study (in tfiis 

case, the pelvis ) un k 3utrdUbd bp m b $  the LaGange 

, dens~ty  : which is a fu9CS.ioa of th, Lpdrpradrnt a r U e  W 

of thr syst.em Md the da imt ivas  of th.u prtiables with.raspret to tbe 

'integration U a t  i s  to k mihtmizd. 

One s~ieh dirsct m e w  &araftarfration would be the  equat-on for 

governmg ':he Sehav~cr of an elastic madilnn under F:s own restoring 

force. 





d i v  grad W=p(x,y ,z) k ( x , y  ,z)dd W / d t d t ,  

k(x,v , z )= l / (y (x ,y  ,z)+2*u(x,~ ,z)) 

Where ' u i s  the shear modulus of the medium aid y W 3 u  i s  i t s  

cmprsssive modulus. An -1. of this ditect  approach would be t o  

compute rhe velocity and dtrp&cmmt of tho mdtas undu @act givrn 

:he denssty p(x,y,z) Md the a k s t t c  nrxlulus k(x,y,z). 

In contrast, i t  my k posstblo indirectly through the use of 

gtrafn gauges and rccrl.c~l~~tus-te~r~~~ure the vdoc iq ,  displacer~mt, 

and acceleration whm tho e las t i c  W u f u s  i s  the mkaown. Zndwd, ua 

*a case of the pslvis, which is LnbolsogutaouL, th8 elast ic  mcdulus 

w z e r  from point to point. A mare r l i l l s t k  p rob la  then :s 

detarmzrung k(x,y,z) from thr  dirp&olmt f ie ld whlcfl 1s i s  aa rJtalPole 

of an inv;se problem u s b g  thr *'met mrihcd. Uti iuing measurable 

quantrtres obUtnd ur hbrrt0rp expuimmts gaploys :he indirec: 

method. One pmmtu k *ct bicmdmnics c k n l y  addressed tkough 

the rndjtwt mmfhdl i s  thr t o l u m c a  level or fai lure  cciterza. Impact 

urpusn~ents such as rhr a h a  p r u m t d  bum, mwsure the farce trmc 

hstory. and thw a t t e t  to  dklrminr t 6 I u m c e  in tanns of thrs 

variab1.r. Howwer, the fndimct methcd rrquicrs a considerable amount 

of tima1 and effort in  fne l m t o r p .  PtOCdWeS may vary from 

ldocriatory to laboratory and tor complsa ptrsncmana, such as gelvic 

@act response, assum$tions have to b. W e  to szmplify the roblern. 

Te determine the farlure cr i ter ia  of the pelvis for la teral  

;spact!i, a consrderabie nrrmber of varrabies need :D be addrassed. ?he 

amtonu.ca1 structures are ~omegenaous wrtii complw geometry, and other 

s t rucnres ,  such as the t a r  and soft tissues, intatvene Satwean the 

G l l  



upactor and the acetabulum. The pelvis IS a deformable oblect + h 6  

rarely makes drrect contact wtth the Unpacting sur:aco. In sost lateral  

xipact environments thare a r e  two basrc load paths into the pelv:s, one 

through the r k a c  wsag and another through the acetabulum vza the Zemur. 

Although other q w t z t i a s  sucb as mwhum stram, raumu!n s t r u n  

enstgy, and n x u m n  bstortaon ara us& to sp.ufy the farlure mi te r l a  

of solid matatials, a muu~~lum stress valua i s  popularly usad. A f i r s t  

a p p r o w t i o n  to f-qg mu re^^ stress i s  to u t i l f ia  maxfmm rmpact 

foree as a f a i lwe  cri totioa far  a anrdirPrnsional case, assuming that 

failure oecurs n u r  m a s h s  force. 

where f i s  the forca and a i s  the affective cantact uaa of the 

famur w i t h  the pelvis. Then, for a given impact, the fai lure crrterra 

can be d d a d  ln tums of mrlirmrsr force. If the contact surface rs 

such that it Fs a w e &  functiaa of Wtial condition and force :be- 

hsto.y, e.g. ,  the 82fectlvp contact arm has reach9 a ~ l r~xunum,  the . -  - 
soft tissue i s  not an d f sc t ive  energy absorber, and the force rs  

transmittad directly to the pelvis, then rmgirmxp foree i s  directly 

related to murimurn strmss and mrght be used as a failure c r t e r ion .  

Ctsat?. and Ranet (1982) have proposed that a 10 W ( 3  ms clip) peak 

force for males and a 4 W ( 3  ms clrp) peek forcr for famales would be a 

reasonable fracture tolerance level fs r  lateral  Mpacts in 'he ?elvts 

without loadinq the wmg of t..e i l i i~ .  However, they have pointed out 



the efficacy of usrng a di::erent stress-related variable instead of raw 

force for a specific type 0f fracture. They hypothesized that many 

la te ra l  gelvir: fractures ware the resul t  of excess bending s tress  in  the 
0 

pubic rami. They computed moments of iner t i a  and used l;he :ormula: 

Where d i s  the c h a r a t t u i s t i e  mat rad I/y is the arm mnat of 

znartia d iv~dad  by the offset  from the n e u m  axis. They w u e  able t o  

correlate fracture force and monnnts of buti.. -8 than *ovad 

the= eorrelatlon c o d f i d a t  betwean calmlatad s t ress  Md fracture. 

AdGs:ioaal effcats bVe be* made to base a fracture c r i t a r ion  on an 

aceeleratron. Toward this ind W f a u  (1985) h s d  on the work of 

Nusholtz e t  a l ,  (1982) can$&tad a O~e-dimensionrl linear lumped- 

parmetar stdrl, as shown la Figure 2. MIIS 1 i s  a s s o c i a t d  with the 

structure side upper mass, Md khss 2 i s  associatad with the pelvrc mass 

upon whrch the pelvia a c c 8 l u w e t u  i s  attachad. ?hey cautioned -&t 

the model is net to  be taka a s  a l i t u a l  nodel but as  a useful device 

for predrctron of pelvic s t ress  along the U e r  of othars (II.a:fner, 1985 

and Nusholtz ef a l . ,  1982). Illthough, this s-8 t o  be a useful methcd 

of prDducrng a fractura tolerance cr i ter ion,  the Limited data preclude 

determirrrnp the met!!&'s aredictrve n l u e  over peak torce. 

The relatrenshrp Setneon acceleration and Zorce and, therefore, 

p e t e n t ~ a l l y  betigoen s tress  and accaleratron can be envisioned Sy the 

assuuption Mat the motron durrnq fmpact t o  the pelvic area ( t o  whsch 



the accelerometers are attachad) 1s that of a rzgid bady undergoing one- 

dimensional motton. I t  has Seen pornted out (Nusholtz et a?., 1982) :hat 

a complete t.'uee-drmensional dereriptaon, consisting of three l ~ i e a r  

translatrans and three angular rotations, is invaluable in deternunang 

the response of the palvis to blunt lateral rmpact. This zs a result of 

the ball  Md socket zatute of the intarface of tha acetabulum and the 

head of the femur, as well as of the difficulty of impacting 'A-ougb 

the centar of the mass of tho pal-??$-fcmut cc~lplax. This type of 

greraatzry w i l l  result k alynrr~atric W p  of the prlvis and w i l l  

produce a wide ranye of respaaas for a given impact. Therefore, for 

mall defonnatioas of the pelvis, it i$ more rearoMble to assume that 

the accaluation motion of any g i w  patnt on the pelvis sufficiently 

f a r  from the Lmpact point can k d e a d b a d  uslap "*ha followzng equataon. 

Where X i s  the accelerataon of a givm point on the pelvls, A 1s the 

acceleration of +be center of mass, w i s  the angular velocity of the 

pelvzs, dw/dt i s  -&a angular accelaratian of the pelvis, and r i s  the 

radius vector of &̂a eentar of mass to Lie p o u t  of mterest .  A one- 

dimensional model would grve only a rough approximadon a i  t!e stress 

produced during impact. A batter approxat ion would have the st:ess an 

the pelvis as a I'unctlon of tha forces ?(x,y,z) and. torques N ( 0 , , A ) as 

well as the point of interest  X on the pelvis. 



In addition to the three-bimensional motion, the pelvzs Ls composed 

of inhamoqureous matarials and i s  strain rate sansitive as well as non- 

Linw in response. Tbetefore: 

Where E i s  ' 0 8  strain of any givsn point on the pelvis. The mctaon of 

any post aa the pelvis m l d  than kl 

Where R(f) i s  the displacement vector of the paint of interest ::om i t s  

equilibrium position. Prom the above discussion, it  would seem that the 

application of the indirect method to determining fracture tolerances or 

maximum stress needs to adOress to some degrea: the number of in i t i a l  

positions that can occur between Lie  pelvis and the femur, the ihree- 

dimensional motson of the pelvis and the femur, and tho response rate- 

sensitivity of the pelvic structures. 



Thrs would, in p u t ,  then *lam the Ci f i t -aces  seen m the 

resuPtJ of Nusholtz e t  a l . ,  1982; Cesara and Ranet, 1982; Cesgzi a t  al., 

1973 and 1980. Nusholtz e t  al .",  (1982) observed for  an -act 

experiment uslng a f l a t  rrgrd s t r ikmg surtace whrch loaded the 

acetabuium through *&e feaw that the fractura level was approximtely 

7 M. Since the nurPber of parameters *a t  n d  to be c o n r r o l l d  m 

l a t e r a l  rr~pact are numstous, -1 &ffuences in experrmantai teetullque 

can load to s i g n i i i r m t  diffarancas Fn ra ru l t r .  The possible reasons for  

-be ditfcr+nce+ between them two laboratories ace: 

1, The frpp.ctor u s d  bp HutholtS a t  al., (1982) was 36 kg m s t d  

of the 17 kg us@ by Cewi Md &met (19821, and Cesari, a t  

a l .  (1978 LB809. If r t raia-rate  is  a factor in *act 

raspenre, than the W-tS put- bp NuzholU e t  a l . ,  

(1982) would have had r U g h u  frequency coatac:, Md, 
I 

t t iu r fora ,  r h i g h u  strain-rata offact.  This may, m jar;, 

e x p U  why Nusholtz a t  at., (1962) o b l l n d  a greater n m a r  

to s l ide  under the h p w e t o r ,  allowing greeter loads to  be 

transmitted d i rec t ly  tr, tho pelvis. 

2 .  Nusholtz' (1982) t e s t  subjects were suspended in the air and 

struck during f rae  f a l l .  CesUi ' s  were seated. T!m per se 

effect  of saatsng on the response is undetarmined. Eowevar, it 

seams reasonable t o  assume that for  a shortdurat ion ( b g h  

ftwency) :orce t imrh is to ry ,  this waul6 not h v e  an affect.  



If the above discussion i s  accurate in i t s  characterization of the 

pelvis, then it  would seam desitable to dosign an oxperimant *&t would 

increase t.he necessary load to fractpre by: 

1) 1:ncrslsing the leading area. 

2 )  DlmcrMsing the strain-rate by dretmsing the high-frequency 

e~3mponents of the force time-historp. 

3 )  R~ducLng Ma angular acceleration. 

The spedr.1 pdding used in these rxpuimmts enabled t!!e femur to be 

trapped arul rducod the angular motion assocla td  w i t h  the :emu-pelvic 

utstabilit]r of the fill~tll-p01vis, e l h i a a t d  any eoncentrate3 loading by 

utilizing the ontire surface of th..iinp.ctor as a lord path, reduced tho - 
rate of on!w of tho force UrPrNstosp, and, t b s ,  reduced Lbe lugh 

< . ,  
frequency caqenmts  of tho force time-Ustorp. Because of the effects 

of *&a prdcLFnq, large forccs ware g r n u a t d  without fracture. T h ~ s  

supports Uu results  of o thus  (Melvin anb NuSholtZ, 1980 and Nusholtz 

et  kt., 19112) in wNrh the Lmportance of p p t r t i v e  padding was 

erpph.srzed. 

CONCLUSION! 

In eolnparison to the results of o t h e r  (Nusholtz e t  a l . ,  1982 and 

Cesari and Ramat, 1982, and Cesari et' al . ,  1980, 1978),  the pertinent 

observations of the esperimmts bung reported in this ar t ic le  are that 

relatively large forcer can be generated wi*out fracture (26 IcN) and 

that whon the fractures do o c w ,  they are associated with a force of 

45 kN. In addition, *e dainage pattarn changed from near (and 

including) the acetabulum to near (and including) the pubic area. 

As i s  usual in this  type of experiment, w r e  questions were 

g a i u a t d  t.hM answered. Some of tdese ate: 



1. What p a m e t e r  or set of ,arameters, that can be measured in 

'&a laboratory, can be used as a ptedictrve measure of or 

of pelvic tolerance for a grvcn area a t  the prlvss? 

2. Srnee large :oreeS can be created without snducrng pelvic 

trauma, what advantage i s  thFs For the d i v i d u a l  (such as an 

automabrle occupant or sports player) who may be subject t o  

blunt impact? 

3. ww i n p x t a n t  is stram-rate  to  pelvic tolaranca, and is t h r s  

tha factor that ccntrols the fractura s i t e  on +do pelvrs whrihon 

tha pelvis is lordad la ta ra l ly?  

ACknouladg~ai t -Tb rasul ts  prssurLld la this pleu were p a r t u l l y  

fundd  by the O.putment Of DansF'#Mtian, Eontract NO. OQP-85-7-01636, 

The authors also w i s h  t o  a&nowldga tha tacbLurl assistance of Bryan 

R. Suggitt, Gar1 J. Huscort, Valerle A. Moses, Wendy Gould, Sham 

Cowper, St- Richtmr, Pecsr Schuetz, Tim Jordan, Patty Muscot:, Jean 

Brmdamour, Muvin Duafap, Don Erb, Md Carol Sobrcki. 
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