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SUMMARY

s volume contains the 30 presentations and related discussions presented at the
AGARD Aerospace Medical Panel Specidlists” Mecting on “Models and Analogues tor the
Evaluation of Human Biodynamic Response, Performance and Protection™, held in Paris,
France, 6 10 November 1978, The papens cover whole body Kinematic models for the
prediction of body maotion, as well as spinal models, head-neck models and heat injury
models tor the prediction of internal stress and strain and injury probability under escape.
crash and windblast conditions. Cardiovascular models are included to describe a0
explain human response to sustained acceleration and air combat maneuvers. Biodynamic
models interpreting physiological and performance response as well as human operator
control capability in vibration and roll metion environments are also presented. Operational
injury analyses as well as laboratory human and animat response data are discussed as a basis
for turther model development and validation. Applications of the models include the
prediction of body motions, physiological response and injury probability under biodynamic
stress and the assistance in protective system. crashworthiness and cockpit design.

A technical evaluation by the editor summarizing the main findings. conclusions and
recommendations completes the Froceedings.
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PREFACE

The design of escape ‘crash protection systems has for many yeans relicd on human.
animal and dummy testing to evaluate escape systems, support amd restraint systems, protec-
tive helmets and cochpit desipn. The recent growth of civilian interest in automative crash
safety has further intensitied the need for optimized test procedures and quantitative injury
predicuon. The large investments required for this type of research and the rapid develop-
ment of computer technology has led to the use of mathematical models to an increasing
degree 1o explain test results, guide experiments. predict human response, reduce the need
for hazardous human testing and interpret animal test results. Related biodynamic models
describe biomechanic, physiotogical and performance response 1o sustained acceleration. air
combat mareuvers, and multi-degree-of-freedom vibratory motion and buffeting inputs: Due
to rapid progress in these fields, capabilities and limitations of the various analogues and
models are not widely known and irequently are not appreciated.

As a consequence, the Acrospace Medical Parel decided to have at its 35th Meeting,
6 10 November 1978 in Pzris, a specialists’ meeting devoted to a comprehensive review of
advances in model development, validation by response data and practical model applications.
The results of the meeting provide authoritative guidance to the aerospace medical, human
factors engineering and protection system design community on the proper use of animal,
dummy and mathematical model data: they also suggest new avenues for future research and
practical applications.

The discussions included with the papers have been edited by the Session Chairman
based primarily on tape recordings and notes: they were not reviewed ir final form by the
discussants or the authors. The conclusions and recommendations in the editor’s technical
evaluation report summarize the various subjects brought up and discussed in the lively panel
discussion concluding the symposium. An effort was made to include all points raised even
if they might be considered of different degrees of importance.

Dr Ing. H.E. von Gierke
i.ditor
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TECHNICAL EVALUATION REPORT
by

Henning E. von Gierke
Director, Biodynamics and Bloengineering Division
Aerospace Medical Research Laboratory
Wright-Paltercon AFB, Ohlo 45433
) USA

SUMMARY OF. THE COMMUNICATIONS

In response to the Aerospace Medical Panel's invitation for submission of papers
on the general subject of blodynamic models as outlined in the theme, a large number of
papers was submitted by academic, industry, government and military research organiza-
tions from four NATO countries.. In spite of the fact that the time for thls Session A
was extended to last for two full days, or two thirds of the time of the 35th Aerospace
Medical Panel Meeting, 6-10 November 1978 in Paris, not all papers submitted could be
accepted. The final selection included 30 papers which promised to cover the whole
broad spectrum of biodynamic models and thelr applications, and which were allotted
different times for presentation and discussion depending upon their Importance and
relevancy to the theme. Several authors were asked to start with a short review of the
field in addition to the presentation of new research results in order to asslst in pro-
viding a complete review of the state of the art for all participants.

The session started with a review of the moudels deslgned tc predlct the site,
severity and probablility of injury under alrcraft emergency escape and crash conditions.
The articulated total bouy model, a kinematic model widely used, predicts gross motions
of body segments and the forces applied to body surfaces (Al)., The validity of the
model predictions depends upon the anthropometric input data (A2) and the agreement of
the injury predictions wlith nperational accident data (A3). It was proposed that the
limited accident and lshoratory data available for model valldation could be made more
useful and easier to Interpret through the adoption of standardized reference parameters
for shock inputs and tolerance (A4), Tissue stress, strain and displacement relation-
ships leadirg to Internal injurles are analyzed by sophisticated spine, head and torso
models, which model detalls of spinal architecture including statlc muscle action and
tissue loads (A9, AB). The most vulnerable structure for many military emergency sit-
uations, the head-neck system, was discussed on the basis of a special model for this
subsystem, (A7), for which probably the most extensive and precise blodynamic response
data exist (AS5) and for which well controlled primate experiments try to clarify the
injury mechanism and i1dentify the critical deformations (Al8). The question of spinal
injury model validation was addresned by reviewinsg available and reporting new data on
human and animal vertebral body strength (All, Al3). The state of the art of the analy=
sis of alreraft acecldent injury mechaniame and severlity was also reviewed to indieate
whiidtypg ?xlg?ta injury models must be able to predict and with what data they must be
validate .

 Heveral U?pevs dealt with the response of the eardiovassoulap system to lmpaet (AG),
vibpatien (All) and sustained aeeelepatior (A15, A16) ard medels er the eireulatepy sys=
tem te deseribe 6P 2xplain ebserved phersmeRa,

Head injupy, as predicted by a head injury model (A17) ahd as operationally
observed and correlated to the forces required for helmet damage (Al9) was discussed
and compared with ourrently used head injury eriteria and severity indlces, SJubinjury
changes in brain elestrieal getivity observed in human impact tests were reported as
further potential tolerance criteria to be used for model output responses (A20).

The various models discussed were applied in several papers to specific practical
problems: G, impact injury prediction (A26), canopy birdstrike problem analysis (Al0),
crew station design analysis (A21) and crashworthy helicopter design (A22). Differences
between human and present day hardware dummy responses were demonstrated by escape sys-
tem experiments and helicopter crash tests (A23, A24).

The final set of papers dealt with blodynamic models used to explain and predict
human tolerance to vibration and repeated shock (A25) and with biodynamic and control
theory models applied to modeling operator performance under linear and rotational
vibration environments (A29, A30). New experimental data on human response were included
in several papers as basis for the modeling efforts. Some papers concentrated on exper-
imental data only as data input and for validation of present, or future bilodynamic
models (A27, A428). /

CONCLUSIONS AND RECOMMENDATIONS

The: papers lead to the following conclusions and recommendatlons which were rein-
forced Ly comments during the meeting and during the conecluding panel dlscussion:

- A large variety of mathematical bilodynamic models of impressive complexity and capa-

bility have been developed. They cach serve a useful purpose and have thelr practical
application, The biodynamic models cover a whole spectrum of available technology.

viil




They are an inseparable part or tool of all aspects of present-day biodynamic research.

~ The use and application of these models differ with the problem at hand. In baslie
research they are frequently semiquantitative in nature and are primarily used to inter-
pret and explain experimental findings and enable the experimenter to ask more intelli-
gent questions, In exploratory research they become more quantitative and detalled;
they allow extrapolations into unexplored areas; they help to reduce hazardous human
experiments, reduce the need for animal data and allow interpretations with respect to
human response; they save money and time. In the nardware development stage models
should be sufficiently specific and quantitative to guide the systems designer and de-
scribe the system "man" in a language famillar to the engineer.

- It 1s unrealistic and counterproductive to hope for one "final" model to answer all
practical questions. A whole hierarchy of models is needed and partly avallable to
answer different problems and these will be modified and updated with time as research
progresses. The danger of freezing too early on specific, quantitative models for hard-
‘ware design 1s clearly recognized, since they cannot be updated as freely and easily.

In spite of this the requirement and responsibility exists to provide to the design
community the best guidance available at 2 particular point in time.

= Of the model applications presented the Articulated Total Body Model and the Head-
Spine Injury Model appear to be closest to a possible transition to wider practical use
for probability of injury prediction and protection system design for alrcraft escape
systems and crashworthiness, The unidirectional spinal injury prediction by means of
the Dynamic Response Index (DRI), which served the design community in several countries
well for the past 8 to 10 years, might be replaced by a general injury and specific
spinal injury prediction capability for multidirectional impact.

- Prior to the recommendation of something like the Articulated Total Body Model and
the Head=-Spine Injury Model for general adoption by the Armed Services and for release
to the deslgn community, it is considered. absolutely essential that a major valldation
effort be conducted with the best data avallable and that necessary response data which
are not yet avallable be acquired, The final model response data must satisfy the fol-
lowing conditions:

a, Blodynamic response of the models must be in general agreement with (1) sub-
injury voluntary human impact tests for the various directions and (2) whole body
impedance data and transmissibility measurements on human subjects on vibration tables
for the frequency range of interest. ’

b. Diatribution and severity of injury prediction must be in agreement with (1)
-all relevant and properly analyzed aircraft and automobile accident and escape injury
data avallable, (2) all properly conducted and interpreted cadaver injury tests on sleds
and drop towers designed to fill gaps in operational injury experience and (3) all sub~
system and tissue component tests on elements (such as vertebral body elastic properties
and strength data) introduced as elements of the specific model.

¢. For exposure conditions, which for any reason cannot be validated by a. or b,
above, injury predictions for properly adapted animal versions of the specific model
must be in agreement with observed data with respect to injury mechanism, location and
severity. )

Proper validation of models should consider all quality data available in all three
areas (a, b and ¢) outlined. Unfortunately, too often models are compared to limited
or selected data only. .

~ Collection of data for model validation and the actual validation itself might deserve
in the near future higher priority than the development of more sophisticated models.
This 1is a formidable, labor intensive, task not to be underestimated. The collection of
all relevant data in well-organized, easily accessible computerized blodynamic data
banks, coordinated at national or international levels, is seen by many as the most valid
and effective step toward the validation of present and future models.

- Several suggestions were made for more effective model validation. Among those were
comments on more detailed, sclentific evaluation of crash situatlons attempting to obtain
quantitatively better supported force inputs to the human system by cockpit and seat
deformation evaluation. Further standardization of accident pathology classification
and accldent/injury data collection were other items of concern. Other participants
proposed "standard crash situations" or "standard escape maneuvers" to be used for all
model validations to increase intra-model-comparability and computational efficlency.
In many cases model velidation requires additional tests or instrumentation channels in
laboratory and field tests. Frequently for little additional cost valuadble information
for general appllcation can be obtained from field tests and experiments which would be
too costly for model valldation per se, All blodynamic test data collection should be
madeias much as possible with model validation in mind or even gulded by parallel model
prediction.

= Although the need for more advanced, blodynamically realistic, anthropomorphic dum-
mies for crash testing was stressed by several authors and discussants, no pay-off
analysis as to the complexity, arcuracy and costs desired for such a dummy was pre-
sented. Theoretical prediction capability appears to be closer at hand than hardware
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reallzation of the model description of the human response.

- It 1s obvious that a whole family of models are needed depending upon the purpose

and complexity of application, Simplification of some of the complex models discussed
(e.g., the head-spine model) might be possible and would certainly be desirable for some
of the applications (e.g., spinal injury prediction without detailed indication of injury
location or mechanism). = Enough data might be available soon for validation of such
simplified models. More complicated models (e.g., to predict vision under vibration or
to quantitate motion perception and control capability under biodynamic stress or under
simulator conditions) might require considerably more biodynamic, physiological and per-
formance data. If simplified models for speciflic applications are derived, their rela-
tionship to 'the more general models and their limits of valldity and applicability should
be well defined.
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Wrioht-Patterson Afr Force Rase, Ohin 45433
1.5, A,

SUMMARY

The aenral predictive and structural properties of human-lody arnss motion sirulation rode¥s and their
applicahility to flioht-associated problems §s discussed, & specific applicatien of such 3 rodel is
Jemonstrated by the simulation of human response to whole-todv-f  frpact and the comparison of the
resu’ts with experimentally observed huran resronses to the sare ﬁvnaﬁic exposures., The sirulations
were nerformed using the Articulated Total Rody (ATF) coamnuter model based on riatd bodv mechanfcs and
possessing &4 number of internal and sxtern:l force and constraint ontions ta reflect resfstive forces
within human joints and to allow the interaction of external confiourational slsments, Predicted data
of limk rotions, their accelerations and forces generated in the harness restraint system are compared
with those ohtained sxperirentally from acceleration transducers on the head and chest of human test
subiscts; tension reasuring load cells for the harness system corponents and variously located sled on-
toard and stationary high-speed movie cameras. Discussion encompasses the model Structure and its
dynamic modeling capanility; the gereral data input reauirements; tae srecif . set of data used for

the—G , impact simulations; and some of the shortcominas and required improvements indicated by the
present simulation,

INTRODUCT 1N -

The use of biodvnamic cowquler-based models for the prediction of human body response and injury result-
ing from impacts and abrupt accelerations typicaily encouatered in varfous phases of fliaht operations .
i5 an accepted and necessary complerentary research apprnach to Jirect experimentetion with humans and

animals, Considershie insiaht can be gained by 3 proverly prepared and executed simulatfon of body .
dynamics concerning the resulting body motion, stresses Jdeveloped within the body and interactions of

the body segments v *h sxiernal structures,

Thesa models can generail, be separated intc two categories: internal body structure and external

grnss motion body models. The first type deals with the detailed structure of varfous tody subsystems;
e.q. the head, thorax, spine, stc. and, provided with a specified input to the particular subsystem, will
predict strosses, strafns and Jocalized deformatfons. The latter model cateoory deals with overall body
response and qenerslly provides as outpit motion data of body seaments and interactive forces between

body seoments and external structural etsments, The present study describes the application of a model
in this category,

T, A

The development of complex and detarled Lindvnamic models has been particularly rapid and successful

during the last decade. This arowth can mostly be attributed to the Jeveloprents in camputer technolooy

including the development of sophisticated yecessor: software, This relatively new and powerful analysis

capability has opened the door to the solution of analytical equations descrining the complex and detailed

mechanical structure of the human body. 1* has zllowed the analysis of mechanisms and processes that

in manv cases had previously been known and postulated but could not he satisfactorily explored using :

classical mechanics methods because closed-form solutions did not exist and numerical solutions wers
too tedious.

This is particularly true of the aross mation simulation models of the bodv which are based on riqid body
dynaridcs. The basic formulating equations for such rodels were already available in the 19th century
and 3 number of treatises on this topic are discussed by fioldstein {1}, While voluminous data have

been qenerated on the theoretical aspects of such analvses, only solutions for relatively simple cases
dealing nmainly with a single body under various constraint conditions and applied forces have heen suc-
cessfully obtained. Current models applied in hiodynamics have used the same formalism, usually either
the Fuler or Lagrange techninue, to formulate eauations describhina chains of coupled rigid bodfes, and
with current computer-based analysis techninues solutions to such svstems have bacome passible.

Models depicting the articulated, three-dimensional hurman body structure have been developed by 2 number
of invertigators. Among these are models described bv Youna {2); Robbins, Rennstt and Howman (3}
Furusho and Yokova {4}; Huston, Hessel and Passerelle {5,6); and Fleck, Butler and Yogel {7,8). The
final system equations for all these models are nuite similar in structure, Thelr main difference Ties
in the number of seoments used to describe the body structure and the sase and flexihility of specifving

input for a qiven dynamic event. A comparison of these factors as well as a2 iusber of other model features
has been carried out by King {9).

The application of the gross motion simulatinn type of model {5 of pariicular interest to aviation medi-
cine in the analysis of human body dvnamic response during various phases of emergency escape from high-
performance afrcraft and restraint durfan aircraft crashes. The modeling technique has applicability

to the amalysis of body prepositioning either by active harness system forces or rapié chanoes in seat
geometry prior to ejection, 1imb clearinces durinn seat motion up the rails and lieh flatling during
windforce exposures. Thi. ivpe of model can also provide a method for analysis of the effectivensss of

varfous harness systems for resirainino the crewman durino crashes and the effects of parachute opening
shock transmitted through the harness system,

In general, this type of model can serve as a valuable desion and evaluation tool in the development of

new systems, and can contribute significantlv to the prevention and reduction of presently occurring
injuries,
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MODEL DESCRIPTION

The model used in this studv is hased on rinid-bods dvnarice usine Fuler equations of notion with
Laqranqe-*tyne connsrafete,  The model was oriainallv developed 1/ Calsran Corporation for the study
of human-body and anthropometric dusmy dynamics during automobile crashes for the United States
pepartment of Transportation {DOT) {7,8). The formulation, however, was of sufficient nenerality to
allow application of this model to problems invnlving whele-body articulated motion resultina from
various types of impacts or other abrupt accelerations applied to the hody., 'difications to the
basic m le! were made to aciommodate specific Adr Force anplicatiens {10). ‘Amonn these were the
inclusion of ° special ioirt torce aleorithm, a capability o apply aerodynamic forces to body
seqrunts as exrerienced during eiection from aircraft and improvemcnts in the harness alaorithm
allowi-, sipulation of complex restraint svstems.

The ssecific model configura~ion appiied in this stuly used 15 hodv seaments. These consisted of the
head, neck, upper torso, senter torso, lower torse, unper arms, lower arms, upper lens, lower leas and
feet. The lower arms wers cunbinations of the forearms and hands. A schematic showing these seqments
and the numherina scheme u<ed both for the seoments and the interconnecting feints s shown in Fio, 1,
The number of the seaments used in sirulatina hody response hothk in this and other studies has heen
dictated by the requirements of the particular event heinn simulated and the availability of individual
searent data. For the procsent study, 15 segments were chosen, since it was felt that these would
adenuately represent the various differentia: motions of concern in a aross -ﬁx hody impact.

Since the body can he viewed as a chain link system havina no closed loops, the chaice of 15 seqrents
resulted in 14 foints and a total of 48 deorees of freedom,

Jiz

JOINT J CONNECTS SEGMENT N{(J) WITH SEGMENT J+|

Je | 2
NW=| 2

10 it 12 13 14

3456 7 8 9
341 67 1| 910 312 3 K4

Figure 1. Model segment and joint number scheme,
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Ry considerina the structure and dynamics of one seoment and {ts relationship to an adiacent seam at,
the total structure of the whole nodel can be envisioned as a chain defined by an indivicual link with
a defined method for attachina adijacent links,

In Fiq. 2 1s shown the seament structure and Yinkina schenc emploved in the model. The center of mass
of seament N {s at Ry, which is defined with resnect to an external inertial system, Principal axes of
seament Y are defined with respect to the inertial axes and are used thereafter for referencing all
segment qeometric properties. N\ qeometric center of the seoment is defined and three ellipcoidal
radii are specified to define a contact eliinsnidal surface for the secrment. Joint locations within
the seament are specificd, and a coordinate syster with a snecified orientation assioned to each joint
within the seoment, The adjacent seament M+1, with center of mass located at-dys), has all the same
properties specified. The two seqments are then coupled at the joint by a constraint equation,
Since for each seament there is an assianed coordinate svster at the {oint center, the relative
orientation of these two coordinate svstems with a common center can he used to apply torques as a
function of anoular artentation to the two seaments. This in effect allows incorporation of internal
joint resistive torque properties into the model., The alianment for ioint axes shown in Fig. 2 is one
of the options avajlable with this method and here allows apnlication of torsional and flexion torques
as a function of azimuthal and elevation anale vartiations,

TORSION ANGLE

FLEXION ANGLE

Flaure 2. Basic body seament property and couplina descriptfon.

External forces to the segments are applied to the contact or envelope ellipsofds which are riaidly
attached to the center of mass of =ach respective seament. These forces car be qenerated by interac-
tions between segment surfaces and external planes, harness systems, wind forces and other seaments.
The interactive forces between seqments and other seaments or planes fs applied at the ,oint of contact
and {s a function of the distance of incursion of the seament into another seament or into a plane. The
force-deflection characteristic of this interaction must be provided as input for the model. Harness
systems also apply forces to the body with allowahle components normal to the seament surfaces and tan-
qentially alona the harness tension vectors. Yind forces mav also be applied to the body. These must
be specified for each seament with a maagnitude and direction as a function of time, The effective pro-
Jected area normal to the windstream for each seament s calculated and then applied to the respective
seoment.,

The solution of the model-describing equations was obtained by numerical fnteqration on a CDC €600 come
puter. The computer program requires about 250,000 octal words of memory and for a typical 200-msec
real-time simulation uses about 400 seconds of computer computation time,
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DATA FOR SPECIFIC SIMILATINN

To simulate a specific dynamic event, considerable bady descrintive dats must he supplied for model input.
These data include principal moments of inertia, mass, contact surface sllipsoid center and radii and
joint Jocations for each seqment, as well as seoment interaction characteristics for segment-to-segment
or confiourational element contacts. Properties of foints must also be specified by identifying the type
of ioint {{.2., pin, ball and socket, etc.) and the torque pronerties across the joint as a function of
relative adjacent seqment rotational orientation. Additionally, the external dynamic environment to
which the body is to be expnsed must be defined,

The particular events chosen for simulation in this studv consisted of three -, impacts with 6, 8 and
10 g peak acceleration amplitudes respectivelv. The time histories of the accelerations are shown in
Fia. 3 and were obtained from actual sled tests. A1l three tests wers performed with the same subject,
who weiched 217 lbs. and was just over 73 Inches tall., fn the kasis of these two parameters, the
subject was classified in the 95th percentile of the U.5. Afr Force population according to tee data
compiled by Churchill {11}, Using this classification and the hody property generating program
*a00D* {12}, a set of hody senment weiohts, principal moments of inertia and joint locations

were ohtained, Specific anthropometric measurements ohtained from the subiect were used to refine the
data using, in part, a procedure develoned hy Leet {13}, which provides seament moment of inertias and
centers of aravity from a set of anthropometric measurements, and 2 fina) data set was assembled. This
data is presented in Table 1. The ioint locations within the seoments were obtained from program “GO0D"
for a 95th percentile male and were used without modification,

The senment contact ellipsoid centers, located with respect to the seament centers of aravity, and the
ellipsoid radii were obtained usinan the anthropometric data from the subfect and a complementary araphics
packane used with the Articulated Total Body {ATR) Model. The araphics packane provides a plot of the
body contact ellipsoid structure as viewed from a specified direction and distance from the body. A
frontal view of the hody araphics displav is shown in Fia, 4, By using photooraphs of the seated sub-
ject prior to impact, and overlayina these with correspondine hody araphics generated from equivalent
viewina positions, the respective segment contact ellipsnid radii and their centers were specified.

The radii chosen for this particular series of simslations are listed in Table 2.
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Fiqure 3. Six, eight and ten g peak acceleration fiqure 4. Computer graphics representation of
innuts used for -Gy sled impact simulations, boady contact surfacss,

The sinulation of harness and body interasctinn durina the fmpact event required a aeometric description
nf the harness, its nlacement on the hody surface, and the specification of a common belt/seoment elas-
ticity. The cormon belt/seqment elasticity i3 that ohbtained by assuming that the relative elasticities
of the harness system and the body are counled in serifes, A frontal view of the placement of the harness
belts on the %orso seqments s shown in Fin, 5. Thase belt seoments follow the contour of hody contact
surfaces and no throunh reference points (denoted by x's) defined on the surface of esch seoment,

The qeometrv of the harness system in the actual experiments is such that two helts are attached to the
floor of the sled in a position such that when thay are fastensd toosther with a buckle across the lower
abdomen of the seated subiect they form annroxirmatelyv a 45° profected angle with the floor in the 7-X
niane. {The coordinate systom conventions smploved in this study are such that X and 7 axes lie in 2
plane parzllel 1o the midsagfttal plane, with 7 positive downward, X nositive forward and ¥ positive
to the riaht of the subiect.} The lateral placument of the tis-down points on the floor s sliahtly
outside the hip width., Twn other helt senments are attached tn the buckls in front of the abdomen

and extend upward across the shoulders, In the actual sxpsrirents, these two straps are tied together
behind the subiect and attach to one cormon point on the seat structure posterfor to the neck. For
the simulation, these two belt straps ~ere attached separately to the seat hack and posterior to the
neck, The use of two tie-down points allowed the fndependent calculation of forces in sach belt
seqment and also prevented the generation of larae lateral forces from the belt seaments in the




shoulder reqion. The initial lenath of each lap belt seqgment was 18,17 inches and each shoulder
belt seament was 27.35 inches. The common belt/seament elastic characteristics were assumed to he
1inear with coefficients of 10,500 lbs, in/in and 7,300 tbs. in/in for the lap seament and shoulder
segrient respectivelv. These values were calculated from the experirentally observed helt loading
curve widths and load times for the 10-q impact.

TABLE 1.a.
BODY SEGMENT WEIGHTS AND PRINCIPAL MOMENTS OF INERTIA

Segment Segment Moment of [nertia
Number Segment Weight (1b,-in.-sec?)

N ___Name (b)) X Y 7

1 Lower Torso 33.950 1.510 1.460 1.740

2 Center Torso 40.550 2.460 1.740 1.800

3 Upper Torso 26.000 1.190 720  1.200

4 Neck 6.080 .024 .04 .020

5 Head 12,430 .200 .230 W40

6 R. Upper Leg 24.010 1.800 1.800 .490

7 R. Lower Ley 9.540 .650 .650 .070

8 R. Foot 3.310 .050 0% .00

9 L. Upper Leg 24.010 1.800 1.800 .490

10 L. Lower Leg 9.540 .650 .650 .070

n L. Foot 3.310 .050 .050 .0to

12 R. Upper Arm 6.790 170 A0 032

13 R. Lower Arm 5.340 .310 310 .07

14 L. Upper Arm 6.790 .170 A7 .032

15 L. Lower Arm 5.340 .310 .310 07

TABLE 1.b.
JOINT LOCATIONS IN SEGMENT COORDINATE SYSTEMS
Joint Location in Joint Location in

Joint Segment Segment (N) Segment (J+1)
Number Number {in.) (in.)

J N X Y z X Y /4

1 1 0.00 0.00 -3.85 n.00 0.00 3.8

2 2 0.00 0.00 -4.23 0.00 .00 4.23

3 3 0.00 0.00 -2.82 0.00 0.00 2.8

4 4 0.00 0.00 -3.18 0.00 0.00 3.8

5 1 0.00 3.52 .92 0.00 0.00 -8.80

6 6 0.00 0.00 10.09 0.00 0.00 -7.93

7 7 0.00 0.00 9.05 1.68 0.00 -2.19

8 1 0.00 -3.52 .92 0.00 0.00 -8.80

9 9 0.00 0.00 10.09 0.00 0.00 -7.93

10 10 0.00 0.00 9.05 1.05 0.00 -2.19

n 3 0.00 7.28 -1.85 0.00 0.00 -5.44

12 ‘1 0.00 0.00 § 58 0.00 0.00 -7.94

13 3 0.00 -7.28 -1.85 0.00 0.00 -5.44

14 4 0.c0 0.00 5.58 0.00 0.00 -7.94
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Figure 5. Rody harness gqeometry used for -G, sled impact simulations.

With the current analysis scheme, the reference points are nat a.lowed to migrate across the surface
of the segment. This, of course, does not allow for consideration of belt lsteral slippaqe effects.
However, for the prosent set of impact events the Inading on the body hy the belt is mainly normal
to the segment surfice and tangential alona the belt,

Gther than through the harness system the only other localized force transfer to the body during the -0y
impact svent was through the seat pan, seat back and floor structures. The seat pan and hack were of
solid wood construction with polished surfaces to min‘mize tangential frictional forces. Similarly,

the floor was also rinid and smooth, producine minimal slidina resistance on the feet,

0f these three interacting surfaces, only the seat pan interacted sionificantly with the body durina
the peak loading phase of the impact event., For the simulation of this interaction, the force-
deflection characteristic shown in Fia. 6 was anplied in a normal direction hetween the lower torso
and upper legs and the seat pan. This characteristic produces a sprina hardening or bottoming-out
type of effect, since 2 smal]l force will initially produce a relatively larae deflection {.4 inches
for 60 ibs.}, but a much laraer force is thereafter required to produce an ecuivalent deflection,

The same characteristic was used for both the foot/floor and the torso/seat hack interactions; however,
as indicated previously, neither of these interactions was of sionificance durina the peak impact svent,

The type of joints used wers ball and socket excent for the knees and slhows, where pin joints were used,
Joint stops ir terms of & flexure angle for the ball and socket joints and the single rotational ancle
for the pin joints were specified, For the present analysis, these joint stop values did not appear to
be significant, except possibly for the elhow and knee, as the articulated limh motion observed in the

experiments tended to be within the ranae of free joint motion. The joint stops for the elhow and knee
were set at full extension for these joints,




TABLL 2
CONTACT tLLIPSOID SEMIAXES

Segment Contact Cllipseid Semiaxcs
Mumber (in.)
_n X 1z
1 5.05 7.49 £.59
2 4.80 6.14 7.49
3 4.9] 6.99 4.12
4 2.%2 2.52 4.83
5 4.07 3.20 4.83
6 3.43 3.43  12.77
7 2.52 2.52 10.62
8 1.68 2.14 5.54
9 3.43 3.43 12.77
10 2.52 2.52 10.62
1 1.68 2.14 5.54
12 2.27 2.27 7.71
13 1.98 1.98 10.07
14 2.2 2.27 .n
15 1.98 1.98  10.07
2ooov
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Fiqure 6. Force-deflection characteristic for hedy-seat pan tnteractiom,



4

»

LR

AlS

RESHLTS

The data obtained from the simulations consisted of tine histories of all seament linear and anoular
displacements, velocities and accelerations; the tensile kelt forces of the harness system; and the
contact forces generated and the points of contact hetween body seoments and seat and fioor surfaces.
The experimental data available for purposes of comparisnn were accelerometer data from triaxial
accelerometer packs mounted on the forehead and the chest; displacement data in the X-Z plane of fidu-
cial marks on the hip, knee, shouldsr, eibow, the head about an inch anterior to the traous, and the
lateral side of the triaxial accelerometer packane on the forehead; and force data from transducers at
two belt tie-down points on the floor and one in the seat back pesterior to the subject’s neck.

Juring these -Gy impacts the force transmitied to the bodv was prirarily th.ooueh the harness system with
a rather small component transmitted throunh the seat pan. This latter input consists of a normal com-
ponent due to a 7° inclination of the seat from back to front and a tanoential force component due to
the friction between the subject and the seat surface., These forces, with the exception of the seat
frictional forces which were taken as zero, were calculated using the madel, Fiq. 7 shows the forces
obtained for the shoulder and lap belts from the simulation and the forces messured durina the actual
experiments. These curves show very close agreement, especially {n view of the aenerally observed
variability in the forces measured in the harness system durina apparently identical sled impact events.
A cureary review performed on ahout 60 -fi, impact events indicated that at least a 10Y variation may be
expected in the peak harness loads ohserved under “identical" test conditions. Possibly additional
constraints may be imposed to ensure more identical conditions between runs, but in the present study,
compensation was not made for such factors as level of subiect apprehension, small shifts in subject
initial 1imb position and slinhtly varyina harness positioms on the pelvis, Even so, the lTevel of
loading observed in the shoulder belts decreased from about 600 Ihs at 10 o's to 500 Ibs at 8 a's

and then to 400 1bs at & g's. The same level of decrease was ohserved in the simulation with peak
values approximately 50 lbs hingher. For the lan helt, an experimental peak load of slightly over

1000 1bs at 10 a's, 900 1hs at 8 o's and 500 1bs at 6 g's was observed. Simulated peak values were
about 50 1bs lower at the 10-q and B8-g levels and 50 lbs oreater at the 6-q0 level,
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Other factors of sareenent which are of considerarle importance tn assessing the effect of these helt
forces on the body are the times of peak load and the breadth of the loading curve, These factors can
be related to the effective compliance of the harness/bodv interaction and the tmpulse transmitted to
the body durino the impact. The ltatter, in turn, may be used as a vartable for correlation to proba-
PMlity of infurv., Both the peak load times and the breadths of the loading curves show very aood
aaresient between the measured and strulated reselts,  The maxirum difference {n the times of peak
Toad vccurrence s about 10 msec and occurs at the hiaher a levels, At the 6-a load Tevel the times
for peak load are almost tdentical, The tncrease tn the phase shift with incressing load levels may
be attributable to the use or a linear force-deflectin characteristic for the narness/bodv interaction
where, in fact, the true characteristic 1s a nonlinear spring hardenina tvpe which at laroer difflections
exhibits a stiffer response and thus an carlier peak,

The normal forces of contact between the peivis and upper teas for the 10-0 sirulation and the seat pan
are shown in Fia, 8, The points of contact across which this force {s transmitted inftially shitft
forward in the seat as the hody loads tnto the harness svster, The total shift {s about 2.5 inches,

This same shift ts observed in Fia. 9, which shows the x-direction displacement of the lower torso

(or pelvis) for the 10-, B. and 6-0 Toad levels for both the simulation and the actual fmpact events.
Phase comparisons show very aood aareement as maximum displacements occut at the same time, The
predicted raanitude of displacement is, however, consistentlv areater than that observed from the
experiments, The reason for this varfation {¢ most 1ikelv attributable to the deformatfon of the sort
tissuc surrounding and that encased bv the pelvic structure. Vhile the computer simulation provides pre-
dictions of the net motion of the center of mass of all these components, the experimentally measured
data corresponds to the rotion of a fiducia) attachad to lateral external {issue of the pelvis,

nlthouat component accelerations of the head and chest were both calculated using the model and measured
during the tmract events, only comparicons of the resultant chest and head accelerations were made, since
fnitial axes alionments between the simulated sftuation and the actual measurements could not be estab-
1ished, Coeparisons were rade for all three load levels, and it was found that the simulated and
measured responses showed qood aarerement. The basic characteristics at all three load levels were

the same, with no observed phase shifts, As expected, the resulting accelerations of the chest and

head decrease with decrease in the apnrlied external acceleration,

In Fia. 10 arc shown the sirulated and measured data for the 1N.a {nput resultant chest acceleration,
The aareement here fs quite close, with a measured first peak acceleration of about 17 a's and the cor-
respondina simulated acceleration peak {s about 16 a's and occurs about five to ten miliiseconds later
than the measured peak. A second acceleration was ohserved to start at about 130 milliseconds and die
out att about 180 milliseconds. This response was well predicted tn the simulation as the plateau for
this peak reached about 10 g's 1n close aareement with the ohserved response, The hiaher frequency
content of the measured response versus the sirulated response may be explained by the tnteraction of
the chest accelerometer packaane with the restrainina harness thoulder straps as these slid tangentially
across the chest durina the impact event,

A comparison of the simulated and the measured head resultant acceleration for the 10-q input case s
showm in Fiq, V1. Sirilar responses, excent for respectively lower amplitudes, were alsa observed for
the 8- and €-q fnnuts. A double peak occurs both for the experimental case and the simulation. The
phase of toth peaks s 1n very qood aareement; however, the amplitude of the first peak in the simulation
fs only about half of that ohserved in the actual exneriment (10 a's versus 20 g's). The second peak
shows much better anreement, as practicailv the same amplitude of about 19 q's 1s attained for both,
While no clear answer s evident for the difference fn amplitude for the first peak it should be pointed
out that this mode! i< not particularly suited for a detailed analvsis of the complex articulated motion
of the cervical spine which clearly containg several foints amt does not in its present input parameter
set account for pretensing of neck muscles or the voluntary or involuntary actions of these muscles
during the fmpact event. Visual observations of head/neck response during the actual sled impact
experiments tend to indicate that an active muscle {nput does occur and {s a stonificant factor in
head/nect response at the relativeiv Tow a levels (6 to 10 a's) applied in these studies.
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Fiaure 11, Comparison of simulated and exrerimental resultant head
acceleration durino 10-0 peai -G, impact,

s indicated previously, the linear and anaular displacerents, velacities and accelerations nf 16
boadv seaments were calculated, and a numbter of additional variahle disnlacerents hive teen rade,

“ost of these show vood aareerent with experirental data. !"nfortunately the amourt of experimental
tate availatle is considerally less than that pravided bv the corputer rodel sirulation, esrecially
searent acceleration data and three-dirensinnal displacecient data of scaments. A particularly useful
rethod for oyvercoming this deficicncy 1s the tire<seauenced comparisons of tedv positions durina a
dynaric event,  Ar illustration of such a comparison is shown in Fin, 12, where lateral views of the
tody are corpared at different tires usino the whole<tody corputer-nenerated araphics and Fiah-speed
Filos for the 10-0 impact. Sirilar tire-sequenced corparisens vere also rade for carera positions
from the front and 45° from the v and x axes in the horizantal nlane.

Fiqure 12. Comparison of simulated and experirental todv motfon from
Tateral view durina 10-a0 peak -6y impact,
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CONCLUSINNS

The objective of this report has been twafold: to preseat a methodnlony which can provide considerable
insfoht into human bodv dypamics durinn whole bndy irmpacis and to deronstrate the application of this
methodoloay. The methodnlony s, in effect, the use of a mathematically defined model of the
articulated human body structure with appropriate parameters for body property description. The
anplication of this model consisted of prescribing an initial body pesition and the subsequent

dynami¢ environment to which the body was exposed.

On the basis of this study, certain conclusions mav be drawn about the overall applicability of the
Articulated Total Bodv {ATR) Mode! to impact prablems in qeneral and the -G, impact events in particular.
This discussion is most easily pursued by reference to specific aspects of the current simulation study
and then by an extension of these to more qeneral applications,

It should be noted that not all variahbles predicted by the comnuter model are of practical interest,
since many of them orovide no useful insiaht intn local stress concentrations and energy transfer
cannot be directly measured and cannot he correlated to the cccurrence of injury. No doubt as
measurement techninues become more sophisticated, additional bodv dvnamic variables will be
considered, For the present, howevar, emphasis has been placed nn the calculation of varifables
most easily comparable to ones measured durina experimentation as well as those most applicable to
injury probability prediction.

Thus the variables chosen for comparison have consisted of forces in the harness system which transfer
most of the impact eneray to the body, linear resultant accelerations of the head and chest, displace-
ment of the lower torso and the three-dimensional displacements of all body seaments. Contact forces

between the subject and the seat pan were also calculated, but measuyred data werenot available for
comparison,

In all the data comparisons, aareement was very good with the exception of the head resultant
acceleration, In some cases, even closer aareement could have heen achieved by minor readjustments
in some of the parameters., However, “fine tuning” of the model parameters was generally avoided, and
no parameter changes in the model structure were made in the (0-, 8- and 6-q impact simulations,

The particular events chosen for simulation wers well within the safe expocure range, with the most
serious observed infuries being minor abrasions from the harness straps and occasional mild muscle
strains., Also, the combination of load levels applied and harness qeometry used resulted in Timited

1imb motion during the impact, With the excention of the knee, none of the limbs approached their
normal range of motian levels,

while this chofce of simulation events was useful Tor demonstratine the predictive validity of the

ATE Hodel for inertial seoment response, {1t avoided the situations where relative 1imb rotations

were large and significant internal joint torauss were generated. The present model structure does
provide for the application of such joint toraues as a function of relative segment angular orientation.
However, the joint data used are only approximate, and for cases of complex jcint motion, especially
into regions beyond the normal rance of motion, response of the model is guestionable. Presently

a study is beina carried out under the sponsorship of our laboratory to provide detailed,

quantitative internal joint torque versus adiacent seoment relative orientation data for the

shoulder, elbow, nip, knee and ankle joints. This data will considerably improve the ATE Model's
predictive capability for events involving large joint excursions.

The type of events simulated also ailowed a potentially larne dynamic response variation due to

voluntary and involuntary muscle actions. This effect was felt to he particularly significant in
the observed head response, and was reficcted in the sianificant differences between the simulated
and experimental head acceleration time histories. A more detailed analysis of the head response

using the same model as employed in this study and including some of the sffects of the active
musculature has been carried out by Frisch (13,14},

The results of this study indicate that the ATE Model is a useful, predictive tool for the amalysis of whole
body articulated response to impact, It leaves little doubt that it provides a relfable, dymamic
internolative method for predicting changes in harness system loading on the body, accelerations of

segments and interactive force levels bet-een body seaments and external system structural components

for different impact loads. [t also accurately provides predictions of body segment motions where

internal joint torques are not significant or joints are not forced heyond normal motion envelopes.

Though model application to the simulation of the presently described -G, impacts has proven quite
successful, several model improvements are curreatly being msde and some programs are being carried

out to refine the mode! data base, Among the {mprovements to the model structure are capabilities to
allow lateral harness belt motfon over the body surface, permit dissipation of energy in the harness

bodv interaction and specify independent harness system and hody segment compliances. Concurrent programs
are being pursued to provide accurate data on the resistive torque properties of major humsn long-bone

joints as functions of adjacent segment anqular orfentations, failure load levels for these same joints
and more detailed data on human body segment mass distributfons.

., L . .
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. DISCUSSION

>f~‘ HEN5Y JEX (USA)

Caﬁ yaar model be exerciseé to show the responses to more camplex waveforms
such as pericdic motiaas {e.g-s such as vibrations)?

AUTHOR! S REPLY-

While the method of analysis used with the model is quite versatile for predicting
.response to practically any time-dependent input, its application to the pre-
‘diection of body response to periodic forces, while possible, would be highly inefl-
ficient. The reason for this is that the model is highly nonlinear, and linear
transform methods cannot be applied. The solutions must therefore be obtained by
‘means of multiple integrations in the time domain. For perlodic forces this gen~-
erallg leads to very Icng eomguter run times and exorbitant costs.

G, R. ALLEN {Ux>

{a},Sheuld not damping in the Jsints be included in th; model, or were its effects
negligivle? ’

(&5 Fer cempleteness, gresnmably el&stic progerties {mass-spring-damping) should
© - .: pe added to the model. Their absence could partly explain the discregancy
hetween experimental and thecretieal head acceleration (Fig 11)?

ﬁUTHOR*S RE?LY

4The medel in its gresent farm does account for damping and elastic praperties of
_the Joints. While the specification of these properties can no doubt be improved
in all the joints - and will be as new data become available - the discrepancy
between experimentally observed and theoretically predicted response for the head
appears to be due to active pre-tensing of muscles in the cervical region by the
- subject prior to the impact, and the current model inadequacles in accounting for
) these musele forces.
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PROCEDURES USED TO GENERATE INPUT DATA SETS FOR
THE AKRTICULATED TOTAL dODY MODEL FROM ANTHROPOMETRIC DATA

Duane 6. Leet, Ph.D.
University of Dayton Resecarch Institute
Dayton, Ohio 45469

1. INTRODUCTION

Protection of passengers from injury during vehicle and aircraft crashes and the
protection of a crew from injury during aircraft ejection situations is one of the impor-
tant design objectives of vehicle and aircraft design engince.s. An increasingly impor-
tant tool 1s evaluating the satety aspects of different designs is computer software sim-
ulation. Calspan Corporation has developed a particularly sophisticated ~lass of these
proyrams. The class includes the 3-D Crash Victim Simulator (CVS) Mode', developed under
DOT sponscrship (Fleck, et al, 1974}, and the Articulated Total Body (ATB) Model, develop-
ed from the CVS Model under the sponsorship ot the U... Air Force Aerospace Medical Re-
search Laboratories (AMRL} specifically for application to aerospace-type problems (Fleck
and Butler, 1975). These proyrams model the human {or laboratory animal) body as a multi-
seqment chained systeom. Currently 15 segments are defined: head, neck, upper arm {(left
and right}, ‘ower arm {left and right; includes the hand), upper torso (thoracic region),
middle torso {(viscera), lower torso {pelvic region}, upper leqg {left and right), lower
leg (lett and right), and foot {left and right). Figure 1 provides two views of a body
on which standard body segment cut-planes have beer marked. The actual body landmarks
defining these cut-planes are described in Chandler, et al (1975;.

=

Figure 1. The Fifteen Body Segments Marked on {a) Front and {b} Right Side Views
of a Six-Year-0ld Child Manikin Developed From Anthropometric Data By
Young, et al (1976).

Among the input data required on ea~h segment are:

~ inertial properties (mass, ce’ of mass, principal moments, principal axes
orientation}).
- contact ellipsoi. limensions, ax. .igin with respect to the center of mass,

and axes orientaticon with respect to the principal axes.
= joint locations with respect to the center of mass, and joint axes orientations
{Each joint has two sets of axes, one for each segment associated with the joint.
These axes are used to define torques at the joint.)
- variosus joint stiffneas and friction constants.
fr addition, data must be supplied to define the initial orientation of the body with
1 -Ipect to an external reference coordinate system. The environment {contact planes,
restraint systems) must also be defined, as well as remaining initial conditions and the
external stimuli to be applied to the system.

Ly
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The program simulates the dynamics of body motion using a unique method that has
been shown to be equivalent to the Lagrange method. Motion picture films of the dynamics
can be produced through the use of plot packages supplied with the simulation program.

The quality of the simulation is demonstrated in the paper in this session by Ints Kaleps.

The University of Dayton Research Institute, under the sponsorship of AMRL, is cvr-
rently involved in a research program to develop input dula sets for the ATE Model pro-
gram. The next four sections of this paper provide a general background for the techni-
ques we have developed to generate these input data sets from anthropometric data. The
final section discusses the current state-of-the-art in implementing these techniques.
The appendices provide some details on the techniques that have been developed.

2. TECHNIQUES USED TO GENERATE BODY SECGMENT INERTIAL DATA

There are two basic approaches used to obtain body segment inertial data. Oue
approach is to perform actual pendulum-type measurements on cadaveric body segments.
There have been only two significant studies performed in the U.S. on human cadavers us-
ing this approach, one by Chandler, et al (1975}, which includea data on all the body
segments of six adult male cadavers, and the other by Walker, et al {1%73), which empha-
sized the head and neck segments of 20 adult male cadavers. The second approach is to
construct a geometric model of a body segment and compute the model’'s inertial properties.
Data used to construct the models are from one of two sources: anthropometric or bio-
sterecometric measurements. We will be emphasizing techniques for constructing the geo-
metric models from anthropometric data. )

Previous body segment geometric models have been homogeneous ellipsoids, cylinders
or frustrums of circular cones. [See, for example, Reynolds (1974).] We have developed
the mathematics for a more general geometric shape shown in Fiqure 2. This sgement model
can have up to three parts. One of these parts is the right elliptical sol.d, which has
these characteristics:

- It has two parallel elliptical end-planes. A z-axis is defined through the cen-

troids of these end-planes and is normal to both plares. .

~ The end-planes and any other cross~section parallel to them are ellipses with

centers on the z-axis and semiaxes in the xz~- or yz-planes.

| Simply Transected
Elliptical Cylinder

Right Ellipticat
Solid

Simply Transected
Edliptical Cylinder

Figqure 2. The General Geometric Model.

o

For our purposes, the shapes of the right elliptical solid is further restricted
to those that can be defined by supplying the semiaxis values of the end-planes and a
single cross-section somewhere between the end-planes. Although the other geometric
models mentioned have the avvantage of having existing closed-form expressions for their
inertial properties, they are relatively poor approximations to actual body segment shapes
when compared to the right elliptical solids described here.

The other parts of the segment model in Figure Z are humogeneous simply-transected
elliptical cylinders. A simply-transected elliptical cylinder is an elliptical cylinder
that has been cut diagonally from the edge of one end-plane to the opposite edye orf the
other end-plane. 1In addition, if a coordinate syatem is defined with the z-axis passing
through the centroids of the end-planes, the cut-:lane is parallel to either the x-axis

or the y-axis. In the segment model there can be one simply-transected elliptical cylin-
der at each end of the right elliptical solid.

To complete the specification of ocur body segment geometric model, we require that
the z-asxes of the three parts coincide and their xz- and yz-planes must line-up, although
they need not coincide. {For example, the xz-plane of a simply~transected elliptical
cylinder can line-up with the yz-plane of the right elliptical solid.}
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i The basic procedure for computing the inertial properties of a body segment using
this model is: ) :

1. BSelect one of the following models:
a. Right elliptical solid.
b, Simply~transected elliptical cylinder. i
¢. Right elliptical solid with a simply-transocted elliptical cylindor at one
ond. . : . ’
d. Right elliptical solid with simply-transected elliptical cylinders at cach
end. .
2. Define the local coordinate system for cach part and a coordinate system for
the segment model as a whole. '
3. If the model includes a right elliptical solid:
a. Identify the proximal, mid, and distal planes. .
b. Determine the semiaxes for these planes and the distances between them.
c. Determine the density. : :
d. Run the program MISEC2. - .
4. For each simply-transected elliptical cylinder:-
- a. Determine the base semiaxes and the height.
o b. ' Run the program “"Simply-Transected Elliptical Cylinders."
5. Combine the individual segment inertia properties using the program “Parallel
. Axis Theorem.* :
6. Obtain the segment principal moments and direction cosine matrix using an avail-
able eigenvalue and eigenvector program. : ) '

Step 2 requires that local coordinate systems be defined for cach part of the scg-
ment. It is helpful to orient the sogment to the rest of the body by defining proximal
and distal ends for the segment as a whole and for each of its parts, with the distal end
being furthest from the hoad. Assuming cach part has a proximal ond=plane, the origins
of the local coordinatc aystoms can bo located at the distal end=-planc centroids; other-
wise, theo origin can be located at the distal end-plane centroid, By convention, the
. orientation of a segment's positive z-axis is along the cylindrical axis, from the proxi-
mal end to the distal ond, Tho positive orientation of a megment's y-axis should be right
lateral {out tho right sido}, It follows that tho positive oriontation of a socgment's
s~axis should be anterior {out the front). - :

} The MISEC2 program in Step 3d is a very fast interactive FORTRAN program written to
computé the incrtial properties of the homogeneous right elliptical solid {Leet, 1978a).
The program approximates the solid as a stack of elliptical cylinders of varying semiaxes
values, computes the inertial properties of cach cylinder, computes the center of mass of

the solid as a whole, and thon used the parallel axis theorom to shift the individual cy-

linder's conter of rotation to the solid's conter of mass, whore thoy are appropriately
summed to provide the solid's moments of inertia about its center of mass. : .

The closed-form expressions for the inertial properties of a simply-transccted el-
liptical cylinder, developed in Leet (1378b}, are summarized in Appendix B. A convenient
- HP-37 Calculator program "Simply-Transected Elliptical Cylinders” has been written that
computes these properties with respect to various axis orientations. s .

The HP-97 program “"Parallel Axis Theorem" mentioned in Step 5 has been documented
. in Leet (1978d). :

why

Appendix A specifics the anthropometric data required for each of the body scgments
in order to usc the above procedure. . .

The hoad and neck body segments arc speciasl shapes and we have devéloped speclal

procedures for them. Previously, the goometric model used for the head was either a homo-

geneous aphere or ellipsold. Anthropometric measurements were made of the head's length,
width, and depth, and approximate ollipscid defined. The the principal moments were com-
puted from the closed-form expressions. The principal axes are naturally coincident with
the goometric axes. ’

: We have developed a novel procedurc to obtain the head's principal moments of iner-
tia and principal axes. This procedure is outlined in the following steps:
1. Determine these hoad moasuremonts: ‘1
a. Head longth {measured from the middle of the forchead™, just above the eye=
brows, to the middle of the back of the head). . .
b.  Head breadth (the maximum breadth of the head).
¢. Head height (the distance from the chin to the top of the head, in a verti-
cal direction},
d. Mass (Homogenecity is still assumed.). . . ’ .
2. Obtain a direction cosine matrix defining the principal axes orientation with
respect to a standard local axis system, and the coefficients of the linear
- equations relating the principal mowments computed from the ellipsoid model to
the truc principal moment values. ’
3. Use the program "Moments of Inertia of a Rotated Ellipsoid” to compute the
principal moments of the head.

1Pracise anthropometric terminology oxists for all locations mentioned: it can be obtained

from the author. It is felt that more common, albeit less precise, terminology is more
appropriate for this paper. . B . .
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The mass in Step 1 can be determined by cbtaining the wvolume value by emersion and
multiplying it by a density representative of the class of humans being modeled. For

example, Chandler, et al (1975) have determine that the average uensity for the head =eg-
ments of six adult male cadavers was 1.056 {SD = .020}.

The direction cosine matrix mentioned in Step 2, which defines the orientation of

the principal axes, has been determined for the adult male from the Chandler data (Leet,
1978c). This matrix is

0.6484 0.0000 -0.7613
0.0000 1.0030 0.0000
0.7613 0.0000 0.6484

The standard local reference system used has its origin at the head's center of mass,
with the positive x-~axis in the forward direction (It exits the head at about a point
midway between the eyes at the levzl of the eyebrows.), positive y-axis to the right,

and positive z-axis straight down, all with the head level and eyes straight ahead. (The
technical terminology is "head oriented in the Frankfort Plzne.") The direction cosine
matrix specifies that the principal x-axis is rotated 49.6° counterclockwise about the
local reference y-axis: this axis exits the head at about the top of the forehead. (The
temptation was to say at the hairline, but that, unfortunately, can be too misleading.)
The positive principal z-axis, therefore, exits the head approximately through the mouth.

The "Moments of Inertia of a Rotated Ellipsoid”™ program, which is documented in
Lest {1978c), uses the three specified head dimensions to define an ellipscid whose axes
are oriented parallel to the local reference axes and centered at the gzometric center of
the head. It then uses the direction cosine matrix to define a new ellipscid whose axes
are centered at the geometric center, but oriented parallel to the principal axes. The
semiaxis lengths for this ellipsoid are taken as the distances from the origirs to the
intersection of the principal axes with the first ellipsoid. Thes principal moments of
che new ellipsoid are then calculatad.
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Figure 3., Tha Head's Izxyx Principal Moment, Computed Using Rotated
Ellipsoid Geometric Model, Compared to the Exp&rimentally
Determined Principal Moment, If..

The principal moments cobtained by applying this procedure to the six cadaver heads
of the Chandler data wers linearly corrslated with the empirically determined principal
moments. Thers was & high degree of correlsation, as can be seen in Figures 31 through §,
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with the equations being:

2
= ; - 82 =
%% 1.88 Laxx 82,99 {rz 4.99)
* = 1.52 - 77.886 = 0.99
Efy Layy {r2 0.99)
13, = 1.16 iz = 24.22 (r™ = 0.92)

(The experimentally determined moments are I* and the computed moments are Iz.) It is
the coefficients of these equations that are referred to in Step 2. The "Moments of In-

ertia of a Rotated Ellipsoid” program has the capability of performing these linear trans-
formations.

The only inertial properties of the head not yet discussed is the center of mass. At
vresent we know of no technique for determining the center of mass of the head from an-
thoopenotric data.  BEdward Becker (1873}, at the Naval Aerospace Medical Research Labora-
tory, has shown that for adult male cadavers, at least, there is only a relatively small
variability in the location of the head's center of mass about a mean value of 13 mm in

the +x-direction and 21 mm in the -z-direction from the ear hole and midway between the
ears.

The neck segment is a complex geometric shape, as shown in side view in Figure 6a.
there are two cut-planes between the head and the neck: One is parallel to the Frankfort
Plane, passing from the back of the head along the base of the skull to a point just be-
hind the ear; the other is parallel to the body reference y-axis and runs from tle point
just behind the ear (on the mastoid) tangent to the upper portion of the Adam's apple and
out the front of the neck. The cut-plane between the neck and the upper torso is parallel
to the body reference y-axis and passes through the vertebral landmark at the lower back

of the neck called the cervicale and a point just above where the two collar bones meet
{the suprasternale}.

The neck segment has been modelaed as a three part solid: two simply-transected
elliptical semicylinders with the surface curve removed on top of a right elliptical cyl-
inder (Figure €b). Figqure 6c is a perspective view of a simply-transected elliptical
semicylinder with the surface curve removed. In words, a semicylinder is a cylinder that
has been bisected along its long, or z-y axis, the cut-plane being parallel to either the
%~ or y-axis. “Simply-transected” means that the semicylinder is cut by a plane that is
parallel to the same axis as the bisecting cut~plane and runs from the bisecting cut-plane
at one end-plane to the opposite side of the other cut-planc. The remaining part of the
description specifies that the bisecting cut-plane is part of the solid. The part that
is removed is the part containing the cylinder's surface curve.

A FORTRAN program has been written that uses the anthropometric data on the neck
listed in Appendix A to compute the inertial properties of the solid with respect to a
coordinate system with origin at the center of mass and axes in the same directions as
the head reference system {Leet, 1978e}. The program uses the inertial properties of the
simply~transected elliptical semicylinder with the surface curve removed, which are sum-
marized in Appendix C, the inertial properties of an elliptical cylinder, the parallel axis
theorem, and some geometric relationships to determine the model's inertial properties.

Figure 6a. Side View of the Neck Segment.
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Simply - Transected
Eliptical Semicyhinder
With Surfoce

Curve Remove
Ellptical
Cylinder =

Figure 6b. Side View of the Three-Part Neck Geometric Model.

Figure 6c. Perspective View of a Simply-Transected Elliptical Semicylirder
with the Surface Curve Removed.

3. TECHNIQUES USED TO ESTIMATE JOINT LOCATIONS

The body segments in the ATB Model are connected at joints to form the total body.
The location of each segment’'s nints must be defined with respect to the segment's prin-
cipal axes. In_general, the segment's cut-planes are so defined that their centroids are
the joint loci. Therefore, the inertia computation process outlined above provides the
necessary iniforration to determine the joint locations. However, there are gsome oXCop-
tions. The head-neck joint is located at the m.d-point of the line cohnvctinq the mas-
toids (the bone behind the ear). To locate this point with respect to the head's center
of mass, anthropometric data must be available relating the center of mass to the mastoids.
The neck modeling procedure provided information on this joint's location in the neck,

The neck has a second joint, the upper torso-neck joint. Assuming that is is lo-
cated the same distance from the back of the neck as the head-neck joint, the coordinates
of this joint in the neck can be obtained from the neck modeling procedure. The coordi-
nates ot the joint with respect to the centroid of the cut-plane betwseen the neck and
upper torso can also be determined. These coordinates can be transferred to the upper
torso to provide the joint's location in the upper torso.

The shoulder joints are located using values from the upper arm and upper torso
models.  The joint is assured to be one-third the distance from the top of the shoulder
{acromion) to the arm pit (axilla), measured from the acromion, (This fraction is the
subject of some coatroversy.)

The upper tovso-mid torso and mid torso-lower torso joint locations are computed
using a formula developed by Liu and Wickstrom (1973)., With the standard local reference
axis system having the positive x-axis forward, the positive y-axis to the right, and the
positive z-axis down, the distance in the «x-direction from the center of mass is given
by a, + a, (W / H * Y})), where ay and a; arc regression coefficients computed by the au-
thors for each vertebral level, W is the body weight, H is the body height, and ¥ {8 t'
width of the body at the joint location.

p)

It is recognized that there 18 a continuing controversy over rules that locate jointa
from external landmarks. This i{ssue can not be addreased in this short summary; the re-
sults in this paper reflect the latest thinking.
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The upper torso-mid torso joint is located at abcut the level of the T7 vertebra.
The -x-distance can be computed by averaging the values obtained from the Liu and Wick-
strom formula for the T6é, T7, and T8 vertebrae. The mid~torso-lower torsc joint is lo-
cated at about the level of the L3 vertebra. The -x-distance can be computed by aver-
aging the values obtained from th. Liu and Wickstrom formula for the L3, L3, and L4 ver-~
tebrae. To complete the coordinate definitions: the y-coordinates for both points are
zero; the z-coordinates can be cbtained from the geometric models of the segments.

Specifications of the hip joint locations requires the geometric model of the lower
torso and the anthropometric measurements bispinous breadth {the poiat of the hip bone in
the lower abdomen), which is used to compute the y-coordinate (bispinous breadth/2), the
trochanterion height (the hollow on the side of the hip}, which is used to compute the z-
coordinate, and the trochanterion-to-seat-back distance, which is used to compute the x-
coordinate. [In the geometric model calculations, the center of mass is defined with re-
spect Lo the top end-plane centroid, Knowledge of the vertical distance from the end-
plane, which is the iliocristale height {the very top of the hip bone), toc the trochan-
terion is enough to define the z-coordinate.l

4. TECHNIQUES USED TQ ESTIMATE SEGMENT CONTACT ELLIPSOIDS

The surfaces of the body model are described by the surfaces of ellipscidal shapes
for individual body segments. The present state-of-the-art provides no algorithm for
generating the dimensions of these contact ellipsoids; instead, the following set of
heuristics is offered. But first it should be pointed cut that the segment inertia el-
lipsoids are independent of the contact ellipscids. The objective of the contact ellip-
scid construction is to provide a surface description for conta t force interactions and
to generate a representative body shape for graphic display.

The technique used is to work from side and front view photographs of a person re-
presentative of the class of individuals being modeled. The person should be in this
standard sitting position: the head is orierted in the Frankfort Plane, the upper arms
are vertical with the palms in, the lower arms are horizontal, the lower legs are verti-
cal, and the feet are flat on the floor. The objcctive here is to position the axes of
the body segments parallel to the body reference axes. The outline of the body should be

clearly visible in the photograplhs, and scales close to the body mid-planes should be in~
cluded.

The body outline and scale are traced on graph paper. The segment cut-planes are
drawn on these figures, along with the segment principal axes at the center of mass. At
the present time the contact ellipsoid semiaxes are parallel to the principal axes (The
ATB Model program has the option of reorienting the contact ellipsoid semiaxes, but to
date this reorientation has not been required.}. The intersections of the segment princi-
pal axes with the extreme edges of the segment are used, along with a compass, to locate
a first estimate of the contact ellipsoid origins. The coordinates of the origins with
respect to the segment principal axes and the semiaxes lengths are supplied to the ATB
Model program. This program is run for zero simulation time, followed by a body ellipsoid
outline plot program to obtain plots of the initial position of the total body in its en-

vironment. Inspection of these plots ususally suggested adjustments to the contact ellip-
soid dimensions or origin locations.

There is a definite "art" to these heuristics. Furthermorgs, the interactive pro-
cess consumes a comparatively large amount of computer resources and time. Therefore,
contact ellipsoid determination is a prime candidate for future procedural improvements.

5. TECHNIQUES USED TO DEFINE BODY AND JOINT AXES ORIENTATION

The body orientation in the environment is defined in the ATH Model program by spec-
ifying the orientation of the segment principal axes with respect to an inertial reference

system and the location of the lower torso segment's center of mass. This is a straight-
forward procedure.

Two coordinate systems must be defined for each joint, aﬁe in each segment asgsoci-
ated with the joint. Their relative orientations are used to determine the torque at the
joint. A manual procedure, one that sets the usual initia) condition of zero joint tor-

que has been developed and an automated approach using an interactive computer program
is under development.

The required input data for this program are the direction angles of each seqment
with respect to the segment’s local reference system and the angles of certain body seg-
ments with respect to the inertial reference system. ({(Generally, only one direction angle
per segment is required.} The program leads the user through the required input data by
asking simple, completely unambiguous questions. It generates an annotated card deck that
can be used directly in the ATB Model program input data deck plus & detailed listing in
the same format as is generated by the ATB Model program.
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6. CONCLUDING REMARKS

The obvious temptation for any programmer is to create one large interactive pro-
gram that incorporates all the techniques developed so far, plus techniques that permit
easy definition of the environment and contact ellipsoids, perhaps under light-pen or
cursor control. Indeed, we are investigating the cost-effectiveness of such a program.

The new techniques we have described have had limited testing and use. We are hop-
ing that publication of these techniques at this time will leud to further testing of
them, along with the communication to us of any necded improv ‘ents.

Our research program will have an impact on the sciences of anthropometry and anat-
omy in a couple of ways. Tirst, the geometric models we have developed require some new
anthropometric measurements. We have been working closely with experts in these fields
to iusure that the desired measurements are practical and appropriately defined. Second,
1t more accurate geometric models of body seymente are required, improvement will most
likely be made by defining density distributions within segments. No sucn data currently
exist,
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APPENDIX A: GEOMETRIC MODELS OF BODY SEGMENTS AND THEIR ANTHROPOMETRIC DATA REQUIREMENTS

A.l THE HEAD ANTHROPOMETRIC DATA

1. Head Length, hl

2. Head Depth (height), hd

. Head Breadth, hb

. Head, mastoid-to-vertex vertical distance, hmv

. Head, mastoid-to~back-of head horizontal distance, hwb

. Head, mastoid-to-ear hole distance (x- and z-coordinates), (hmex, hmez)

L RV W )

Y
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hd

- hbd

—o{ [=— hmex T

THE NECK ANTHROPOMETRIC DATA

1.
2.
3.
4.
5.
6.
7.
8.
3.
10.
il.
12.

Head, mastoid-to-vertex vertical distance, nmv

Head, mastoid-to-back-of head horizontal distance, nmb

Adam's apple-to-wall distance, nax

Adam's apple to vertex vertical distance, naz
Cervicale-to-suprasternale distance, ncs

Cervicale-to~Adam's apple distance, nac

Cervicale-to-mastoid distance, proiection on the midsagittal plane, ncm
Mastoid to Adam's apple distance, projection on the midsagittal plane, nam
Suprasternale to Adam's apple distance, nas

Mid=-neck depth, nd

Mid-neck breadth, nb

Mastoid-to-mastoid distance, nmm

g

P - nb

THE UPPER TORSO ANTHROPOMETRIC DATA

1.
2.
3.
4.
5.
6.
7.
8.
9.

Biacromial Breadth, utbb

Horizontal depth at suprasternale, utbd
Depth at axilla level, utad

Breadth at axilla level, utab

Circumference at axilla level, utac

pDepth at substernum level, utsd

Breadth at substernum level, utsb
Circumference at substernum level, utsc
Substernum-to-axilla distance, vertical, utsa
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10.
1.

A1l

Substernum-to -ucromion, vertical distance, utss
Volume of body to distal cut-plane of neck, utvn

Je——— utbb —.l
— «—utbd
} 3:22 {u'ss — |e—— utad
e Je——utsd
utsb
utsc

THE MIDDLE TORSO ANTHROPOMETRIC DATA

1.
2.
3.
4.

5
6
7.
8.
9.

10.

1l.
12.

Substernum-to-iliocristale distance, mtsi
[liocristale-to-waist (at navel) distance, mtiw
Depth at substernum, mtsd

Breadth at substernum, mtsb

Circumference at substernum, mtsc

Depth at waist (navel), mtwd

Breadth at waist (navel), mtwb
Circumference at waist (navel), mtwe
Depth at iliocristale level, mtid

Breadth at iliocristale level, mtib
Circumference at iliocristale level, mtic
Volume from fect to substernum level, vfs

mtsd
mtsb

mtsc

m;wg

miw
mhw miwe

mtid
m!gb
mtic

THE LOWER TORSO ANTHRGPOMETRIC DATA

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

13.

Thigh=abdominal junction height, 1ttj)

Iliocristale height, ltih

Depth at iliocristale level, 1ltid

Breadth at iliocristale level, 1ltib

Circumference at iliocristale level, ltic

Depth at thigh-abdominal, junction level, 1ttd
Breadth at thigh-abdominal junction level, 1lttb
Circumference at thigh-abdominal junction level, lttc
Trochanterion height, 1ltth

Trochanterion-to-back distance, 1lttr

Bispineous breadth, ltbb

Length of the line from the thigh-abdominal junction through trochanterion to
the buttock point, ltab

Volume from iliocristale level down, 1ltvd

ihd
tic Itbb

THE UPPER ARM ANTHROPOMETRIC DATA

l.
2.
3.
4.
5.
6.
7.
8.

Acromjon~to-elbow, uaae

Axilla-to-elbow, uaxe '

Depth of upper arm‘amt level of axilla, uaad

Breadth of upper arm at level of axilla, uaab

Circumference of upper arm at level of axilla, uaac

Depth of upper arm midway between acromion ind elbow, uamd

Breadth of upper arm midway between acromion and elbow, uamb
Circumference of upper arm midway between acromion and elbow, uamc
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10.
11,

12.
13.
14.
15.

Depth of upper arm at level of lower arm-~upper arm junction {inside elbow},
uaid

Breadth of upper arm at level of lower arm-upper arm junction {inside elbow),
uaib

Circumference of upper arm at level of lower arm-upper arm junction (inside
elbow), uajc

Axilla~to-acromion length, uaaa

Breadth at elbow, uaeb

Circumference at elbow, uaec

Upper arm-lower arm volume to axilla~acromion liae, vual

ugxge

Front View Side View

THE LOWER ARM-HAND ANTHROPOMETRIC DATA

1.
2.
3.

18,
20.

Elbow-to-finger tip length, laet

Width of 4 fingers held tightly together, lawf

Depth of thickest finger at second joint, laf

Width of hand and thumb together, lawh

Maximum depth of hand, ladh

Depth of wrist, lawd

Breadth at wrist, lawb

Circumference at wrist, lawd

Hand length to wrist, lal

Elbow-to-wrist length, laew

Depth lower arm at maximum circumference, lamd
Breadth lower arm at maximum circumference, lamb
Circumference lower arm at maximum circumference, lamc
Elbow to lower arm maximum circumference distance, lamx
Depth of lower arm at arm crease, lacd

Breadth of lower arm at arm crease, lach
Circumference of lower arm at arm crease, lacc

Elbow circumference, laec

Length of lower arm from crease to finger tip, lacf
Volume of lower arm-hand segment, lavh

jo- facf —%
lace iame iawd
lach lamb lawb jawf

fawh
—— {amx —
fo——————  |g8w ———l
iaet
4 4 l iaf
\Sjﬁ:
lacd lamd lawd ladh
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A.8 THE UPPER LFG ANTPROPOMETRIC DATA

l.
2.

4.
5.
6.
8.
10.
11.
12.
13,

14,
15.

Abdomen~-thigh junction to mid kneecap distance, ulak

Buttocks point to crease at back of knee (The buttocks point is located by ex-
tendir ) a line from the abdumen-thigh junction through the trochanterion point
to the surface of the battocks.), ulbk

Depth of lent at level of the crease at the back of the knee, ulkd

Breadth of leg at level of the crease at the back of che knee, ulkb
Circumference of leg at level of the crease at the back of the knee, ulkce
Depth of leyg at mid-thigh, ulmd

Breadth of leqg at mid-thigh, ulmb

cClivrcumtference of leg at mid-thigh, ulme

Depth of leg at abdomen-thich iunction, ulad

Breadth of leg at abdomer-thigh junction, ulab

Circumference of leg at abdomen-thigh junction, ulac

Abdonmen~thigh junction to trochanterion, ulat

Trochanterion to buttocks point, ultb

Location of mid-thigh measurements to abdomen-+high junction, uima

Volume of leg and foot (Submerge to line connecting abdomen-thigh junction and
trochanterion.), 1v

.- ulak

- -—ulmag —*
N

[ \é i t
§° ulod ulmd ulkd
/ ulab ulmb ulkb
S\Q ulloc ulme ulk
< 1 _
- ulbk —

A.9 THE LOWER LEG ANTHROPOMETRIC DATA

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13,
14.

Crease at back cf knee to sphyrion (lower leg inside lengthl, 1lli

Mid-kneecap to sphyrion {lower leg outside length), llo

Depth of leg at level of the crease at the back of the knee, llkd

Breadth of leg at level of the crease at the back of the knee, 1llkb
Circumference of leg at level of the crease at the back of the knee, llkc
Crease at the back of the knee to mid-kneecap distance, llck

Depth of leg at maximum calf circumference, llcd

Breadth of leg at maximum calf circumference, llcb

Circumference of leg at maximum calf circumference, llcc

Sphyrion to level where maximum calf circumference measurements were made, llsc
Depth of ankle at minimum circumference, llad

Breadth of ankle at minimum circumference, llab

Circumference of ankle at minimum circumference, llac

Volume of lower leg (submerge to line connecting crease at back of knee with the
mid~-kneecap), llv

Side View Front View
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A.1Q0 THE FOOT

1. Heel-to-toe length (maximum toot length), fl
2. Sphyrion height, fh

3. Foot height at ball of foot, fb

4. Big toe height at nail, ft

5. Distance from distal point of big toe to point where fb measurement was made,
frl

&. Width of foot at tip of toes, fwt

7. Width of foot at ball of foot, fwb

8. Width of ankle just below sphyrion, fwa

9. Volume of foot (submerged to sphyrion}, fv

b fwa fwt
4 A 4
! b b1 R
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APPENDIX B: INERTIAL PROPERTIES OF A SIMPLY-TRANSECTED ELLIPTICAL CYLINDER

Property . Vaiuel
v i‘fabh
oM, 0
b
cm, -2
3
Cw, igh
1* "_abh (144b% + 37h%
xx Ts3g2bh (144b7 + 37h7)
13, Tygabh (292a% + 370%)
T syabh (4a? + 3p%)
12, 0
12, 0
1 in 2.2
1, - (f5 + Splap’h
1

The density is implied in all moment values.

Z

R

-




Al-1S
.

APPENDIX C: INERTIAL PROPERTIES OF A SIMPLY-TRANSECTED ELLIPTICAL SEMICYLINDER WITH THE
SURFACE CURVE REMOVED
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(o) SECTION {b) TOP VIEW (c) SIDE VIEW
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CORRELATION OF MECHANISM OF EXTREMITY INJURY AND
AERODYNAMIC FACTORS IN EJECTIONS FROM F-4 AIRCRAFT

Steven P, Combs, Major, USAF
Aerospace Medical Research Laboratory
Aerospace Medical Division
Air Force Systems Command
Wright—Patterson Air Force Base, Ohio 45433

A retrospective study of F-4 ejections from 1967-77 revealed extremity injuries during

' the ejection sequence in 43 of 399 ejections for an injury rate'of 10.8%. Of the 43

_ ejections there were 95 extremity injuries. The injuries were divided into two groups:

~.Severe and Minimal. Severe injuries consisted of fractures, dislocations, ligamentous

" tears and nerve palseys. There were 61 severe injuries. Minimal injuries consisted
of contusions, lacerations, minor sprains. There were 34 minimal injuries. The 61 .
severe injuries were divided into 39 upper extremity injuries and 22 lower extremity
injuries. The majority of the severe upper extremity injuries involved the proximal
joints and the majority of the severe lower extremity injuries involved the distal joints.
When the windblastAvindflail injuries were compared to the various variables correlation

- was seen with the Knots Indicated Airspeed (K1AS), asircralt attitude and aircraft

. type. The incident of extremity injury increases withincreased airspeed, a nose
down attitude, and decreases in the RF-4C aircralt configuration.

The problem of extremity injury during emergency escape in the open seat ejection has been a continuing
-.one and has received considerable attention over the past décade. Reports by Fryer and Payne, and by Hawker
have shown extremity injury rates resulting from wind flail forces to range from 7% to 9%. The extremity”
injury rate under combat conditions has risen to 25%. Based upon these data, it was decided that a retrospective
- study should be conducted on F-4 ejectees. . 1ts purpose was to: (a) identify the musculoskeletal regions most
- susceptable to windblast/windflail forces, (b) identily the modes and severity of trauma, and {c) speculate on
. the biomechanics of motion required to produce the injury mode observed. Initially, all the accident reports that
listed an extremity injury for F-4 ejections at the Air Force Inspection and Safety Center, Norton AFB, CA,
‘were carefully reviewed with respect to aircrew/seat anthropometry, aerodynamic conditions, ejection seat
-type, and the site, type, and time of occurrence of injury during the ejection sequence.

.The anthropometric data consisted of the aircrewmen's height, weight, age, trunk height, sitting height,
leg length, knee-buttock length, and shoulder diameter; aerodynamic data culled included Knots Indicated
Alrspeed (KIAS), alrcraft attitude, altitude AGL and/or MSL, and aircraft type. The ejection seat data consisted
of ejection seat type, history of modification, inertia reel type, restraint harness type, mode of ejection
~ initiation, and seat and body position at ejection. The injury data consisted of the type and location of the injury,

the number of days grounded and hospitalized, and the results of any radiographs taken, The reports were also
screened for severity of parachute opening shock, parachute oscillations, landing terrain, and provious ejections
or emergency parachute jumps. . . . B

‘These preliminary findings indicated that of the 399 noncombat F-4 ejections for this time period, there
were 43 ejectees who sustained long bone and/or joint trauma that could be attributed 1o emergency escape
sequence. These statistics did not include injuries that were ascribable to parachute landing kinematics. Based
upon these data, the extremity injury rate for the decade under study was 10.8%.

Letters were written to the respective medical centers, and post-ejection radiographs and clinical records
were retrieved. Based upen clinical and radiographic materials, the injuries were classified as eifher severe
or minimal injurles. Severe injurles were identified as long bone fractures and dislocations, ligamentous injuries,
and nerve palseys, The ligamentous injuries were those requiring either surgical repair or prolonged immobilization
over one week including meniscal tears. The nerve palseys were either permanent or the temporary ones that
lasted more than one day. The severe injuries required more than one week loss from duty. The minimal in juries
included: (1) contusions with or without bruising that required no fmmobilization and resolved in 2 days.,

(2) lacerations which did not include tendons, major arteries, motor nerves, or compound fractures, (3) sprains
{a ligamentous injury that does not cause incontinuity of the ligament) which required no more immobilization than
an elastic bandage and did not prevent the aircrewmen from returning to duty. B .

1n all, there were 95 extremity injuries recorded for the 43 ejections studied. Of these, 61 were identificd
as severe injuries and 34 wére minimal injuries. The severe injuries could be further broken down into 39 '
injuries of the upper extremity and 22 injuries of the lower extremity,

The severe upper exti‘emi:y injuries consisted of 25 shoulder, 9 elbow, 3 forearm, and 2 hand injuries.
These were attributable to the following forcing functions with respect to the ejection sequence with injury nunber
 listed in parenthesis: (a) retraction [1], (b) rocket catapult ignition [6], (c) windblast and windflail [32].

A single retraction injury was found. 1t consisted of a fracture of the midshaft of the clavicle that was the
result of the inertia reel forces during the retraction sequence of the restraint harness shoulder strap.

The six injuries occurring during rocket catapult ignition are listed atong with their mechanisms of injury:

(1) Midshaflt ulnar fracture caused by a blow to the ulnar side of the forcarm most likely the result
of violent contact with sill. - .

(2 & 3 A transverse fracture of the humerus with a median nerve palsey caused by a blow to the
midarm by the cockpit sill secondary to a midair collision. . )

[ RN




A3l

(4} A compound midforearm fracture caused by the arm striking the idler push—pull rods during
| ‘ an inadvertent ejection.

J (5} An ulnar styloid fracture caused by a blow to the dorsal ulnar side of the wrist by the console.

(6) Intraarticular thumb metacarpalphalangeal (MCT) joint fracture caused by a blow to the ulnar
side of the distal thumb due to forceful interacticn with the throttle.

The 32 windblast/windllail injuries are listed below with the mechanism of injury:

(1) 3rd. 4th, and 5th metacarpal fractures caused by the arm flailing and striking cither the scat
or personnel equipment.

{2 & 3) Fractured ulnar coronoid process and median nerve palsey secondary to elbow hyperextension.

{4 Posterior elbow dislocation caused by hyperextension of the clbow.

(5-8) Posterior elbow dislocation and proximal ulnar fracture caused by hyperextension of the elbow.

(9 & 10) Humeral supracondylar fracture caused by hyperextension of the elbow.

{11) Midshalt humeral fracture caused by abduction of the arm and striking the seat or from violem
muscular contraction in an attempt to control the arm.

{12-17) Proximal humeral fractures: i.e., greater tuberosity or humeral neck fractures, with:
: : tears of the long head of the biceps tendon or median nerve palsey caused by hyperabduction
; of the arm. ;

(18) Shoulder dislocation, an anterior subglenoid type, caused by hyperabduction of the arm.

{19-26) Shoulder dislocation with proximal humeral fracture caused by hyperabduction of the arm.

(27-29) Glenoid fractures assoclated with dislocated shoulders which were spontancously reduced,
caused by hyperabduction of the arm with or without external rotation of the arm.

P (30-32) Scapular fractures of the spim an& neck caused by 2 blow 1o the scapula or by hyper-
: abduction of the arm.

From this review, it is apparent that the severe upper extremity injuries were proximal involving the elbow
and shoulder. - The elbow severe windflail injuries occurred secondary to the hyperextension of the elbow. The
shoulder severe windflail injuries occurred secondary to hyperabduction of the shoulder.

“The 22 severe injuries of the lower extremities consisted of 2 ankle, 7 calf, 10 knee, 2 thigh, and 1 hip
injury. These could also be classified by when they occurred during the ejection sequence: retraction {4), seat
ejection {3}, and windflail (15).

The four injuries accurfing during retraction are listed with their mechanism of injury:

: ) {l-é} Spiral fractures of the proximal fibula caused by a blow to the fibular head by dual leg
: garter configuration,

The three injurics occurring during seat ejections are listed with mechanism of injury:

(1 & 2) Tibial plateau fracture with transverse fibular fracture occurring from a blow to the lateral
side of the knee sccondary to a midair collision.

. (3> A compound tibial-fibular fracture caused by entanglement of the WSO's (Weapons Systems
v B Operator) foot and leg in the pilot's deployed parachute.

The fifteen injuries occurring during windflail are listed with their mechanism of injury:

‘ {1} Lateral subtalar dislocation with fracture of the anterior calcanel facet caused by external )
rotation of the foot.

{2) Medial malleolar fracture caused by external rotation and eversion of the foot.

' . (3 & 4) Compound comminuted tibial fibular fracture caused by external rotational forces applied
| N to the foot and call.
l

{5 & 6) Internal derangement of the knee, a nebulous diagnosis but usually a torn meniscus,
anterior cruciate ligament, medial collateral ligament or capsule. subscquently diagnosed as
a torn medial collaters! ligament with the mochanism of injury being external rotation of the
foot and calf,

(7-10) Medial collateral ligament tears caused by external rotation of the foot and calf, which
may also be accompanied by a valgus moment of the fool and calf.

(11} Medial collateral ligament and anterior cruciate ligament tear caused by a forced external
rotation-valgus moment of the foot and call.

(12} ¥nee dislocation with a torn medial meniscus and medial collateral ligament caused by a violent

external rotation force applied to the foot and calf,
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{13 & 14) Comminuted fractures of the midshalt of the femur most likely caused by torque
applied to the distal femoral shalt.

{15} Posterior rim of the acetabulum fracture that could result [rom a direct blow to the knee
with the hip flexed to %P or by marked external rotation of the leg forcing the femoral
head against the posterior rim of the acetabulum.

From reviewing the mechanism of severe windflail injuries of ihek lower extremity, all are the result of
© excessive external rotation.

‘The majority of the ejections involved the Martin- Baker H7 seat {34 of 433, The rest (9 of 43) Involved
the Martin-Baker H5 ejoction seat. The severe windflail injury rate for the ejections studied from these two
seats I8 45.5% for the H5 and 47.1% for the H7.

A review of the anthropometric data shows no significant difference between the minimal and severe
windflail injury groups for all parameters studied. :

) A comparison of the K1AS (Knots Indicated Airspeed) between the severe windflail group and the minimal
injury group revealed an average K1AS of 403 knots for the severe group and 310 knots for the minimal
injury group.

In analyzing the severe injury group, it was noted that the majority (94%) occurred in a nose down attitude
as compared to 54% for the minimal injury group. 17 the attitude of +10° nose down is considered, the severe
injury group rate was 92% as comparcd to only 14% for the minimal injury group. Examination of the two
ejections that compromise this 14% for the minimal injury group revealed: (1) an YRF-LC modified aircraft with
# large CRT display and console present with the ejection occurring at 10¢ nose down at 550 KIAS by the

© WSO after an cjection by the plilot (a reversal of the normal ejection sequence) at 207 nose up at 600 X1AS, and
(2) an RF-4C at 10° nose down but flying at only 150 X1AS. The study of these ejections helps highlight the
fact that ejections of 10° or greater nose down at K1AS over 200 knots will most likely result in extremity
injury.

A comparison of aircraft types showed that the R¥~4C group had only a 35% severe exiremity injury rate
while the rest of the -4 C, D, E’s has & 76% scvere extremity injury rate. Since the ejection and restraint
systems, aircrewmen and aerodynamic factors are comparable for both groups, the dilference is most likely
the reconnaissance configuration of the RF-4C, especially the longer nose and anterior oblique camera blister.

From this study it can be seen that the majority of extreﬁiiy injuries are windflail injuries (77%). The
windfiall injurles occur at the higher speeds Z03 knots as compared to 310 knots, in a nosc down attitude 92%
as compared to 14%. and more frequently in F-4C, D, ¥ aircralt 76% as compared to the RF-4C 35%.

The mechanism of Injury in the windflail injuries was one of hyperextension of the elbows, hyperabduction
of the shoulders, and external rotation with or without valgus moment in the legs.
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DISCUSSION

D. H. REID, CDR, USN (USA)

What accounts for the significantly greater number of ejection injJurles in the
USAF RF-4 vice P-4 version? In the absence of ejection system and/or aerodynamic
explanation for this rirst question, could there be an "operational,” i.e., flight
profile, reason for more injuries in RF vice ¥ versions of P-4 aireraft? B

'AUTHOR'S REPLY

No real explanation or rationale can be offered. The restraint systems are the
same, the crewmen are esgentially the same., The speeds and the attitude are the
same., The only difference is that the reconnalssance configuration has a somewhat
longer nose. You have some blisters for the cameras, larger ducts along the sides
to run the heat exchangers. I don't know of any windtunnel studies that tell you
the difference of the alr flow over the canopy. We've gone to the manufacturer
and they can't tell us, They can tell us what happens out on the wings, but they
can't tell us what happens in the area of the cockplt. :

D. H. Reid, CDR, USN {USA)

I suggest that this may be chance observation not related to escape system or
aerodynamic peculiarity between FP-U and RP-§ A/C.

G. R. ALLEN (UX)

?e‘meet the chairman's plea for input/injury data, would it be'possible to corre-
late sstimated input aerodynamic and acceleration {ejection) loads with injury?

AUTHOR'S REPLY

The determination when the injuries occurred during the ejection sequence was done
from reviewing the accident reports and listening to the aircrew man’s description
of when he thought he {irst experienced paln or the injury. In analysis of the
injury itself, certain types of injurdes are almost exclusively wind flail whereas
other types have to come almost directly from a blow. Those usually are during
seat firing sequence or from mid-air collision where he was esither thrown against
the side of the cockpit or had his hand on the stick and got inadvertently ejected.
Only in this way can you correlate the injuries with a certain phase of the ejec—
tion sequence and the estimated force inputs.
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Reference Parometers
for Shock Inputs and Shock Tolerance Limils

Dr-Ing. K.E Meier-Domberg
Institut fir Mechanik
Technicsche Hochschule
D 6100 DARMSTADT
Federal Republic of Germany

ABSTRACT

Wherever acceptable limits of shock, parameters of design or test conditions must be
established, it is necessary to reduce both the data of the applied shocks and the pro-
perties of the affected systems to only a few relevant mechanical gquantities.

The proposed kind of data reduction which leads to coherent presentation of input and

tolerance data, shall define a way of comparing the various design methods to sum up the
numerous research results.

1. Properties of an applied shock {the Shock Polygon}.

Approximate solutions of the Duhamel Integral {in the time domain} and the Laplace
Transform {in the frequency domain} lead to simple relations between time histories,
Fourier and response spectra and show that a given shock can be approximated by a
set of step functions. Un this level of approximation, a set of step values defines
an equivalent class of shocks as well as generalized Fourier arnd response spectra

and thus should be used as basic reference parameters. The form of presentation and
guality of approximation will be discussed.

Shock relevant properties of a system {the Exposure Polygon}.

The characteristic and determining property of a system is its shock exposure boun-
dary. With regard to all types of shocks it is a multiparametrical envelope area,
but it can be well approximated by a set of different tolerable step loadings. Each
tolerable step loading defines a significant quality of the system such as the sta-
tic or step load capacity, the energy capacity or the deflection ability. The effect

of damping, nonlinearities and plasticity will be discussed under different toleran-
ce criteria.

As further examples, some severity criteria, models and methods which are used to
describe head or whole body tolerance {(e.g. HIC, SI, DRI} will be compared with re-
search data by means of the established reference parameters in order to discuss
their mechanical meaning and suitable range of application.

The indicated reference parameters may be used in two levels of application,

1. as generalized research results or safety requirements.
The proposed reference parameters themselves are approximate solutions of a shock

problem. They represent the lowest level of approximation, i.e. the highest grade
of data reduction which remains meaningful;

2. as reference parameters.

In more detailed or sophisticated researches they may be used as reference para-

meters for uniform data presentation, because they expose the most significant
characteristics of a shock problem.
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1.

INTRODUCTTI1 ON

The success of data reduction depends highly on the quality of the chosen reference
parameters and the form of data presentation.

We know that many important resecarch results were and are lost by inadequate or mis-
leading interpretation.

The method of data reduction has to consider twc main objects:

- it must al.ow easy comparison of various test ard computation cesults and thus
facilitate i1nterdisciplinary cooperation;

- it must be easy in handling but expose the most significant mechanical features
of the whole problem.

The proposed method is based upon the wellknown practice used in control techniques
and system analysis but is adapted and extended for the purpose of single shoch
events in nonlinear systems. Experiences and methods in other fields have also been
considered, e.qg.

shock isolation and design

shock testing and measurement

dimensions analys‘s and modelling techniques
structural blast »r earthquake research
packaging and tr.asportation problems.

The main intentions are:

1, Evaluation and definition of system relevant input quantities and of input relevant
system properties as reference parameters.

2, Uniform plotting of the various deduced shock data as input values, exposure limits,
satety requirements, test and design parameters, standard Fourier and response
spectra in terms of the defined reference parameters.

Obviously there are three different ways or possibilities to reduce the variety of
parameters:

a) Reduction of the given input shock pattern to only few significant values.
b) Peduction of the real object to a simple mathematical or structural model.
c} Evaluation of input relevant properties of the affected system.

Each single way should be checked or supported by the two other ways. Such a cross
-checking can plainly be facilitated by using the indicated reference parameters.

REMAREK

In this paper the input quantities are described in terms of a translational motion
of some defined input point of the system, see chapter 2. This is only a matter of
easier interpretation and of course no restriction. Other physical quantities can be
treated in the same way or be reduced to parameters that have the chosen dimensions,
e.g. the ratio of a force and a reference mass 18 an acceleration, the ratio of a
pressure impulse and a mass distribution is a velocity, etc.

DEFINITIONS

First, we will try to clarify some definitions and terms which sometimes are used
in a not well defined and therefore misleading way:

System Free -Body -

A system must clearly be determined by

a "free -body- diagram” which scparates
what we call system and what environ-
ment., The chosen border deperds on the
kind of problem and the aim of evalua-
tion. Intrinsic properties of the system
are its physical features (material; re-
sillence, damping, plasticity of compo=-
nents; size; weight, etc,)

input Environment

All kinds of interaction between system
and envir nment (e.q, forces, moments,
pressures, motions), In order to identi-




fy a specified input,

silient contact areas as parts of the system.

Response

All reactions of the system or its parts, e.g. stress, strain, inner forces,
fracture, absolute or relative displacements and their derivatives.

Tolerance critreria

o
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it is sometimes necessary to include supporting devices or re-

injuries,

Tolerance limits of one or more response quantities, e. . tolerable stress, tolerable

defcrmation, injury level,

Input dependent rystem properties

fusually called dynamic system properties}

fragility limit or other performance or comfort criteria.

Relations between an actual response value with reference to a specified input value
in the frequency or time domain, e.q. transfer functions, step responses, dynamic
load factor, response to a specific shock input.

Criteria related system properties

Limits of tolerable input values with reference to a specified tolerable response
quantity, e.qg. performance or exposure limit boundaries, iso-damaqe curves.

Especially the "criteria related properties™ which are the most important statements
in biomechanical applications need a distinct identification of the system, the kind
of input and tolerance criterion to avoid misunderstandings.
A very simple example may illustrate it.

Example: Collision of a resilient support and a rigid mass
a} The free-body diagram includes the mass and all resilient components

b}
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System:
mass m

linear spring k
natural frequency w =4 k/m

Input:

velocity step
Response:
half-sine pulse

e.g. maximum deformation gmax =
absolute acceleration xma§ b
total velocity change 4% =

Tolerance criterium:

e,qg. tolerable acceleration X

to

Performance limit:
tolerable input quantity v

o tol

System:
mass m

Inputs
must be specified, e.q.
half-sine force pulse Fit})

Response:
Ll
e.g. absolute acceleration x =

Toleran s criterion:

tolerable absolute acceleration §

Performance limit:
tolerable input force ¥
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3.

FORMAT OF DATA PRESENTATION (the Shock Net)

The mechanical problems we have to deal with, have predominantly a multiplicative
character, for instance relations between acceleration - velocity -~ or displacement
amplitudes and frequency of a harmonic motion, or integral transformations from thu
time to the fregquency domain., Therefore, it is evident to use logarithmic graphs.
Figqure 3 shows a graph of the suggested type. It is the wellknown multi-scaled lo-
garithmic net that already has found widespread application in the field of vibration
and control techniques but has been adapted and completed for shock problems by some
additional scal>»s. In the following chapters we will see that these multiplicative
connections will lead to approximate relations between values of time functions and
their Fourier or response spectrum wittout further calculation and that they provide
an overall view whether an input shock erceeds a given exposure boundary or mets a
specified test requirement. “he scales aie.

a) Abscissa: 1 -
inverted time axis, dimensions s 7, & . ror spectral angular frequencies i (s
natural angular frequencies wls=1), egquivalent durations teqls) so that scale u =
scale « = scale 1/teq. Furthermore, a 2n shifted scale for ?rcquencies f = «/éin (Hz)
or natural periods T = 1/f may be provided for convenience.

).

b) Ordinate:
velocity axis, dimensions m/s,scaled for spectral modulus A(:) of acceleration
histories a(t), maximum velocities or total velocity changes of shock inputs
v ; velocity response amplitudes ¢ or tolerable velocities Veol®

max
c) Angled scales for the corresponding displacement values s, dimension (m}; accele-
ration values a, dimension m/s2; and jerk values j, dimension m/s-.

EXAMPLES :

a) A harmonic motion is reprcsented bv a point on the graph exhibiting the various
amplitudes and frequency § w = 0 = §/u = j/wé,

8) A rectangular acceleration pulse is represented by the intersection of the velo-
city, acceleration and duration scales v = a.-t, {.e., each intersection of two
lines represents an (equivalent) rectanaular pulse.

CHARACTERISTIC FEATURES OF SHOCX FUNC1IONS (the Shock Polygon)

4.1 The family of simple shock functions. ) .ﬁﬁd,;v
]

The time integrals and derivatives . - jerk double-pulse jev
of a pulse function form a family of t

basic shock functions. Let us take
for example an acceleration pulse a(t)
and its integrals and derivatives as a

illustrated in Fig.1,. //,\\\\,f

We see that for instance a velocity te T
step can be represented either by a
jerk double pulse or an acceleration
pulse or a displacement rise.

RN
J adt: v

acceleration pulse a:v

<

Vg 2V
This family can be expanded to other
dimensions. Fiqure 2 shows for in-
stance a similarly structured group

of time functions which all have the
dimenpion of acceleration a(t),Further
the Laplace transform A(R) of these
functions is plotted in Fig.2 where
A(s1) is the modulus and the spectral te T
anaular frequency iI is the Laplace
operator,

velacity step v

o

- Integroton

displacement nse $ - J vt

o

Fip. 1 A group of identical shocks
Iceal shock functions teoo.

In the special case of ideal shock functions, tevo, the following exact relations
exist:

Time domain Frequency domain
Modulus Phase
double pulse a(t) displacement step s * A} = gy Vi) = =»/2
pulse a(t) velocity step v ¢ A(N) = v v )y = 0
step al(t) -~ acceleration step a * A{2) = a/2 Vi) wen/2

rise al(t) -~ jerk step 3 * A1) o /0! () » w
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Fig, 2 A family of shock functions a(t)
and their spectral moduli A({Y)

We see: In the special case t_ » 0, the various functions a{t} are represented hy
straight infinite lines in th& logarithmic frequency net. If we use the proposed for-
mat with ordinate scales A {2} . v and angled scales for a, 8, j, each of these lira-
represents both the step values (time domain} and their spectral moduli and thus L«
exact solution of the Fourier or Laplace transform.

More general shock functions te # 0.

Now we will study time and frequency relations of more general functions.

For all shock functions (functions having only values in the positive time range}
Fourier and Laplace transform are identical when basing on the specific definition

Xt = 17 xtve "1tae = 1 xtwrePtae
where i1 is the spectral anqular frequency and {the imaginary part of jthe Laplacc
operator p = iy, respectively.

Using the limit theorems of Laplace theory we find the asymptotic modulus valucs
if x{0} and x{~} exist

lim _ lim
v e xi;ﬁ] - lm G[x{t}}

;iT o {p x%gi] - iif - {xitq

Taking for example the shock function a(t) of Fig. 3, these asymptotic relations can
be applied to the derivative j, because {0} = jmax‘ and to the double integral s,

because g{~) = Srax with the resultant asymptotes {1,2}

2o+ = 3o J{w) = }max

i+ 0 1 4 Sy = 8nax”

Because J{u} = u Afu) and g () = A{u}/a?,the final results are the asymptotic modulus
values A(u}

gos o= 3 AR} = fat

ﬁmax

oy . .
o+ 0 1 AR} = 8 ax 3

as lines imax and Boax if the proposed format.
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O snocx pulygon end spprox Fouier spectium AL and shock-response-polygon (2)

(@) shock response goiygon of undamped smple systems v (w)

Approximations in the medium frequency range in setting tj~c and t‘»c are:

t, » 0 : A(R) = a /2

b] max
t, 0 : AlQ) = Veax®
The polygon, Fig.3, iine (1), which is formed by the values Spax’ Vmax’ *max and jmax

of a given function a(t) is therefore an approximate solution of the Fourier transform
a{t)o+A(2). Let us call it the SHOCK POLYGON.

The intersections of this polygon exhibit very informative relations between a time
function and its spectrum. The ratios of two maximum values of two succecsive time
functions define certain time values which may be defined as equivalent durations,e.q,.
a
equivl, duration of (positive) jerk tj » LEAX
max
Vmax
equivl, duration of (positive) acceleration t = e
max

s,
equivl, durition of (positive) velocitly t, " 3925 .
max

They represent the duration of an area equivalent rectangular pulse.

The polygon intersections in the frequency domain exhibit another group of relations.

max

- dmax

max

Vmax
corner frequency a, = "% .
max

corner frequency nj -

corner frequency 1,

The sbove definitions establish a close connection between the time and frequency
domain

which lead to the stated interrelation between the abscissa scales a. ] 1/t.q.

q

W~ -
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Besides, the corner freguencies or equivalent duratioss mark per se the validity range
of approximation in which a shock function can be replaced alternatively by an acTele-
ration, velccity or displacement step.

The approximation of a Fourier spectrum by the maximum values of time derivatives ls
very close for all functions with one discontinuity, for example all combinations of

e-functions without time lags (phase minimum functions}. It gradually becomes less pre-
cise tor rougher or more oscillating histories.

4.2 Construction of an upper spectrum limitation.

Fourer-Ampl Spectrum jfg’ae: Histary

mis

A 52)

)

JRUS—

o e

0wt o w's te ®

Fig. 4 Double-sine acceleration pulse a{t), its

exact Fourier spectrum {1), its shock polygon (2)
and the upper limits of spectral values (3}

The upper limits of a spectrum may be of special interest for acoustics and structural
design work where linear, small-damped systems have to be investigated. In contrast,

mean spectral values which are represented by the shock polygon are more significant for
safety or statistical performance applications.

The upper limit of a spectral modulus can be found by summing up all changes {ups and

downs}? of the time function instead of using the simple maxima values. Figure 4 shows
as an example a double-sine acceleration pulse, its exact Fourier spectrum . the
shock polygon formed by the simple maxima s e ¥ . B e 3 , and the upper limit
formed by the sums s 4a max® wB2E 1 nP38matTBE and examples in {1]).

ax’ Vmax’ 3max’ ¥ Imax:

4.3 valuation of the deduced reference parameters.

We must ascertain now that the deduced reference parameters not orly exhibit plain re-
lations between time functions and their spectra but that they are alsc relevant input
parameters with respect to system responses Or tolerance limits.

The convolution integral

Linear system analyser, using approximate solutions of the Duhamel or convolution inte-

gral lead directly to the same result and show that the exhibited maxima of a shock

i?fat and ite derivatives are predominant and response relevant values of a shock input
3.

Shock response spectra

The so-called response spectra are simply pointwise diagrams of specified response
values of an ensemble of equal systems by varying their natural frequency. Response
spectra thus are another kind to describe an input shock . Otherwise expressed the
applied shock is weighted {(filtered) by a specific type of systems,

The simplest response spectrum is that of the oscillatory parts of the residual response
of an undamped simple linear system.

A comparison of the Fourier spectrum with this residual response spectrum by means of
the Fourier mtegrai’[z}if
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Ay = a(t)e”tRtGe
[+
and the convolution integral
t
0=, 8 = é a(t)sinw(t-t)dr/max

confirms the well-known similarity of both solutions, The coriesponding values are

spectral modulus and velocity response amplitude
A(2) o~ @,

spectral angular frequency and natural system frequency
DO W

Ccnclusion: In the proposed format of the shock net, where scale § = scale w, and scale
A(2) = scale ¢, the Fourier spectrum and this residual response spectrum have exactly
the same curve thus, the shock polygon is not only an approximatira to the Fourier
spectrum but also to this response spectrum.

4.4 Relations between response spectra and exposure limit boundartes.

In linear systems the relation between a maximax response spectrum and the correspon~
ding exposure limit boundary is evident. Both solutions are merely inverse interpre-
tations of the same problem,

A maximax response spectrum exhibits the maximum response valies of a set of equal
systems excited by one specific shock input as function of the system frequency w.
Figure 5a shows the max. acceleration response X, of damped linear simple systems
‘wi to a double-sine acceleration input which is 3&fineq by the value Vmnax and the
equivalent duration t,-

x man i Vi ,4‘
WY e Vomeny Rato Xyt //
' o ] ’ )
w as 1, _ ;
2 ’ 0.2% - ’ ,
£ | a
B o £ ,
&J [ ' 015"
x O1 / 20 as ’
§ g ! 10
/ w l Davwpng Kato'
T Ty e oW

taa -%.— te Tolerance Criterion

X
t Vmax 2 Qmon te ot '

Fig. 5 Equivalence of response spectra a) and
exposure limit boundaries b) in linear
systems

An exposure limit boundary exhibits the limit values of a set of equally shaped input
shocks which excite a specified tolerable response value of the given system as func-
tion of the shock durations. Figure S5b shows the input tolerance values v.,) of all
double-sine input shocks of various equivalent durations t,. The tolerance criterion
is the tolerable system response Xeoye

For linear systems and logarithmic plotting the two results in Fig. Sa, b are recipro-
cal congruent curves,

In linear systems the approximate response spectrum and the exposure boundary respecti-
vely can easily be developed from the shock polygon by calculating the various step
responses, 1.e. weighting each polygon range by & corresponding “load” factor.

Figure 3 line (2) shows the standard “shock lpectrwf for relative displacement and ab-
solute acceleration of single~degree-of-freedom systems with small or no damping as



i, S, A %

)

A

used in the field of shock testing and isolation. The weighting factors are |1 S ax

1,5 2 [ TSI S S
$5 Voax and A ae UP A

In nonlinear systems a response spectrum is meaningless and not defined. Yet the expo-

sure boundary which is a significant system property, remains meaningful. (See chap-
ter 5.0

4.3 Summary and instructions.

The guantifying of an input shock relies on a suitable assessment of typical peak va-
lues of a shock function and its appropriate derivatives and integrals, e.y. max. dis-
placement, velocity, acceleration, and jerk if applicable, see Fiqure 3. The peak
values are plotted as lines parallel to the appropriate axes on the SHOCK NET. (Sece
chapter 1.} They form the SHOCK POLYGCH from which several! important relations

can be deduced as ander:

{a} The time coordinatesof the intersections indicate the equivalent pulse dura-
tions, e.q.

- equiv. jerk pulse duration (or rise-time of the acceleration pulse}

tj = amax"(}max

- 'y 'r' o 3 : . i =
equiv,. acceleration pulse duration ta Vmaxfamax

- equiv. velocity pulse duration t, © Smavamax‘
{b} The shock polygon approximates a given shock by a couple of step functions, e.q.
an acceleration step axt 2 velocity step Ymax® and a displacement step s

max”
The intersections indicate the validity range of approximation.

{c} The shock polygon is an approximation to the modulus of the Fourier spectrum
A1) of the acceleration a(t}, i.e. it approximates the Fourier transform of
ait}). Thus it is a generalized Pourier spoctrum.

{d} It also approximates the residual response spectrum of undamped single-degree-
of-freedom systems with natural angular frequencies w. The responding vibration

amplitudes 8; ¢ or & can be read off the corresponding scales for displacement,
velocity or acceleration.

Notes. The approximate relations b}, ¢}, d) fit well for all shocks with only one dis-~
continuity, they gqradnsally become less precise for rough, oscillating histories. To
obtain suitable peak values, the shock pattern may be smoothed or filtered with regard
to the frequency range of interest.

If some of the values, e.qg. Ipax® Zmax OF Spax 2T€ not known {or are infinite}, the po-

lygor reduces to a straight line, e.g. Vimax which indicates that all other values are
assumed to be infinite.

Shocks having the same shock polygon, have approximately the same frequency contont but
may differ more or less in phase characteristics. The remaining additional information
of an actual pulse shaps has only second-order quality.

In the case of transient vibrations {e.g. earthquake motions} the generalized Fourier

spectrum of a polygonal type is a rhock polygon and thus defines the basic parameters
of an eguivalent shock.

Independent of the application of the relations b} - d} the defined peak values and equi-
valert durations should be used as descriptive shock parameters.

Generalized {approximate) response diagrams can be obtained from the shock polygon by
calculating the various step responses of the specific type of systems {e.g., damped,
undamped} and the response of interest (e.g. max. relative displacement, zbsolute accu=
leration). A generalized shock response diagram, thus originates in the palygon by
weighting each range. It may be called SHOCUK RESPONSE POLYGON.

5. CRITERIA RELATED SYSTEM PROPERTIES {the Exposure Polygon}.

The ensemble ! shock inpuis of the same pattern {e.g. all double-sine acceleration pul-
ses, Fig. S5b} afiecting the same response value (e.q. a tolerable relative displacement
or stress} form a specific exposure limit boundary. Each specific¢ tolerance criterion
creates another special limit boundary.

In general, the exposure limit boundary for a specific system with one criterion consi-
ering all various types of shock inputs is a multi-parametrical envelope area which
can be ottained by means of modelling techniques or numerous series of shock tests.

A useful approximation which reduces the mnvelope arca to a simple line, is the envelope
of all tolerable shock groups represented bty their shock polygons. As further approxi-
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maticn, which represents the highest grade of meaningful data reduction, thi. boundary
can be approximated by a2 polygonal line, see Figure 6, which may be called the EXPOSURE
POLYGON.
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Fig. 6 Definizion and elements of the
exposure polygon

The exposure polygon requires the following shock relevant properties of the affected
iystem; see Figure 7 as an example:

a) Steady acceleration limit a1 (static load capacity):

the asymptotic value for tolerable long-duration shocke with low jerk values
(Ipax * 0
8) Acceleration step limit, a, ol
the value of the tolerabie acceleration step (sudden applied load, J + =)}which
is related to the steady acceleration limit by means of the dynamic T3%a factor
DLF{=) = a, /a . The transition range from the steady acceleration limit
a, . to tae 2&ce!e§2lion step limit a 1 is given by the tolerable jerk jtol or
th8lrise-time t'j which is approxima!ef? t'j s 10/u.

y) Velocity step limit Ve tol?

the shock tolerance for relatively short acceleration pulses which is related to
che energy capacity or the wave resistance of the system.

4) Displacement step limit sg )

the shock tolerance value in the case of sudden displacament changes which is
related to the deflection ability of the system. In viscous damped or continucus
systems s, . is zero.

The shock exposure polygon applies approximately to all types of shock, and thus is a
shock relevant property of the system and its tolerance criterion.

Figure 7 shows as an example exposure polygons of the spinal injury model {5.,6}).
e chosen tolerance criteria are

a) tolerable deflection ¢$ = 0,36; 1,1 3,6 cm

tol
resp. DRI = 1 H I 6 q

8) tulerable absolute acceleration ;tol =10 ¢ 30 100 w/s?
The most simple computations of step responses arv carried out in J]. Figure 7 may give
us somo basic information on the behavior of the system and the influence of the chosen
criteria:
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Fié. 7 Exposure polygons of the apinal model

- the interaection of lines htal and stoi has the -abacisaa value w . )

in the range of shart‘dsrétion f&oab}a)‘pulseﬁ t, < 10 ws, the different criteria

801 and §ta14lsaﬁ to obviously different limits because of the system damping.
In tha'ranga‘t“ > 10 me the influence of the damping force iz likewise small;

=~ long duration pulaaa'wigh smal; jgrk values or long rise—;imes tj < 18& ms
respectively can be treated as atatic loads; )

~ in the range t, » 180 ms = j&fma the “overshoot" increases and reaches the value
of the dynamic load factor of about 1.4 for sudden acceleration rises

- the pulse duration t, = 40 ms = 3,§/mc separates the quasiatatic and impulsive
‘load range;

- the valus v 1 reprosents the enerqy eap&city " # of the system according to

A to
Bigy = m v/l S .
- . the comparison of Flg. 5b and Fig.7 will explain wmore clearly the influence of

x

system damping with regard to the acceleration oriterion £tat‘

SUMMARY AND INSTRUCTIONS.

'he exposure peigqcn ag an approximate tolervance boundary is & useful tool in orlenta-
tion ‘and planning for wmore detatled theoretical or experimental studiea. It defines
typical criteria related system properties and ;ha range of thelr relevancep

atatlc load capacity {t1 > 19!m0}

step  load capaclty v(t& ’~vi/“0}

impulse load capacity ltﬁ < Tfm“}

deflection ability {tv <1 mﬂ}

dynamic load factor {1« ® ti < 10}

In linear aysntems the torm w  represonts the lowest syatem frequency, in nonlinear
ayatoms an oquivalent cornor frequency.

iy i R
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In damped or degressive nonlinear systems {e.g. elastic-plastic restraint} the influen-
ce of the actual pulse shape is still less than in undamped linear systems, [3].

Experts experienced in harmonic system response and "Bode-diagrams”, will recognize at
once the relationship between the tolerable step loads which form the exposure polygon

and the driving point mobility, where the real part of mobility relates to the tolerab-
le velocity step and the imaginary parts {real parts of compliance and inverse apparent
mass} are comparable with the displacement and acceleration step respectively. Thus the

transition from vibration to shock problems can easier be understood when the same kind
of representation will be used in both areas.

The proposed criteria related system properties are easy to calculate or to deternine

by test because the are simply step responses.They furnish the basic information for
the shock resistance of the system.

6. EXAMPLES AND REMARKS.

6.1 Total or Egqguivalent Pulse-Durations

Some authors, {?,83 for example, use the total pulse duration T and the peak accelera-
tion a x a8 reference parameters for comparing the effect of shocks, see Fig.8,a. When
using PR equivalent pulse duration t_ instead of T {Fig.8.b), the curves';ﬁift together
in the short duration range, and the fnflvence of the actual pulse shape turns out to

be less important. The resultant curves only differ noticeably in the long duration ran-
ge because the rise-times t. = a /3 of both pulses are quite different. The diffe-
rence would disappear almos? cemgﬁgtef§xif the comparison of varicus pulses would be
based on the proposed reference parameters including the jerk ipay, see Fig.12Z and the

displacement Smax’if applicable.

24 100
N

4 g Yrge
& Ouge

Tolerable Peak occeleration e (g
\“‘v

| £ SRR U SR SIS | | SO, S e

001 o1 $ an o T
ol Total Pulse Durgton T (s} —» b} Equivalent Pulse Durghon 1, {s] e«

Fig. 8 Significance of reference parameters
in comparing exposure limits

6.2 Shock Performance of Ski-bindings

Own researches in shock performance of safety ski-bindings {3,9} may serve as a further
example. The problem was broken down into two groups of probl me.

a} Evaluation of the stecadiness ffespeetiveiy dive}limit boundary of the sKier against
horizontal shocks in frontal and cross dirsction i{n order to specify the necessary
shock performance of the ski-binding. I, e. the binding has to stay closed as far as
the skier can master the situation, to avoid mis-releasing.

b} The shock performance boundaries of various ski-bindings at different adjustment
levels. .

&} Steadiness to frontal shocks.

In order to reduce the number of volunteer shock tests and to avoid risky: ranqges,
static tests were performed at first. E;gggg 3 shows the test situation: x man standing
in fixed ski-shoes was pulled forward by a horizontal force &t the height of the re-
duced body mass. Figure 10 represonts the obtained saverage load deflection curve of se-
veral testiwith one volunteer. An tolerance criterion in the static and dynamic tests
served the maximun tolerable deflection 6, ., * 0.6 m of the body,
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Assuming a test equivalent reduced mass m = 56 kg of about 80 ¥ of the man's weight, the
exposure polygon values could be calculated from the static test result:

acceleration step limit a_

s tol * Fm/m = 0.6 g

"

velocity step limit v \IZE/m = 2.5 m/s

s tol

displacement step limit S. tol § = 0.,6m

The obtained step values are plottad in Figure 11, line (1) as exposure polygon. To ve-
rify or adjust this "static” exposure polygon only few shock tests need be performed.
Some shocks which met the criterion § are plotted in Figure 11 as shock polygons,
Althouyh the shapes of the used pulse&osorc varied, the shape had no significant influ-
ence on the result,

Line (2) in Figure 11 indicates the displacement capacity of the test equipment of 1.5 m
and thus the upper limit of equivalent velocity durations t, 6 of about 500 ms which
could be produced,Iln the ranqge of short duration double pulgcs with high accelcerations
and velocities but tolerable displacement values uite another tolerance boundary was
reached which is characterized by tne "voluntecr knee or leg pain® tolerance criterion,
line (3). The "knee pain" tolerance limit depends highly on the flexibility of the
ski-shoes.

b} Shock performance of ski-bindings,

In frontal direction the required shock performance of the ski-binding depends qreatly

cn the fiexibility of the ski-shoes so that a performance requirement for the binding
itself cannot be specified. According to Fiqgure 11, line (1) the flexibility of shoe

plus binding should be at least constructed so as to match a velocity step of about 3 m/s
without mis-releasing and without reaching the "knee pain” or leg fracture tolerance,
(9.

In cross direction, however, the steadiness limit of the skier turned out to be the
only significant shock performance requirement for the binding itself which was found
to be an input velocity step of 2 m/s, (2).

6.3 MEAN ACCELERATIONS AND TOTAL VELOCITY CHANGES.

Investigators in the field of crash test and car safety research are accustomed to use
total velocity change iv and mean acceleration amean as refcrence paramcters in order
to define a crash situation. This kind of problems Jeals with pulse functions only
haviiy "one side"” values whica of course esscntially reduces the variety of parameters.

The original mochanical quantities tyrn out to be the response of the system “car®, {.e.
the total velocity change Ax = X, = x, and the deformation § of the crash zone. (Sec
chapter 2.) The calculations

“?
mean acceleration A ocan * A% /26

and total pulse duration T = 28/6%

are only a transformation to some other plain values (input to system “cell”), but pro-
vide no additional information. Of course, if no other f{nformation is avatlable, for in-
stance in collision case studies, the approximation of the actual shock input by a rec-
tangular pulse is near at hand but as speculative as any other assumption.

If additional data can be obtained, e.g. acceleration histories in ficld tests or load
detlection curves of the crashing components they should be carried out at least to
provide the peak acceleration (or a kind of shock crest factor amax/smean! or jerk, if
applicable, as minimum additional information.

In many papers, e.q. [10], the collected whole body or head tolerance data are presen-
ted as plots of tnlerable mean accelerations versus velocity change, Disadvantages of
such a presentation are for instance:

-~ the «ffoct of jerk or acceleration rise-time cannot well be incorporated,

= tho asymptote of the exposure boundary for long duration acceleration pulses
relies on system relevant smoothed prak valuos and not on mean values,

= double puise (displacement step) affects cannot be presented,
- relations bontween shock and vibration thresholds cannot be developed,

6.4 SINGLE NUMBER TOLERANCE INDICES.

8ingle number tolerance critcria {f not related to a well defined model or tost situa-
tion need to be handled and applied with caution,
Two wellknown reprenentativem are the

GCadd Severity Index GSI
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and the slightly modified
Head Injury Criterion HIC,

The single number weighting of problem so multiparametrical, is an extensive data reduc-
tion and conscquently leads to a substantial loss of basic information. Let us try to
valuate the mechanical relevance of thesc quantities by means of the shock net and the
proposed reference parameters, Figqure 12 presents some “one side" acceleration pulses

heving equal eguivalent rise-times t}, " durations t , and the corresponding GSI and HIC
values,

when using the proposed reforen-

ce parameters the GSI and HIC Shodks with equol Gadd - Seventy - ndex [Heod ywry Caterion
valuations differ obviously parameters - ?“

not very much and the influence Gsi=f(9Y & HIC- [ 36*}39
of the pulse shape is remark- G - Vinar & deman . J{é}

ably small, Flgure 13 cven
accentuates this statement:
the influence of GSI weighting

indecd turns out to be a narrow °t --a

band of about 1 dB. Furthermore, I o o -
Fig, 13 exhibits the original ng GS!:{ag Ers]tﬁ §ﬂ£:[§3?gwjtd
idea and quality of the GSI to te { g g

be an coverall human tolerance b f, =i _3:

limit including blackout
phenomena at long duration
accelerations as well as skull
fracture in the short duration
range. The weighting exponent
2.5 of acceleration has no
other background or inten-
tion as to produce the in-
clination 1:0,6 of an over ~
all fitting line.

2% E

G5t = {&88 Gg'“‘ I' fv HIC = {33,«_ 9-;9.} 1,

S .

GSi:Eﬁ,& ngl I 1, |wic ={3,?6 g%"’—'lz '

6.5 HEAD TOLERANCE TO FRONTAL
SHOCK

No other special shock tolerance
problem seems to yield more se-
condary papers than the head in-
jury problem, and with this the
confusion increases. Let us make
another attempt.

te

G5i=[ 072 “"“'] t, [HIC 086 “&““}

The head injury criterion HIC
for instance sometimes is un- Fig. 12 Comparison of GSI and HIC valuations
derstood to bLe by means of the proposed reference
a} *he evaluation of input quan~ paramelers

tities, in other words an

nput tolerance limit

b} a true tolerance criterion, i.e. a specified tolerable response value. {Definitions
see chapter 2.}

If b) applies, a clear specification of the nature and location of the response value
mugzt be stated or a specified model be constructed. The relation between a} and b} is
the transfer function from a given input point to the point of measurement. It may en-

large or attenuate the input quantity depending on whether the input load has a more
static or more impulsive character.

If a} applies, the acceleration history of the contact area between head and {ductilel
target must be measured and evaluated. Now we will try to compare some data of head
tolerance to frontal shock by using the proposed shock net and the reference parameters.

Figure 14 illustrates the various attempts to substitute the Wayne-State Tolerance~-
Curve by simple models. A fifth model was added by the author. Because no other infor-
mation about the "Wayne-State pulse shape™ is available and because the tolerance
curve is presented by insignificant mean accelersation values, a special pulse shape had
to be assumed. Obviously, the assumption for determining the paramcters and tolerance
criteria of almost all models was a triangular pulse.

Figqure 14 shows the deduced model parameters, the chosen tolerance criteria and further
in the last line the corresponding exposure polygon values,

More original skull fracture data are listed below:

Lissner 1960

Free fall tests, 50% skull fracture, tolerable volocity step Viel * 5 m/s
moasured Accelerations {responses?} i max ™ 176 + 230 g
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Fig. 14 Wayne-State head tolerance curve and its
substitutions by simple models
v. Gierke, Goldmann 1961 {8)-
Energy capacity of skull 50 = 75 Nm,
Assuming an egquivalent mass of 5 kg,
the tolerable velocity step s v, ., * 4,% ¢ 5,% n/s
Swearingen 1967
Tolerable input force 10 kN e
measured tolerable accelerations (responne?) Xeo1 ® 200 ¢
Daniel, Patrik 1973: v
Tolerable acceleration (responses?) x, . * 163 ¢
Let us discuss these da:a with the use of Figure 13. It shows the Wayne-State Cucve,

tepresented by tolerable input peak accelerations having the polygon values a, ., * 100 ¢

and v,y * 4,2 m/s. The tolerable velocity step seems to be well confirmed by the above

‘vu tuy
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values.

Most of the reported tolerable accelerations likely are respouse values and thus a kind
of steady acceleration limit, Assuming a dynamic load factor for step accelerations of
1.5 and the transition from the step to the steady acceleration limit in the jerk range
of 5 g/ms, the exposure polygon may be represented by the values

steady acceleration limit 2,51 = 150 g
acceleration step limit A i1 ¢ 100 g
jerk dependent tramsition §j_ . =« 5 g/ms
velocity step limit Ve tol * 4,2 m/s

The exposure polygon exhibits a corner frequency of about 60 Hzfit differs from the MD
model natural frequency of 73 Hz because of the damping of the system}which corresponds
to the equivalent corner duration of about 3 ms. This means: The skull fracture criterion
{only this and no othe: brain injury criterion} allows to filter or smooth the accelera-

tion histories with a corner frequency of about 60 Hz or a time constant of about I ms
to obtain plain values,

Furthermore, Figure 15 shows the validity range of HIC or 81 if based on input quanti-

ties, It follows that the range of pi¢ application must be restricted to equivalent
durations from 1.5 to 20 ms.

The intention of this chapter {8 not to produce new head exposure limits, but to indica-~

te how eoxisting data may be conjared in order to check their qualities and PURMISHIBLE
ranges of aprlication,
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SYMBOLS

Input guantities (time functions)

8; v; a; j: displacement; velocity; acceieration; jerk- values or histories.
Spectral values (transformations of input values)

1; i0 3 p spectral angular frequencies, Laplace or Fourier operator

nv; n.; 1, apectral corner frequencies {(see chapter 4.1)

A(Q); v(9) spectral moduli (capital letters) of time functions a(t), v(t).

Time values (used to describe input time functions)

tgs T total pulse durations (e = end)

tv; t.; tj equivalent durations of (positive) velocity; acceleration; jerk-pulses
(see chapter 4.1)

Response quantities

X, X, ¥ absolts respunse values, e.g., displacement, velocity and acccleration.
8, ax relative displacement, total velocity change in a system.

System properties

m; k; b parameters of a simple linear system: mass, stiffness, damping resistance,
w s /k/m; natural angu’ar frequency
D = b/2mw damping ratio

we corner frequency in nonlinear or complex systems,.
Indices
0; % amplitudes in harmouic vibrations

Vaux! ;nax maximum or peak input or response values
gtol’ atol tolerable response values, tolerance criteria
851" Yeol tolerance limits, maximum tolerable input quantities

a8, tol! Y3 tol tolerable step inpute (exposure polygon)



MULTIAXIS DYNAAMIC RESPONSE OF THE HUMAN HEAD AND NECK TO IMPACT ACCELERATION

C. L. Ewing
D. J, Thomos
L. tustick

Noval Aerospacs Medical Research Loboratory Detachment
P, O, Box 29407
New Orleons, Lovisiona 70189

SUMMARY

The protection of man ogainst croshes requires the development of protective mechanical systems which must be evoluated
in the design phase and in prep: oduction and production testing to determine their efficacy. Such testing requires the use of
validate. mathematical models or other valid analogs that have the appropriate human Jdynamie rosponse to peak acceleration,

direction of acceleration, rate of onset of acceleration, duration at peck acceleration and initial position of body seg-
ments including the range of human onthropometry. The impact occeleration event ossocioted with crashes hos o time
duration of less than one second ond usuolly less than 200 ms. From 1974 through QOctober 1978, 80 volunteers hove under~
gone approximately 2000 impacr accelerction experiments. The complets kinematic response of the head and the first
thoracic vertebral body (Ty} wos meosured over the range of voricbles required for human anclog development,

The relotionships of the kinenwotic variables are graphicaily presented and statistically anclyzed. A previously
suggested heod ond neck model for two-dimensional response is evaluated, The opprooches and constraints for o three-
dimensional model are evaluoted. Anthropometric effects on the dynomic response are presented. The dota base serves
as a bosis for the validotion of humon surrogats head and neck response to =X and +Y seceleration,

INTRODUCTION

Evaluation of condidute humon protective devices against impact acceleration requires human simulation by such
analogs os codavers, anthropomorphic dummies, mothematical models and vorious primates. Ths humon analog is required
because man connot tolerate the extreme impact forces agoinst which such systems are designed to afford protection. All
humon anclog testing and dato derived therefrom suffers from one principal defect. Hs correspondence to man cannot be
quantitotively established, lorgely becouse of the olmost complete obsence of quantitative humer dynomic response data
ond human injury criteria. As a consequence, dummies are designed to repioduce static rather than dynomic anthropo
metric measurements, An alternotive, the use of volunteers 1o test profective systems is dangerous, expensive and diffi-
sult to interpret, If o subject is not used as his own control, vorior.ce between subjects mokes comparisons difficult.
Adjustments of certain protective restroint systems are o very lorge factor in their obility to protect, but are difficult to
reproduce for crash test, sven for the some subject, Obviously, o voluntesr can nat be vied for the testing of higher
lovels of operation of a protective system due to excessive tisk of injury.

Development of a valid snalog would result in the copability to reproduce man's dynomic response. Such an anclog
does not exist todoy, It develooment requires determination of the following:

b, Mass, center of moss location and principal  sments of inertio dota of the important body segments. Some of
these data are available (1, 2, 3, 4, 5, &),

2. Functionol rafationships betwsen thote body segments in the dynamic environment. The gool is to be able to
pradict dynamic resporse of o given segment, given the input accelerotions to that segment,

3. Deformation characteristics of critical enatomical segments which interact with the restraint system.

4. Injury criteria hom appropriately scaled human surrogates,

An axpsrimental approach using volunteers ond non-human primates wos adopted in order to resoive these difficulties
of protective squipment evaluotion. The approach is os followa:

I, Measre tho dynamic and physiological response of critical cigid body segments of volunteer subjects undeigoing
lingar impact occeleiation experiments within the limits of volunteer tolerance, Independent voriables ars the peok
acceleration, rate of onset, durotion, direction and the mnitial condition of the onatomical segments,

2. Meawrs the same responses for non-human primates up to the comparsbie levels of human exposure to determine
the between species differences of dynomic ond physiological response.

3, Measure the pothological resporse of non-human primates ot fevels of permanent injury,

4, Develop the spucifications for o humon analog and construct appropriate anthropomosphic test devices, This

would include the means 1o measure the responses in the dummy and the criteria of injury to be opplied 1o the response
data,

The measured dynomic relation between anatomicel segments is independent of rettraint, peovided that ne (estraint
is used between the two anatomical poinhs whete the meoturements aie token, Dato meawied this woy ore subject
to general wse.  lnnowvation of relinble means to mount lnstrumentation to anatomical segments and
to interpret the data botween runs, between subjects and between species is required in order to accomplish the efforr,
This hos been accomplished on voluntesrs at the head, T and the palvis, with limited comparisan between investigaton

(7,8, 9,10, 1, 12, 13, 14, 15}, The means for calibrating and processing the dota have alio been developed and
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reported {16, 17, 18). This paper summarizes the haod ond neck response data for -X and +Y impact experiments.

Transducer mounts for impact experiments must achieve 1) reproducibility of placement between runs; 2 lack of

spurious movement of the transducer relative to the man; 3) results which could be related to the human population rather

than to the individual alone; 4) location of the transducers relative to anatomical coordinate systems. The experiments mustin-
clude repeated runs on a single instrumented individual ro determine the repeatability of any data collected, as well as to assess
between subject variation. The varicus requirements for coordinate system documentution and conventions in three-dimen-
sions have been presented (19, 20, 2, 22).

The majority of pre-1967 instrumentation effort usuotly hes been directed toward the vehicle. Instrumentation of Stapp's
experiments was limited because of the state -of -the-art of inertial meosurement transducers. These deficiencies included acceler -
ameters, rate gyroscopes and e means to attoch the transducers to the anatomy. In those experiments, Stopp noted that

head=-mounted transducers mounted on a helmet or a "bite-plate” could not give useable results (23).

A joint Amy-Navy-Woyne State University project was initicted in 1966 ot the Navol Aerospace Medical Institute,
Pensacola, Florida, to make these measurements using U. S. Army enlisted volunteers. This program is continuing at
the Naval Aerospace Medical Resecrch Laboratory Detachment (NAMRLD), New Orleans, Louisiana, using U. S. Navy
enlisted volunteers.

Dynamic response of the heod and neck to experimentaily applied impact acceleration wos the first subject of the
study. Previous studies (23, 24) have demonstrated the difficulties inherent in meowring accelerations and displocements
of the head and neck, as referenced to the seat. One difficulty has been in the means of generating the input occelera-
tion. Many studies have been performed by acceleration facilities in which on initiol occeleration was given, followed
by an almost constant velocity phase with a deceleration of less than 0.5G, followed by o shoped terminal deceleration
pulse. One disodvantage of such an accelerator is the necessity for establishing o condition of zero dynemic response
prior to entry into the deceleration phase. If the head and neck were responding to the initial acceleration or subsequent
velocity decay ot the time of initiation of the input accelecation, an artifact would be introduced into the measured
response to the decelerotion pulse £.-other disadvantage is that physiological data collected during an experiment
cannot be related to a single pulse, but instead are reloted 1o o series of pulses. [t weuld oppear less difficult to deter~
mine the effect of a single pulse if the experimental pulse were induced with the subject at both inertial and physiologicol
rest,

Additional difficulty fies in the complexity of the forces acting simultoneously on the anatomy. The sled moves away
from the pelvis in the direction of acceleration, but the pelvic restraint which couples the men to the seot transmits the
acceleration to the pelvis ond thus to the torso. The torso then attempts to rotate around the restrained pelvis in the
mid-swegitiol plane but is prevented from doing so by the shoulder restraint harness. Both the pelvic and shoulder harnesses
stratch in response to the dynamic lood of the wbject. A reversal of torso trajectory then occurs, resulting in the torso
baing forced down ond back, Concurrently, the torso is being moved through space with the acceleration vehicle. The
tiead and neck also respond by rotating through space about a center of rotation in the neck or neck-torse junction area.
Schulman, et. al., hove shown tha! the neck is capable of consideroble stretch (24). Therefore, displacements of the
heod as measured from a seat reference point are difficult 1o interpret due to the complexity of motion of the entire sled-
torso-head system. The experimental methods adopted for the doto presented in this report attempt to avoid these diffi-
culties.

EXPERIMENTAL DESIGN

A rotal of 15 U,S , Army voluntears were used for measurement of the two-dimersianel mid-sagitial plane response to
=X (chest to back) impact acceleration during 236 experiments on the WHAM Ii accelerstor at Wayne State Univaersity
(7, 8, 10). Sixty-five U.S. Navy enlisted volunteers were used on the HYGE @ impact accelerator at NAMRLD, The
three-dimensionol response of the head and neck was measured for 563 -X experiments and 731 +Y (right ic left shoulder)
experiments, The volunteers ranged from the Jrd to the 94th percentile of sitting height relative to the U.S. naval
aviator population (25). The onthropometry on all subjects wos measred by Clauser ond Kennedy (26, 27,

The experimental data bose analyzed in this poper is derived from four subsets of dete, swummorized as follows:

Nomber of Number of
Number of  Number of Sled Acceleration Experimentel Sled Experimentol
Direction Subjects Experimenn Range (G) Profile Conditiom initial Conditiom
X 10 75 6,10, 15 3 {
-X 13 100 6, 10 ] 4
W L] 8s 2 through 11 3 i
w 6 100 2 through 7 ' 4

The experimental sted conditions for the first group are high omet long duretion (HOLOY, high omet sheet duration
(HOSD), and low onset fong duration (LOLD) for the sled acceleration profile as shown for 15G, Figure 1.



LX087S ACXX0S = (X3 HG0035 0. HOLD 0.0
.x1038 ACXX0S = (+) HGO0035 0. LoD 0.0
L1132 ACXX(S = (.3} HO0035 0. HOSD 3.0
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Figure 1 = Typicul Sled Acceleration Profiles, 15G, ~X Experimenns

Ths initial condition wos neck up/chin up (NUCU), The sxperimental initial conditions of the head and neck anatomy

for the second group are NUCU, neck upihin down (NUCD), neck forward/chin up {NFCUY and neck forward£hin

down (NFCD), with HOLD sted acceleration profile, The third group of runs used the three sied conditions HOLD, HOSD and
LOLD with the NUCU initial condition. Average sted profiles ot 7G are shown for this group in Figure 2. The fourth group wed

four initial conditions of the head ond neck, NUCU, head tiited right (HTRTY, head filted left (HTLT} and head down (HOWN),
with the HOLD sled acceleration profile. Overlap of subjects and experiments is reportad among the four groups. Consideration
of the effect of the gnthmpomcxph;c varioble of sitting height war examined fiom g set of eight experiments involving six
U,5, Army voluntoers on the WHAM i,




RUN NO. SYM., PLOTTED SUBJECT SLED ACC. ONSET
HQSDO7 ACXX0S = (X)) AVERG 70.3 8261.
LOLDO7 ACXX0S = (+) AVERG 70.1 18.
HOLDO7 ACXX0S = (D) AVERG 69.3 57.
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Figure 2 - Average Sled Acceleration Profile (7G)

EXPERIMENTAL METHODS

SUBJECTS = The detoils of the procedures and results of solicitation and evaluation of voluiteers for impact and
vibration acceleration stress experiments have been reported (28). OF 1,277 prospective naval volunteers , enly 63 (4. 9%)
were qualified and onfy 44 (3.4%) wccessfully completed the experimental progrom as of 1977,

SLED ACCFLERATION PROFILES - A Bendix HYGe® pneumatically driven 0,3408m diameter accelerator s uted
ot NAMRLD to accelerate an approximately |,2m by 3.7m sled of 1669 kg moss. This Is rail mounted on twelve
Delrin AF® pucks. The acceleration stroke is limited to |.52m and sled mounted brokes ere not used. The effective
drog is obout 0,2G, the sled Is allowed to coast to a stop, and total roil length is 213m.,

At Wayne State University the WHAN. | occelerotor (29) was used at the acceleration end of the trock. The end of
the experimental conditions of interest occurred when dynamic response wos substantially completed. This occurred in
every Instance prior to the end of the Initiul accateration pulse. The sled achieved a pesk velocity which remained
relotively constant until the sled brokes were activated. Sled broking produced e wmsoth 2G deceleration unti! zero
sled velocity wos ottained. Accelerator pulse thape for each run was triangular with @ long decay. Only two-dimemional
instrumentation was used (7, 8, 10),

RESTRAINT - At NAMRLD, the subjech are restrained for =X experiments in @ nominally upright position by shoulder
strops, o lap belt and an inverted V pelvic strop tied to the lap belt, The thrust vector is nominally directed from chest to

back., Upper arm and wrist restraints are used to prevent flaifing during all higher level -X impact acceleration experiments.

The some pelvic and torso restraint was applied during +Y experiments. The thrust vector of the sled was nominally directed
from the 11ght to the left shoulder and the subject was positioned snugly agalmt a lightly padded wooden baard agaimt the
right shoulder to |imit the upper torso motion. In all experiments, o locse safety belt around the chest was olio employed.



EXPERIMENTAL MEASUREMENTS - The dynamic parameters of interest presented in this poper were derived from
measursments using six piezoresistive accelerometers mounted on o T shaped plate ot the mouth and six cccelerometers
mounted on o T-plate at the spirous process of T}, The configuration of the accelerometers on the T-plote and the error
propogation associated with this method for determining linear displacement, velocity, acceleration and angulor orien-
tation, angular velocity and ongular accsleration components of o rigid body hove been described (18}, The cinephoto-
graphic system and the two rate gyroscopes used fo validate this measurement system hove been described (7).

The standord geometry of the T-plate is illustrated in Figure 3, showing the position and orientation of the accelero~
meters.
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Figure 3 - & Accelerometer System 3-2-1 Configuration

The output of sach accelerometer was hordwired to on EAl-Pacer s00® hybeid computer, digitized ot 2000 samples per
second and stored on magnetic disk in real time, The calibration informotion is avaiiable in the computer memory prior

o the run and carried with the accelerometer dota., Within minutes ofter sach experiment the digital date ars scaled,
reconverted fo onalog form and plotted on a cothode roy tube for validation by comparison with a scaled light beam
oscillogrophic plot of the data, independently generoted ot the time of the run. In oddifion, @ two axis rate gyroscope

is mounted on the heod mount and on the 1) mount, The data from these gyroscopes were usod o3 on indepandent megsure~
ment of two componenhs of the angular velocity of the heod and of the neck,

Cinephotographic cove of the mgnt is provided by two iled-mounted, pin-registered 16mm, 500 frame per second
cameras, Milliken DBM 50% or DBM 557, situated or!hcga&al!y to sach other at appoximotely one meter from the
subjact. Thess comeros ore squipped with 12, 5mm Kinoptic® lenses ot f4, Each camero has o 140 degres shuttar and is
squipped to print ten digits of the time of day of time of shutter opening rewoived 1o 0.1 m gane the frome adge o3 wall
as serial IRIG B Himing along the opposite edge. Une hundred foot rofls of Kodok 2479 RAR™ fiim ore used.

Lighting is provided by four sled-mounted Generul Elsctric ® 482 famps mounted in poirs at sach of the camers
sitet. One camers wos mounted to the right of the whiect with fans oxis opproximately normal to the mid-wgittal plane
of thy whbiect. The other ons wos mounted in front of the whiect. Photogrophic targets on the Ty instrumentation mounts
as well a5 the sled-mounted targst remained in the field of view of the lateral camers, Torgets on the mouth mount
instrumeniation were In the fleid of view of both comeros. Thers wos on additiona! averhead camera for the +Y sxperi-
ments. The 'Fl mount displacement was comtrained to the mid=agitral plane and was meatured relgtive to the sled coordingte
system for ~X experimants. The thres dimemional moticn of Ty mount wos mecwred for +Y experiments, The mouth
mount displacement con be measured in three dimensians rafotivs to the sled,

in order to compore whischs of similar points in the anatomy, it is required 1o define & heod anatomical coordinate
system and o Ty anatomical coordinate system (19, 20, 21, 22). These enthropometric comdinate systems ore reloted to
the imtrumentation coordinate systems by three-dimemional x~roy anthropometry on sach whject (18}, The basic rafer
ence frame for the antire series of sxpariments is fixed fo the loborotory, This it ssteblished by fint defining o sled
coordinate rystem in which the origin 13 @ benchmark permanently machined into the sled structure, The +X axis is pere-
el but in the opposite direction to the thrust vector of the accelersror, The +Z axis Is parallel to grovity ond positive
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vpward and the +Y axis is established so that the XYZ axes form on othogonal right hand triad. All -aordinate systems
used in this study are right handcd where X, Y and Z axes are taken in that order.

The dependent variobles presented in this report for =X experiments are defined os faliows:

(@) Angular velocity (RHBOXS) (RM20XS) is the component along the +Y head anatomical coordinate system rela-
tive to the laboratory reference coordincte system. For =X experiments there is no signiticant X or Z angular velceity,

(b) Anglar acceleration (GHBCXS) is the +Y component along the +Y head aratomical coordinate system relotive
to the laboratory reference coordinate system. For =X experiments there is no significant X or Z angular acceleration.

(c) Resultant acceleration (AAXXZS' is the magnitude of the linear acceleratio~ at the heod anatomical coordinate
system origin relative to the loboratory reference system origin computed from the components olong the X and Z axes of
the laboratory reference coordinate system. For =X experiments the Y component of accelerction is not significant,

(d) Horizontal acceleration (AMNXXGCSATXXOS) ot T‘ is the acceleration component of the T} anctomical coor~
dinate system origin relative to the laboratory reference coordinate system along the +X axis of the laborotory reference
coordinate system,

(e} Sled acceleration (ACXXQ") is the acceleration of the sted along the X component of the laboratory coordinate
system. The laboratory Y and Z components of acceleraticn are negligible for =X experiments.

Many of the =X experiments presented in this analysis were conducted with a mouth mount that had c resonani fre~
quency which confaminated the output data, Spectral analyses of accelerometer data ware run to determine the frequan-
cies at which the mouth mount resonance occurred. A linear filter, consisting of two second order notch filters iratio
of two second order polynomials), and a secand order low pass filter were selected to attenuate the mor.th roun - resonance
across swbjects, without significantly affecting the derived parameters. The accelerometer data were shifted o account
for the delays associated with the filtering process. To establish that this filter did not alter the output variables signi-
ficantly, runs without @ mouth mount resonance were analyzed with no filter and with the filter, described previousty.
No significant changes in the output variobles were observed when the filter was used on mouth mount data known to be
free of resonances. This study is interested in the average effects of onset and duration over subjects and the subjects
were pooled in subsequent regression analyses. In order to determine the general response of subjects to onset and dura-
tion, an alignment program wos used to line up the variables of all runs in each of the nine experimental conditions de-
fined by onset, duration (HOSD, LOLD ond HOLD) ond peck sled acceleration. The average profiles for each variable
of interest were calculated for each experimental condition and comparison plots of these averoge profiles were made at
each of the three nominal G levels. The olignment progrom was designed to shift the signol vector representing the time
profile of the variable, so that in the time window of interest, the average correlation between all the vectors in @ group
was maximized. This is consistent with o minimum mean square deporture of the normalized signal vectors from the aver-
age. The averoge profiles determined prove to be a good method to observe subtle shape differences in the time profiles
of the variables of interest. The overoge profiles were shifted so that the peok values for each varioble were approxi-
mately consistent with the average time at which the peak occurred for that conditioa.

The sled acceleration is fixed in the ~X loborotory direction, in the +Y experiments the orientation of the subject
on the sled is wch that the sled acceleration is in the +Y anatominal direction,

The dependent variables for +Y experiments presented in this report are named ond defined as follows:

a. RHACXS (RHOOXS) ~ Resultant Angular Velocity is the resultant of the head angular velocity about the head
onatomical X and Z axes. The component of angular velocity about the anatomic=l Y axis (pitching of the head) is 1.0t
sigrifizont for these +Y experimenh,

b, QHACXS (QHOOXS) = Rewltant Angular Acceleration is the rewltant of the heaxi angulor accelusation about
the heod anotomical X and Z axes. The component of ongular acceleration about the anatomical Y axis is not significant
for these +Y experiinents,

c. AAOXOS - Resulton: Linear Accelaration is the magnitude of the head finear accelaation at the origin of the
head anatomical coordinate system relative to the 'aboratory reference coordinate system.

d. ANXXOS - Horizontal acceleration at T is the accelerotion component of the Ty anatomical coordinate system
origin relative to the laboratory reference coordinate system olong the +X axis of the loboratory reference coordindte
system,

e, ACXXOS - Sled acceleration is the acceleration of the sled along the X component of the laboratary coordinate
system. The loboratory Y and Z componant of accelaration are negligible,

f. RANGLE - Direction of angular velocity vector Is defined as the arc tangent of the compor.ent of head angula:
velocity obout the heod anetomical Z axis divided by the head angular velocity about the heod onatomical X axis. The
component of head anguler velocity obout the head anatomical Y axis is not significane for these +Y iragoct runs,

For ofl experiments, the time on all plots is relative: to o time colled data proceuing time zero established os 40
miltiseconds prior to first motion of the sled, First motion of the sled is determined by the best stroight line fir to the
rising portion of the sled acceleration profile between 20 and 50 percent of peak sled acceleration. The extrapolation
of this line to Its Intercept with the time axls estoblishes time cf fint motion, Rate of onset is defined as the slope on
the rising portion of the acceleretion profile between 20 and 50 percent of peck tled acceleration, and durtion 1s de~
fined as the time spent above 75 percent of peok sled acceleration,

Analysis of +Y experiments is directed toward the evaluotion of the average effects ¥ omer and durution over
whjec*s. Dato from five whjechs were pooled to obtain average profiles of purameters of interast os well o for purposes
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of subsequent regression analysis on peak values of interest. The average profile for soch varioble of intersst was calcu-
lated for sach experimental condition and compaied. The averags profile for sach condition was obtained by averaging
across subjects using fint motion as determined from the sled piofile to align the profiles of the subjects’ response. The
variations in time at which peok volues of head ond T} response moosurements occuried were small enough actoss subjects
so that the average profiles were an excollent summary of the replications.

In this study, the relationship of heod peak angular accelerotion, head peak ongulor velocity, head pock resuliant
acceleration and T, peak horizontal accsleration to sled onset, duration and peck accelemtion were of particular
interest for all expsciments. For each variable of interest, the pechs were 1ead monuclly fiom the vosioble piofile. The
first positive major peak was used for the paiometers of head angular acceleration, angulor velocity and resultant Hinea
acceleration. These first pecks were ordinarily found to be the largest for these runs with the excoption that the angular
accelergtion for one subject was charocterized by two peaks of almost equal value. An unambiguous Fiist peck was
found 1o be more difficuli 1o define for the horizontal linear acceleration ot Ty, The fiest peak wos olways negative
and wos usually followed by a relotively sharp decrooss in magnitude followed by a seiies of lesser peaks. The fust
peak was selected as the peak volue os long os the decrease subsequent fo it was of wfficient magnitude. Howaver,

if vhe decrease was minor and the continuing part of the curve Fit in well with its antecedent, the sscond pack was
selocted,

The peak values of the porametors of interest were regressed on the thiee parameters defining the sled piofile. A
stopwise, multiple finem sogression analysis wos used in which parometas were eliminated on the basis of an ¥ test if
found to be not significant ot the five percent level. In addition, regression of head kinematic variables on prak
hosiz mtal Hinoar acceleration ot the T anatomical origin wos also obtained. Pievious attempts to define squivalent

omset and duration paameters for the horizontel accelsration ot Ty were only padtiolly successful and were not ottempted
in this study .

INITIAL CONDITIONS =~ The effects of initiol conditions for =X ond +Y experiments were evaluated in the HOLD
sled accelotation condition, The initial conditions duting -X oxperinats were estoblished fiom photogrophy . The photo
dato from four tasgets on the Ty mount and four targets on the aouth mount fiom the lateral comera were only used 1o
obtain the initiol conditions, This wos done by onelyzing 15 fram.s, opproximotely 7 nsec opart, prioe to fisst motion
of the sled to vecify thot there wos Little hsod or neck motion prios 1o this condition  The initiol volues are consistent
with the position and oiientation data ot fint motion,

The least squae fit of initiol conditions was obtoined and wos consistent with the photo data and consistent with the
vonshaint that the anctomicol origins were only ollowed to be moved in the laborotory X and 7 disections, The iotation
was anly about the laboratory ¥ axis. This constralnt is comistent with the estoblished finding that motion of the heod
and nech wos limited 1o the mid-sogittol plone for =X sxperiments,

The neck angle iHlushiated in Figuis 4 wos calculated from the coordinates of the head anatomicel and Ty anatomical
origin locations of first sled motion, The head angle, olso shown in Figure 4, comes ditectly from the phote dota,

For all Y muns the subject is seated upright in a chair so thot the sled thiust vector is nominally in the direction fiom
the tight to the left shoulder, and the gravity vector is downward fiom the head thiaugh the subject’s weat, Theefare, the
initial nomingl orlentation of the head anatomicol and the T analtomicol coordinate systam it such that the anatomical
+X is nearly clong the loboratory Y and the anatomical Y &s parallel with the foboratory -X as shown in Figare 4,
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Hguse 4 - Hlustration of the Initial Condition of Head Aagle und Nock Aogle Foe =X T apsiiments
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a= NECK ROLL
X10b B= NECK PITCH
T, NECK ANATOMICAL ORIGIN
A=HEAD ANATOMICAL ORIGIN
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K Figure 3 = iflustration of Initial Condition Variables for +Y Experiments

Photography Is used again to measure the initial position of the head and T in three dimersions. The initial condiiions
of the neck link and the head are defined relative to 0 coordinate system with the Y ' axis directed along the sled thrust
vector, The Z' axis is directed upword in the opposite direction to the gravity vector, and the X' axis is directed so that
X', Y', 2" form a tight hand orthogonal coordinate system, This coordinate tystem and ity orientation relative to the
loboratory coordinate system is relative to the origin of the coordinate system for Ty, The neck line is defined by a length
from T, to A and two angles, as shown in Figure 5. The initial orientation of the head anatomical coordinate system iy
dcﬂnoé by three Euler angles. Aswuming that the head anatomical X, Y, Z coordinate system is oligned with the X', Y*,
' system in Sigure 5, than Euler 1 is o rotation about the haod anutomical X axis {(relf}, Euler 2 is a rotation abou! the
corried head Y anatomical axis (pitch) and Euler 3 is 0 rotation about the carried head 7 anatomical axis (yaw),

RESULTS

Figure | presents the typical sted occeleration profiles for 13G, - X experiments foc the three conditiom of onset ond
durotion. The characteristic shape of HOLD profile wos used for initial condition =X experiments. Figure 2 presenns
the average sled accele arion profiles for 7G, +Y experimenn. Again, HOLD profile wes used for the initial condition,

Y oxperimants, Every attempt was mude to hold the sled acceleration shape constant for the specified condition regard-
less of initial condition or orientation of whbject on the sled.

Figures 60, 8b, bc and 6d are comperiions of the averoge horizentel scceleretion at T} anatomical arigin, head angular
acceleration and velocity about the head nnatomical Y axlis and the resultant (X and Z components) acceleration of the head for
15G, =X experiments, The comparison is for the tvee tled accelergtion profiles HOLD, HOSD and LOLD. The gverage t'me
profiles of the horizontal accaleretion ot the T anatomical origin ere considerad to be the main driving input for the
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head ond neck dynamic response. Independent of condition or G lavel, the form of these curves. including peck struc-
turs and time lotencies, is very similar, The form of the Ty curve most fikely reflacts the restraint torso interaction
dynomic resporse. The first peak value for the HOLD and HOSD conditions is higher thon the peak for the low onset
condition (LOLD) ot ol G levels. The high onset resulns in o higher first peak occeleration ot Ty, The duration hes
marked effsct on the level of acceleiation swbsaquent to the first peak at ol G tevels.

An important observation concarning the hotizontal acceleration at Ty profiles is that the differences in onset for
the HOLD ond HOSD conditions, when compared with the LOLD condition, do not refloct the differences implied by
the onset of the sted profiles. To verify this, an onset rofe was defined for the T, piofile a3 the averoge slope in the
20 to 50 percent region of the peck accelerstion at Ty. The onset thus defined was found