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ABSTKACT

This study was directed toward p:oviding a technical
basis on which to judge statistically the effectiveness of
buoyancy and stability provided by personnel flotation devices
for the general boating population. A detailed theory of PFD
buoyancy and stability has been formulated., Statistical methods
for evaluating the adequacy of the buoyancy and stability pro-
vided by a PFD in terms of fraction of the population adequately

served have been developed.

Tasks performed include a literature search, a theo-
retical analysis of the problem, a measurements progran on a
limited population to determine relevant physical characteristics,
a statistical data analysis program to illustrate the adequacy
of added buoyancy and stability in terms of fraction of the
population served, and the design of a larger-scale test and
analysis program to obtain statisticelly reliable data on the

general boating populaticn.
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SUMMARY

This study was directed towards an experimental and analytical
program to determine the buoyancy and righting characteristics of the
human body alone and when coupled with a personnel flotation device.

The objective was to provide the data upon which to base criteria for
judging the effectiveness of personnel flotation devices with respect
to both the buoyency and stability provided in terms of the fraction

of the boating pepulation adequately served,

The contract for this study called for but was not limited

to the performance of the five following tasks:

® Conduct a literature search and analysis of existing

pertinent information.
® Perform a theoretical analysis of the nroblem,

® Design and perform an anthropometric test program on
a special population to obhtain necessary statistical
information on the relevant physical characteristics

of the boating population.

® Analyze the data for the special population and present
results in terms of statistical weasures orf buoyancy

and stability requirements.

® Design a test and analysis program for establishing
the buovancy and stability characteristics of the
general boating population,
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This work was ecarried out in close cooperation with the U. S. Coast Guard
Office of Research and Development. With the concurrence of the eontraet
monitor, during the ecurse of the work, relative emphasis among the tasks
was redirected as required to accomplish the objeetives. The results of

our work are:

® The initial litevature seareh showed that there had been
no zeneral analytical treatment of the bunyaney and
stability prcblem whielh defined the relevant charaetei-
istics of either the boating population or of personuel

flotation de.ices.

Later in the program after these characteristies were
defined, our continuing literature seareh diselosed
little statistieal information in uscable form. As a
result of .vese two defieier “es, inereased emphasis
was direeted toward our analviieal and experimental

effor s,

® Qur analvtical effort resulted in a general statistieal
theory of bucyancy and tability which delineates the
relevant physical echaraeteristics of both the boating

population and personnel flotation devices.

® Egquipment for the experimental program was designed,
tested and refined, using members of the experimental

team.

¢ A detailed statistical evaluation of the literature
showed that there were major ::atistieal differenees
between the physical charaeteristies of sarviee per-
sonnel and the general population. As a result, test-
ing of a sneeial population of service p.rsonnel w>uld

not provide statistically useful data.
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Emphasis on our exr.cimental testing program was there-
fore redirected toward tescing a limited sample of adult
men and women especially selected to span the character-

istics of the general population.

Data analysis was directed toward the qualification of
our limited sample and statistical methods of evaluating
the adequacy of added buoyancy and stability. Our re-

sults show that:

1, For those physical characteristics where statistical
data for the general population are available,
analysis shows no statistically significant differ-
ences between the especially selected sample and
the general population. As a result, one would not
expect major contradictions between the findings for
the especially selected sample and the general popu-
latiorn. However, tecause of the limited nature of
the sample, it is subject to statistical uncartaicty.
For this rea-on no attempt should be made to gener=-
alize the results in this work to the general boating
population uncil further statistical verification is

completed,

2. Buoyancy roquirements fr  an individual are deter-
mined by his submerged weight, state of inflatior
>f the lungs, water density, and body voluwe to be
floated above water. Our results for adults is shown
in Figures 5 and 6 in the text. The results are gen-
eral in that the buoyancy requirement can be deter=-
mined for an arbitrary fracrion cf the population

from these curves.
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Typically, in fresh water at normal lung volume {i.e.,
functional residual velume), it requires 12 pounds of
buoyancy to float 60% of the adult male population with
a volume equivalent to that of the head above water,

In adult females, the similar requirement is 8.5 pounds.

Our experiments and analysis show that the required
turning moments or stability requirements for an
individual are determined by the density of water,

the subject's orientation, state of inflation of the
lungs, distance from his center of buoyarcy to center
of gravity, submerged weight and two linear body dimen-
sions. There are two turning moments applied by a
personnel flotation device. They are both a function
of a subject's orientation. The first moment is in
addition a function of the added buoyancy and the
linear dimensions of the subject. The second moment

iz a funstion only of the added buoyancy and the loca-
tior. of the center of buovancy of the personnel flotation

device with respect to the subject.

The buoyancy to be provided by & personnel flotation
device is determined as in result 2. above. With a
definad lung volime, the only undetermined quantities
reiate to the location of the center of buoyancy of the
personnel flotation device. In Figure 11, the fraction
of the population that will be rotated through vertical
from ...~ face-down to face-up position is shown as a
functicn ¢’ the distance from the body center line to

the personnel flotation device center of buoyancy.
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Here again, the result is a general one in that the
distance required for any desired fraction of the popu-
lation can be cbtained from this curve. Typically, to
rotate 60% of the population through vertical, this
distance must be 7 inches for adult females and » inches

for adult maies.

The center of buoyancy of the personnel flotation device
must not be toc far down the chest for either of two
reasons; first, in the face-down position, the subject
must be initially rotated toward vertical, and second,

in the face-up position, the subject must not come to
equilibrium too far back., The vertical distance require-
ment for varying fractions of the population for a given
buoyancy iz shown for these two conditions in Figures 12
and 13, Typically, the center of buoyancy of the PFD
must not be more than 5 inches below the top of the
breast bone (suprasternal notch) if 977 cof the adult male
and adult female population are to be correctly rotated
initially from the face-down position and are to have an

acceptable face-up equilibriun orientation.

In our limited sample, there are significant differences
betwraen adult males and females ip terms of the added
buoyancy requirement and the location of the center of
buoyancy to provide required turning moments. It is
anticipated that when the general boating population
including children is considered, that the range of these

differences will be extanded.
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The work described in this reporc considers fixed lung
volumes with PFD buoyancy and center buoyancy fixed
with respect to the subject at all orientations. The
theoretical treatment is sufficiently general to treat
the case in which the PFD buoyancy and location of
center of buoyancy varies with orientation; however,

this has not been done as yet.

The investigation of buoyancy was referenced to fixed
bony anatomical refervence points. Specifically, the
head volume above thz jaw-line and the head plus neck
volume above the top of the breast-bone. We anticipate
that an acceptable buoyancy criteria will be specified
on the basis of some fraction of the incremental volume
between these two anatcmical points of reference., At
the time of writing, insufficient statistical data are

available on which to base a recommended criteria,
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INTRODUCTION

STATEMENT OF PROBLEM

Up to the prescnt time, design, testing and evaiuation of
(1,2,3)
personnel flotation devices (PFD) have been in the main empirical.
The human body characteristics which influence stability and buoyancy
requirements of PFD's have not been studied in a definitive manner.

A PFD has four main requirements:

1. Provide stability characteristics to rotate an
individual into a favorable floating position

for maintenance of respiratory function.

2. Provide sufficient buoyancy to maintain respira-
tory function for individuals that have been rotated

intc a favorable position.

3. Provide characteristics which will assure maximum

usability.

4, Provide buoyancy and stability characteristics
which can serve the largest reasonable fraction
of the boating pnpulation consistent with usability

considerations.

Empirical tests on live subjants or dummies indicate that, although pro-
viding sufficient buoyancy poses no serious difficulties, the problems
associated with stability are not easily solved, In addition, a PFD
which meets bucyancy and stability requirements may pose sevious probe

lems of wearability and usability.
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(ool to indicate that the results

Sufficient data exists
of the present study on male and female adults may not apply to all
segments of the boating population., The limited available data in this
respect indicate that those body characteristics which are likely to
influeace buoyancy and particularly stability vary with age. The data
which are particularly pertinent are those concerned with anthropometric
measurements and fat distribution calculated as a proportion of either
total body weight, total body volume or total body length. From the
point of view of stability characteristics, the volume distribution is
of particular importance. These data also indicate that it is likely
that the proportioning of these characteristics becomes stahble at the
age of approximately 15 years for both sexes. However, at this time,
because of the limited available data, no firm predictions can be made
until actual measurements are obtained on the boating population.
Therefore, altliough the present study defines the problem for the adult
male and female populaticn based on a limited sample of this population,
the segments into which the general boatine population must be divided
in order that it may be s-.ved adequately by PFD's must await statisti-

cally valid measurements on this population.
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SCOPE OF_STUDY

The focus of this program has been to provide a scientific

basis or methodolepy for establishing criteria on which to judge the

adequacy of the buoyancy and stability provided bv personnel flotation

devices of varying and presently unspecified design. The aims of the

presen’

program have been:

® to develop effectiveness criteria for personnel

flotation devices;

® to develop a general theory of buoyancy and

stability provided by personnel flotation devices,

® to validate the theory through experimentation on
specific individuals of known physical character-

istics,

® to devise statistical methods of relating device
performance as represent2d by design parameters:

to the requirements of the general population.

In this way, it is believed that the performance of a personnel flota-

tion device of arbitrary design can be evaluated or rated in terms of

its ability to satisfy the buoyancy and stability requirements of an

arbitrarily large predetermined fraction of the general boating popu-

latioen,
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Studies of existing PFD's 1. terms of buoyancy, stability and
wvearability characteristics were beyond the scope of this study. Instead,
the study was confined to examining existing pertinent information and,
where this was not available, obtaining the necessary information on a
limited sample of human subjects. The information was used to perform
a theoretical analysis of bucyancy and stability requirements as this

pertains to the statistical characteristics of the boating population.

10
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LIMITATIONS

It should be strongly emphasized that the present effort has
been largely devoted to the development of a methodology for establish-
ing the requisite criteria. The methods developed and results reported
in this document are intended to illustrate how one can proceed toward
accomplishing the desired objectives rather than the accomplishment
itself. For this reason it is necessary to state the following limita-

tions on the work reported here.

8 The statistical distribution curves for percentage
of the population in eash case are obtained from a

limited experimental sample., No attempt should be

made to extrapolate the present results to the gen-

eral boating population without further statistical

validation.

® The present work is limited to the consideration of
still fresh water. Salt water will ease buoyancy
requirements; however, it also will adversely affect

stability. Extrapolation of present results to salt

water requirements and performance are unijustified

without further theoretical and experimental verifi-

cation.

11
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' APPROACH

BUOYANCY

The approach to the buoyancy >roblem was based on the fact
that the amount of buoyancy required for an individual is a function
of the fraction of the body volume required tc .e out of the water and

the submerged weight of the individual subject fur a particular lung

! volume. Therefore, it was necessary to obtaln statistical information
j on tioe volume of head and neck, and sutmerged weight of the individual

subjects at various reference lung volumes.

If we take the worst condition, {.e., an individual entering

the water in the unconscious state, his lung volume would probably be
near functional residual capacity plus varilations due to tidal volume.
However, in order to make reproducible measurements it was belileved that
lung volumes other than res{dual volume ‘volume of air left in the lungs
after full expiration) would be difficult to obtain in a reproducible

manner. Thercfore, measurements were to bz made with subjects at residual

lung volume.

STABTLITY

Our approach to the stability problem was baszd on the fact that
the moments required to maintain the fully submerged subject (at residual
lung volume) at arbitrary trunk inclination angles could be measured
divectly. 1In addition, the effects of linear body dimensilons, submerged

weight and add«d buoyancy could be evaluated.

12
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The simulatior of the unconscious state by requesting subjects
to float in the "relaxed state" may be unrealistic because the completely
relaxed state is difficult to achieve. On the other hand, we believe
thiat the subject's idea of the relaxed state gives a statistical varia-
tion of the possible configurations which might represent the problem
as it actually exists, In addition, the position of the heaa was theo-
retically evaluated as being a factor of prime importance in the stability
problem, especially when it is floated out of the water by the added
buoyancy of a PFD, Repeated tests on the same subject in the relaxed
state showed that for a given subject the stability curves ware repro-

ducible within narrow limits.

Fresh still water was chosen as the condition under which all

experimental and theoretical efforts would be conducted,

LITERATURE SEARCH

With the above apprcaches in mind, a detailed review of the
literature provided little information of value of the volume of the

head and neck. The extent of the literature on this subject is based

(7)

who dissected three cadavers in
(9) wh

on the works of Braune and Fischer

1859, Fischer(a)

who dissected one .adaver in 1906 and Dempster o
dissected eight cadavers and reported the results in 19534, Therefore,
the total sample for the determination of tody segment, masses and

volumes consists of 12 cadavers. These cadavers had a mean weight of

60 kg while the mean weight of 4060 U,S. Air Force personnel reported

by Hertzberg et al.(lo) was 73,3 kg, Because of the limited sample

13
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size and its strong bias towards small subjects it was decided not to
base analyses of che buoyancy and stability problem on this early work.
Literature was searched ror information on the submerged weight of human
subjects. This quanti:y is a function of tissue density, body volume
and lung volume and has been obtained in thte past for determinations of
body composition, We therefore found a significant amount of data on
tissue density but little data on body volume. In addition, thes data
was almost exclusively on male subjects, The literature was searched
for information on stability characteristics of the human body and no

data of this nature were discovered.

Since our needs were specific and dependent in large measure
upon obtaining measuremerts on the same subjects, it was decided that
the quantities required had to be cbtained by direct measurements on
human subjects. A large-scale statistical testing of the general popu-
lation to determine the critical paramoters to the required statistical
accuracy was beyond the scope of the program., Therefore, it was decided

that measures would be made on a selectad limited sample of subjects.

14
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THEQORETICAL ANALYSES

GENERAL ACCEPTABILITY CRITERIA

In the development of the program, it has been necessary to
establish & number of hypotheses relating to the acceptability of the
performance of personnel flotation devices. These include the follow-
ing:

® The device must providu adequete buoyancy to float the

subject with "sufficient freeboard" to assure that his
nose and mouth are well above watetr under the condition

that he is in the '"prcper orientation.”

¢ If the subject is ir an "improper orientation'" the
device must provide "sufficient" turning moments to
rotate the subject and to maintain him in the '"proper

orientation.t

¢ The device must provide "sufficient freeboard" and
"sufficient turning moments! under the "'worst case"

of subject lung volume and flotation equilibrium.

# It must be possible for a given device -o "evaluate"
quantitatively the fraction of the population that
will be adaquately served with respect to both

buoyvancy and stability,
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it is the words “sufficient freeboard," '"proper or improper orienta-
tion," "sufficient turning moments," 'worst case," end “fractlon of
the population adequately served," that have provided the theoretical

and experilmentai thrust for this program, Rather than rendering

arbitrary judgments, we have chosen to 1llustrate how physical measure-
ments can be made on a representative sample of the boating population
to generate curves relating performance to fraction of the population.

Using these curves, 1t 1s possible to do either one of two things:

® Specify the physical design parameters of a perscnnel
flotation device to provide a predetermined level of
performancs to a predetermined arbitrarily large
fraction of the population;

or to;

% Rate a personnel flotation ¢~ice with arbitrary design
parameters in terms of the iraction of the boating popu-
lation that will be adequately served with respect to
buoyancy and stability provided by this particular

design,

Either one of these alternatives could serve as the basis for establish-~
ing evaluation criteria. However, there 13 a basic philosophical differ-
ence in the two approaches. In the first case, the criteria specify the
design parameters that 1f edhered to will serve a predetermined and
stated fraction of the population. By inference then, the criteria
accept the fact that a predetermined remaining fraction of the population

need not be served and there 1s no motivation for a device designer to

15

Arthur D attle Inc




make his device larger or more cumbersome to serve this remaining frac-
tion, On the other hand, if the second approach is used, devices of
varying designs are "scored" individually on the basis of the fracticn
of the population served with respect to buocyancy requirements and
stability requirements. The individual designer may improve his score

by enlarging his device or making it more cumbersome.

In the final analysis, it may be desirable t~ use both approaches
sirmltanecusly in that a minimum c¢riteria could bz establishel for basic
approval by the Coast Guard with a scoring criteria for evaluating higher

performance personnel flotation devices,

THEORY OF BUOYANCY

Submerged Weight

When a subject exhales fully his lungs are deflated to residual
lung volume. At this point, the subject has negative buoyancy in fresh
water. We have defined this amount of buoyancy as the subject's submerged
weight, S, The submerged weight must be exactly equal to the difference
between the subject's total weight in air and the weight of water dis-

placed by the fully submerged subject., That is

§ = W = pva (1)
where
3 is the subject's submeorged weight at residual
lung volume.
W is the subject's weight.
P, is the density of water,
VT is the subject's total body volume including

residual lung volume,

17
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A serles of experiments were performed on the limited sample
of adult males and adult females to measure the value of submerged
weight for each individual. This population was limited to eight adult
male subjects and seven adult female subjects. The subjects were
especially selected to span the range of body shapes and sizes that we
anticipated might be found in the general adult population, Because
of the limited sample size aﬁd blased sampling method no attempt should
be made to generalize the results obtained. However, it should be empha~-
sized that, 1f data were obtained from a randomly selected population
sample of significant size, then it would be possible to counstruct a
probability distribution functicn for submerged weight over the popu-
lation and to specify statistical reliability of this distribution
function,

To illustrate the type of result that would be obtained, the
limited population sample was used to generate probability distribution
functions for submerged weight under the assumption that the distributions
can be represented by a normal distribution., The results are shown in
Figure 1. In this figure, the points represent the histograms obtained
from data on the limited population. The solid lines represent normal
distributions fitting the same data. A discussion of the relationship
between precision of measurements of phvsical characteristics of a

single individual and the related physical statistical characteristics
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DATA FROM '969 A.C L
EXPERIMENTAL POPULATION

12 -
FRESH WATER
LUNGS DEFLATED TO
RESIDUAL CAPACITY j

10}-
|

SUBMERGED
WEIGHT 6
(POUNDS)

0 20 40 60 80 100
PERCENT OF INDICATED POPULATION

PERCENT OF POPULATION HAVING SUBMERGED WEIGHT
CQUAL TO OR LESS THAN IND!CATED VALUE.

FIGURE 1
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Head and Head Pluc Neck Volumes

If one were to provide additional buoyency equal only to the
subme.,ged welght of a subject, the subject would then be floated with
zero freeboard. It is therefore necessary for a personrel flotation
device to provide an amount of buoyancy in excess of the maximum probable
submerged weight, This must assure that essentially alil of the population
will be floated with their nose and mouth "well above!" water if they are
in a "proper orientation." To evaluate how much additicnal bucyancy might
be required, a series of expariments were conducted on thc limited popula-
tion sample to measure the volume of the individual subject's head and the
volume of their head plus neck. Here again, because of the limited and
non-random sample, no attempt should be made to extrapolate the present
results to the general population. The results are to be used for illus-

trative purposes only.

Through a measurement of the voiume of the head or head plus
neck, one can determine the loss of body buoyancy assoclated with bring-
ing this volume above water. This less of buoyancy must be compensated
for through an addition to the buoyancy provided by the personnel flota-
tion device The results of the experiment are shown in Figure 2, Here
again, the points repnresent the experimental data and the curves represent

a normel distribution fitting these data.
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Theoretical Development

If a subject is in flotation equilibrium, the sum of the

vertical forces acting must be equal to zero, that is

.F =0 (2)
y
where Fy indicates the individual vertical forces. In our casz there
are three vertical forces acting, These are:
W - The subject's total weight acting vertically
downward.

pw(vT - Vo) -  The buoyancy of the submerged portion of the
subject'c body acting vertically upward.

B - The additional buoyancy provided by the

personnel flotation devices.

The auxiliary quantities are defined as

e - The density of water.

VT - The subject's total body volume including

lung volume.

v - The volume of the subject's volume floated

above water.

Surming these vertical forces, we obtain

ZFY =W -p W, -V)=-B=0 (3

Therefore,

B = W -pV,+o0V (%)
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However, we have previously defined the quantity W - pwV = 5, that is,

T
the submerged weight when the lungs are deflated to residual volume,

The additional buoyancy that a personnel flotation device must
provide to float a volume Vo above water for a subject whose lungs are

deflated to residual volume and whose submerged weight 1s 5, 1s given

by
B = 35+ pwvo (5

If we wish to float this subject with e volume equivalent to that of his

head above water, at this particular lung volume, then Vo = Vh where

Vh is the volume of the subject's head,

If we wish to float this subject with a volume equivalent to his head
plus neck above water at this particular lung volume, then Vo = vh+n

where

Vh+n is the volume of the subject' head plus neck,

Ae can therefore write for each subject,;at res.d sl lung volume, expres-
sions for the bucyancy required to float either his head or head plus

neck above water. These expressions are of the form:
B =
5+ pwvh {(6a)

= S5 +pV

h+n w1

(6b)
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Effect of Changing Lung Volume

A subjecct can not for long maintain his lungs at residual
lung volume. In normal respiration, the lungs are deflated to a volume
corvcsponding to functional residual volume rather than to residual
volume. The difference in thesc two volumes is the expivatory reserve
volume for each of our subjects, This quantity was measured and its

effcct on submerged weight can be calculated.

An individual can inflate his lungs to a maximum volume above
residual volume by an amount defined as his vital lung capacity. We
have measured this quantity for each of our subjects and calculated its

effcct on submerged weight.

The effect of changing lung volune on submerged weight for the
adult male and female population is shown in Figures 3 and 4, respectively.
In thesc figures it is seen that a man can reduce his submerged weight by
approximately 5 pounds by inflating his lungs to functional residual
capacity and by 10 pounds by inflating his lungs to total lung volume.

An adult fcmale can rcduce her submerged weight by approximately 3 pounds
by inflating her lungs to functional residual capacity, and by approxi-

matcly 8 pounds by inf!-ting her lungs to total lung volume,
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Statistical Buovancy Requirement

Referring teo eguations {6a) and (6b) we have expressions for
the buovancy required to float a volume equivalent to that of the head
or head plus neck above water for an individual subject when the lungs
are deflated to residual volume, Each subject's head and head plus
neck volume has been measured as well as his submerged weight at residual
volume, It is therefore possible, using these equations, to calculate
the additional buoyancy that must be provided by the personnel flotation
device for the residual lung volume case. We have also measured the
effect of cnanging lung volume on submerged weight for each subject.

It is therefore possible to calculate the individual's additional

buoyancy requirement at other than residual lung volume.

We have calculated the additional bucyancy required of a per-
sonnel flotation device for each subject at residual lung volumz and at
functional residual volume, It is our belief that the probability of a
subject maintaining his lunpg volume at significantiy greater volume than
functional residual volume for long tines is small. Therefore, the
functional residual volume case is the only case considered in addition
to the worst case of residual volume. The data obtained from the limited
ADL population bave bean treated statisvically to yield the probability
distribution functions for additional buoyancy required of a personnel
flotation device. The results ohtained for additional buoyancy required
for the adult male and female populations are shown in Figures 5 and 6,

respectively.
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THEQLY OF STABILITY

in the treatment of stability, we will be dealing with sub-
jrets that are in flotation equilibrium. However, they will not
necessarily be ip rotational equilibrium. This condition represeuts
a "worst case," since larger turning moments must b2 provided by a
personnel flotation device te rotate a subject at flotation equilibrium

with freeboard than under the fually submerged condition.

The present theoreticzl treatrient will be restricted to rota-

tion about a transverse axis. This implies fore and aft rotation only.

It 1s observed that all of the forces acting on the subject
are acting vertically, and further, that the sum of the forces at flo-
tation equilibrium is zero. Under these conditions, it follows that
tilte vertical forces can be fully resolved iutoc a series of 2qual and
opposite forces acting at different horizontal locations. Therefore,
the vertical forces represent a series of couples acting on the subject.
This leads directly to the conclusion that the moments acting on the
subject are independent of the choice of the point about which the

mements are taken.
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Head Flexed
1f we consider a subject in flotation equilibrium though not
necessarily in rotational equilibrium in the prone position, with head
flexed and equipped with a personnel flotation device, we have the situ-

ation diagrai.med in Figure 7. In Figure 7 we cefine

e is the trunk inclination angle to the vertical,

CC(0) is the location of the subject's center of gravity

when the trunk is erect.

cc(e) is the location of the subject's center of gravity
when the trunk is inclined at the angle @ to the

vertical.

CVT(Q) is the center of total buoyancy when the trunk is

inclined at the angle ® to the vertical.

CVO(B) is the center of buoyancy of fthe subject's body

volume floated above water,

CR(8) is the center of buoyancy of the personnel flotaticn
device.

W is the subject's weight in air.

pva is the subject's teotal buoyancy

S is the subject's submerged weight at a particular

lung volume, S = W - pwVH
L

B(8) is the buoyancy provided by the personnel flotation
device at flotation equilibrium when the trunk is

inclined at the angle &

x(8),y(0) are the coordinates of CB(8) relative to a system
fixed on the body axis at a height corresponding
to the suprasternal notch (the point A).
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E FORCES ACTIMG ON A FRONE SUBJECT EQUIPPED WITH
A PERSONNEL FLOTATION DEVICE - HEAD FLEXED
Figure 7

32

E Arthur D Little Inc




—

m is the distance along the body axis from A to CG(0)

p is the distance from the point A to CVO(G)

df(G)Sin(G - Gf) is the horizontal distance from CG(8) to CVT(G)

Gf is the prone rotational equilibrium angle for the

fuily submerged subject with h..d flexed.

h is the subjent's height,

= ¢in 8 is the horizontal distance from CG(0) to CG(8)
(see Appendix D)

It is assumed that the head is flexed at an angle of 450 to the trunk axis
and it is further assumed that all quantities shown as functions of 9 may

vary with @.

If we now take moments about the point A, we obtain for a total

moment acting on the subject

ME(G) = o, Vod (8)sin(e - ef) + 8{m - %}sin 8 - 0.7p{B(8) - S}{cos & + sin 8}

+ B(8) {x(®)cos @ + y(8) sin 6} (N

Upon inspection, each of the terms in equation (7) can be associated with

either the subject or the personnel flotation device.
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M(8)

pwVTdf(G)sin(G = Gf)

S[m - %} sin @

-0.7p{B(8) - S){cos ®

+ sin 9}

is defined as the total moment acting

on the subjcct inclired at the angle @
with head flexed. If tnis quantity is
positive, the subject in Figure 7 will

be rotated in a counterclockwise direction
from the prone position toward the supine
position., When M(8) is zero, he will be
at equilibrium, and when negative, he will
be rotated clockwise further into the

prone position,

is defined as the submerged moment and it

is a function only of the physical charac-
teristics of the subject and his orientation.
It can be seen from equation (7) that if

the subject were allowed to slowly sink in
tiie prone position with B(8) = 0, i.e., no
personnel flotation device and S = 0 due

to the downward acceleration, neglecting
viscous effects, then the total moment
acting on the submerged subject would be

the defined submerged moment.

is defined as the submerged weight moment

and again is a function only of the physical
characteristics of the individual and his

orientation.

is defined as the floated volume moment

since it is a function of the volume floated

above water, i,a,, (B(&) - S}, znd th

tion of the center of buocyancy of this

floated volume.
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B(G)[x(e) cos © is defined as the device moment since
+ y(8) sin 9] it is related only to the amount of
buovancy provided by the personnel
flotation device and the location of

its center of buoyancy.

Head Extended

If we consider a svhject in floiacicn equilibrium thouga no!
necessarily in rotational equilibrium in the supine positicn, wn have the
situaticn diagrammed in Figure 8, where all quantitiex are as previcusiy

defined with the exception of

%) is the supine rotational equilibrium
angle for the fully submerged subject

with head extended.

db(G)sin(Q - Bb) is the horizontal distance from CG(®)
8).
to CV,.(8)
BWw + oW
—417;————L sin 8 is the horizontal distance from CG{0)

to the CG(B)
(see Appendix D)

L
It is assumed that the center of buoyancy of the floated volume when the

head is extended is on the trunk axis a distance p above the point A,
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FORCES ACTING ON A SUPINE SUBJECT EQUIPPED WITH A
PERSONNEL FLOTATION DEVICE — HEAD EXTENDED

FIGURE 8
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I If we now take moments about the point A the total moment acting

on the subject is given by

I W + o W
M (8) = p V,d (8 sin (8 - 8) +Si{m ==& ! sin @ + {B(®) - 8)p sin ®
+ B(8) [x(8) cos 8 + y(8) sin 8] (8)

Upon inspection, each of the terms in equation (8) can he associated

with either the subject or the versonnel flotation devicsz.

M(8) is defined as the total moment acting on the suk-
ject inclined atr the angle 8 with head extended.
If this quantity is positive the subject in
Figure 8 will be rotated in a counterclockwise
direction, i.e., further in the supine direction.
When o(8) = 0 he will be at equilibrium, and when
negative, he will be rotated toward the prone
position.

p V. d sin (8 - 8

wirdy h) is defined as the submerged moment and is a function

only of the physical characteristics of tue indi-

vidual and his orientation.

is defined as the submerged weight moment and is a

function only of the nhysical characteristics of

the individual.

[B(Q) - S] p sin ® is defined as the floated voiume moment. It is a

function of the volume floated above water and the

location of the center uf buoyancy of this volume.
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B(G){x(e) 205 @ is defined as the device couple since it is
+ y(8) sin 6] a function only of the buoyancy provided by
the =2rsonnel flotat on device and the loca-

tion of its center cf buovancy,

Application of Theory

The quantities in equations {7) and (8) relating tc the individual
subject's physical characteristics have been measured for each of the limited
sample of subjects with the exception of the quar-.ity Bwa + awg. However,
this quantity can be estimated to within the required accuracy for present

purposes from general anthropometrical statistical data.

The functions pvadf(e) 5in{® - Gf) and pwVTdb(G) sin (8 - Bb)
have been measured directly by applying ccuples of knowa magnitude to the
fully submerged subjects, and measuring the new equilibrium angles when the
lungs were expired tc residual velume. Measurements on typical subjects are
shown in Figures 9 and 10. These functions wexe not experimentally measured
over the full range of physical interesc. Therefore, for the present analysis,
it is necessary to extrapolate the sinusoidal variation of these functions by
not more than a maximum of 300 from their zerc point to evaluate '.vice per-
formance near vertical, and by not merve than 45° to evaluate device perforn-

o
ance at =90 .

The equilibrium angles 8_ and Qb, the submerged weight, S, at

f
residual lung voluwe and subjecl’s heighc, h, vere measured di. iy,

distance from the height of the suprasternal notch to the erect center of

gravity, m, was derived from the anthropometrical measurements and general

38

Arthur D Little inc




DATA FROM 1969 AD.L.

200 EXPEFIMENTAL__E’OPULAHON
P
SUBJECT NUMBER 8 o ~d
RESIDUAL CAPACITY Vo4
FRESH WATER //'/
/
IOO'" i : /

—HEAD FLEXED ’
pw VT df Sin (Q-Gf)

{ ,
| |
|

SUBMERGED
MOMENT
{kilogram-
centimeters’

0

|
HEAD EXTENDED
£y V7 dp(6)Sin (8 -65) ——

00— —

oy ,‘/ / l
200555 ~60° 0° 50° T20°
TRUNK INCLINATION ANGLE - © (degrees)

EXPERIMENTALLY MEASURED SUBMERGED MOMEn+ FGR AN ADULT
MALE - LUNGS AT RESIDUAL CAPACITY (SINUSOIDAL EXTRAPULATIONS
ASSUME d CONSTANT)

Figurc 9

15

ﬂ Arthur D Little Inc.




-

1“

UATA FROM 19€9 A DL

200 B EXPERIMENTAL Popumnowl
SUBJECT NUMBER 15 | -
RESIDUAL CAPACITY I‘ //
FRESH WATER /
/7
1OU'" : - i —f
l /
| | v oo,
| %) P ' ™~
o HEAD EXTENDED -
MOMENT | ¥ . N |
{kilogram- l 1
centimeters) | /
~ | -/
/ |
100} S ,-/ ; —.
\ /
~
S __,,/4\-HEAD FLEXED
-+ Pu Vy &g Sin(8-6,) |
-200_ ] Y ~¥al-) (-] o ! o
120 69 0 60 120

TRUNK INCLINATION ANGLE. - 8 (degrees)

EXPERIMENTALLY MEASURED SUBMERGED MOMENT FOR AN ADULT
FEMALE - LUNGS AT RESIDUAL CAPACITY (SINUSOIDAL EXTRAPULATIONS
ASSUME d CONSTANT)

Figure 16

40

Arthur D Little Inc




statistical data. The distance, p, from the height of the suprasternal
notch to the center of buoyancy of the floated volume is assumed to be
equal to the measured distance from the suprasternal notch to the external
meatus when the subject is erect. This distance has been measured on each

of the subjects.

Within the context of the noted assumptions, approximations and
cxtrapolations to the existing data on the limit:d experimental population,
we have a sufficiently complete data set to use as an illustration of the
statistical methods that can be applied tc evaluate the stability provided
by a personnel flotation device providing a known amount of buoyancy and
known moments as a function of trunk inclination angle. Alternatvively, we
can specify the buoyancy and the moments that must be supplied to each sub-

ject to assure that he will be:

® floated with sufficient freechoard
® rotated from the prone to the supive position
® not be rotated from the supine to the prone position

® find 2 supine ejuilibrium position at & > ~ 900

1. Proper Rotation frem Prone Equilibrium

Referring to equation (7), if it is desired to effect an initial

rotation from the submerged equilibrium angle &, toward the vertical, it

f

is necessary that the total momeut he positive. Under this condition:
h al I =
Mf(ef) =5 {m- e } sin 8. - 0.7p [B(Gf) 33 {cos 8, + sin ef}

+B(8)) [x(ef) cos 8. + y(6,) sin ef} >0 (9)

£
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Therefore,

5
X 1 > - —
(ef) + j(ef) tan Gf 0.7p {1 B(Gf) 1 {1 + tan Gf]

S
B(8

m-23). @ (10)
f) 8 f

Inequality (10) relates the coordinates of the center of buoyancy of B(Gf)

—armgy  fmmerry

to the physical dimensions of the subject and hils submerged weight S.

By inspection, it 1is seen that the distances to the center of buoyancy of
B(Gf) can be minimized by minimizing B(Qf). It is also seen that those
subjects with larger values of S require the smaller values of x and y to

satisfy the criteria for proper rotation from prone equilibrium.

The inequality (10) establishes a criteria for choosing the walue

of x(ef) + y(ef) tan 8_. It does not provide & method of choosing x and y

f
independently, To do this, it 1s necessary to consider rotation through

the vertical from the prone to suplne orientation.

2. Rotation Through Vertical, Prone-to-Supine

Referring to equation (7), Lf it 1s desired to assure rotation
through vertical from the prone to the supine orientation, it 1s necessary

that the total moment be positive at 8 = 0, Under this condition:

M (0) = p V,d. sin(- 8) - 0.7 {B(0) =5} p + B(O) X(©) >0 (11)
Therefore,
S A
x(0) > 0,7 {1 - o) ) O (- o) (12)
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3. No Rotation Through Vertical Supine-~to=-Prome

Peferring to equation (8), it is necessary to assure that there
shall be no rotation through vertical from the supine-to=-prone orientation.

To acsure this, it 1is necessary that

Mb(O) = pwVTdb sin (= Gb) + B(0) X(0) >0 {13)
Therefore,
p v d
x(0) > - LBU‘- sin (- 0,) (14)
o

4, Supine Equilibrium at & > = 90°

Referring to equation (8) it is necessary to assure that the

supine equilibrium occurs at @, > -90°, 1o accomplish this, it is neces-

b
sary that
BW -~ oW
T m T )
-y = .= LA - . —a__ i
My 3 = Vpdy (H7) sin (-5 -8 S}“‘ W %

- (B(-Tz—’)-s) P-B-3)y (-7)<0  (5)

On our limited sample, the average supine equilibrium angle Bb = - 3° for

b

with a variance of - 5°. 1In the extreme case, the maximum value for Gb

will be of the order of - 150. The sin (- % - L- ISOJ) = gin -75° = - .96,

adult females with a variance Ugb = 70, and for adult males 6 = - 3°

m
We can then to good approximaticn in equation (13) let sin (- 7 9;) = -1,0,
and it therefore follows that:
Vd (-2) B+ oW
m Pirdpt™ 2 S a l S
y (323>~ - L ‘- 1-__13(“) p
n 1 - =
B('E) B('E) 2
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EXAMPLE WITH FIXED BUOYANCY

At this time, detailed calculations of the effectiveness of a
PFD with a fixed amount of bucyancy at a fixed location with respect to
the subject have been carried on for one value of buoyancy, namely, 26
pounds. This is perhaps an upper limit that wculd be provided by an
effective PFD as influenced by wearability considerations. The methods
employed however are equally applicable to cases where less buoyancy is
provided.

It is ascumed for the sake of this illustration that the sta-
tistical curves in this report faithfully represent the characteristics
of the adult male and female boating population. The method of applying

the formalism developed in the previous sections is as follows.

BUOYANCY
¢ The adequacy of the buoyancy provided by the PFD
is evalueted by use of the statistical curves

shown in Figures 5 and 6, on pages 28 and 29.

Referring to these two figures, and considering two personnel flotation
devices, one providing 15 pounds of buoyancy, and one providing 26 pounds
of buoyancy, we obtain the results shown in Tables I and II for the frac-
tion of the population floated with indicated volumes above water under

Jdifferent conditions of inflation of the lungs.
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Volume ADULT MALE
Above Head Plus Head
Water Neck Alone
Residual

Lung Volume 0% 40%
Functional

Residual

Lung Volume 227, 927

ADULT FEMALE
Head Plus  Head
Neck  Alone
22% > 99%
907% > 99%

TABLE I PERCENT OF POPULATION FLOATED WITH INDICATED VOLUME
OR GREATER ABOVE WATER AT INDICATED LUNG VOLUME FOR
A PFD PROVIDING 13 POUNDS OF BUOYANCY

ADULT MALE ADULT FEMALE
Volume
Above Head Plus Head Head Plus Head
Water Neck Alone Neck Along
Residual
Lung Volume 90% > 997, > 99% > 99%
Functional
Residual
Volume > 967, > 99% > 997 > 99%
TAEZLE 11 PERCENT OF POPULATION FLOATED WITH INDICATED VOLUME

OR GREATER ABOVE WATER AT INDICATED LUNG VOLUME FOR
A PFD PROVIDING 26 POUNI'S OF BUOYANCY
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From Table I it is seen that the 15 pounds of tuoyancy is ade«
quate to float greater than 99% of the adult female population with the
volume of their head above water under all conditions of lung inflaticn.
It is in fact adecuate to float 92% of the adult male population with
the volume of the head above water at normal lung volume (i.e., functional
residual lung volume)., It is seen, however, if in the case of adult males,
that if the lung volume ls decreased or the volume to be floated above
water is increased from that of the head alone to that of the head plus
neck, that there is a sharp drop in the fraction of the population so
floated.

In Table II, where we consider 26 pounds of added buoyancy, it
is seen that greater than 99% of both the adult male and female population
will be floated with the volume of the head and neck above water with one
exception, that is, when the adult male fully exhales until his lungs are
deflated to residual volume. Even under these conditions, 90% of the
adult male population will be floated with a volume equal to or greater
than that of the head plus neck above water. It is from this type of
analysis, carried out in detail cn a statistically reliable set of data,
that one can 2stablish measures of effectiveness for the added buoyancy
provided by a personnel flotation device. On the assumption that the
present data represent the general population, one can judge that with
respect to buoyancy alone that 15 pounds might be adequate for adult
females but that it might be marginal for adult males. One tune other
haad, 26 pounds of added buoyancy appears to be more than adequate for
all cases except the extreme case of the adult male at minimum lung
volume, and floated volume equal to or greater than that of the head

plus neck.
)
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STABILITY

® The stability provided by a personuel flotation

device of fixed buoyarcy is a function only of the

location of the center of buoyancy of the PFD

relative to the subiect, To be judged as adequate

in

of

1,

the present context, the location of the center
buoyancy of the device must he such that:

The subject is initially rotated toward the
vertical from the prone equilibrium position

without a FFD, (Inequality (10}, page 42)

The subject is rotated through vertical from
the prone to the supine position when the head

is flexed (Inequality (12), page 42)

The subject has a supine equilibrium position
at an angle that is less than -90° so that his
nose and mouth remain above water. (Inequality

(18], puge 43)

It turns out that the sacond condition above is a condition only on the

horizontal distance (X) from the center of buoyancy of the PFD to the

certeriine of the subject's body and is independent of its locaticn

verticallv on the chest. Having established this distance it is then

possible to evaluate the first and third conditions with respect to

which is the more stringent in vertical placement (Y) of the PFD.
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Using the referenced inequualities and the data from the expevi-
mental measurements made on each of the individuals in the statistical
population sample, calculations must be pcrformed for each individual
and the final results analyzed statistically. Since there 1s a large
amount of repetitive calculation required, a computer program has been
written to scive the three inequalities (10), (12) and (16). The data
for each subject are read into the computer. It then calculates the
required horizontal distance (X) from that subject's body centerline
to the center of buoyancy of the PFD and the maximum allowable vertical
distance (Y) from the top of the breast bone (suprasternal notch) to
the center of buoyancy of the PFD, The computer program is listed and
the calculations for the 26 pound added buoyancy case are shown in
Appendix B.

After the individual calculations are compleved, the results
are treated statistically in terms of the fraction of the population
that will be adequately served in terms of proper rotation and equilib-
rium defined by the three conditions ocutlined above., The statistical
results for the location of the center of buoyancy of the PFD for the

26 pound added buoyancy case are shown in Figures 11, 12 and 13.

Figure 11 gives th2 fraction of the population that will be
rotated through vertical from thz prone to the supine position for a
given value of the horizontal distance {X) from the body ccnierline to
the center of buoyancy of the PFD., 1If, for example, & PFD provide:
26 pounds of buoyancy and the center of buoyancy is six inches from
the body centerline, then 32% of the adult female population and 70%

of the adult male population will be sucated through vertical,
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Figures 12 and 13 both relate tc the vertical location of
the center of buoyancy of the PFD with respect to the top of the
breastbune (suprasternal notch). The result in Figure 12 is based on
the assumption that the PFD provides 26 pounds of buoyancy and thet
its center of buoyancy is 10,2 inches from the body centerline. The
result in Figure 13 is based only or the assumption that the PFD supplies
26 pounds of buoyancy and is independent of the horizontal distance (X)

as seen in inequality (16).

Figure 12 represents the fraction of the population having an
initial rotation towird vertical, while Figure 13 represents the fraction
of the population having a supine equilibrium that is at l=ss than -90°.
In comparing these two curves that the more stringent conditlon is im-
posed by the supine equilibrium condition, Figure 13, for all but the
highest percentagc of population cases., As A result, we find from
Figure 13 that if the center of buoyancy of the PFD is 9 inches below
the top of the breastbone (suprasternal notch) that only 40% of the
adult female population will be rotated toward vertical from -900,
while 80% of the adult male populaiion will be rotated toward vertical

from this position.

CONCLUSION
Repeating these types of calculations for varying amounts of
buoyancy and differeni ceanters of buoyancy fov the IFD, we can for cach

combination calculace the following:
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1, From Figuras 4 and 5, the fraction of the popu=-
lation that will be floated with head or liead
plus neck volume sbove water for varying lung
volume,

2. From figures similar to Figure 12 for varying
amounts of added buoyancy and different hori-
zontal and vertical distances to the PFD center
of buoyancy, the fraction of the population that
will have the proper initial rotation from the
prone position.

3. From figures slmilar to Figure 13 for varying
amounts of added buoyanry and different vertical
distances to the PFD center of buoyancy, the
fraction of the populetion that will be rotated
toward vertical from -900 {(i.e., have an accept-

able supine equilibrzium position),

It should be emphasized at this point that the present treat-
ment of buoyancy and stability is based on experimental data from a
limited population obtained at residual lung volume. The statistical
uncertainty in the data has been noted earlier. Through measurement
of expiratory reserve capacity, the results on buoyancy r:quirements
can be stated at normal lung volume (i.e., functional residual capacity).
The preceding discussion on stability requirements has been with refer-
ence to the lungs at residual volume (i.e., fully expired) rather then

at normal lung volume. The effect of this change in lung volume has
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not as yet been evaluated. However, on the basis of the experimental
data on measured lung volumes and anthropometric data that effect of
this change can be calcuiat:d. It may also be possible to measure the

effect of this change experimentally; however, this has not as yet been

done.

51

A .wurDLlittleln-




DATA FROM 1969 A G L

12 o EXPERIMENTAL POPULATION
—— L |
i
LUNGS DEFLATED TO X
RESIDUAL VOLUME
10| HEAD FLEXED il ]

FRESH WATER
PFD BUOYANCY 2G5 POUNDS

DISTANCE
FROM BODY
¢ TO CENTER

OF PFD

BUOYANCY

{inches)

| .
0 20 40 60 80 100
PERCENT OF INDICATED POPULATION (%)

f\ll F\f\TATI‘"I‘\ 'F [aTa iR T al K]

PERCENT OF INDICA TATE ROUGH VERTICAL
FROM THE PRONE TO THE SUF‘IHE POQI ION VS. DISTANCE FROM
BODY CENTERLINE TO PFD CENTER OF BUOQYANCY

Figure 11
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MEASUREMENT PREC15TUN_AND SAMPLE SIZE REQUIREMENTS

It is planncd to ucse data obtained from a serilec of experi-
ments, performed on a randomly sclected population sample, to statisti-
eally determine the adequacy of tha buoyancy and stability provided by
personnel flotation deviees of varying design. These devices must be
adequate to serve the requirements of a major fraction of the population,
tharefore it is not suffieient to rstablish only the mear requirement,
but it is also necessary to predic® the variance of the individual re-
quirements, If both the mean and the variance are estimated, then it
is possible to make meaningful estim:ies of the requirements of the
extremes of the population rather than only the requirements of the

mean individuals,

MEASUREMENT PRECISION

In any statistieal measurement experiment on a distributed
physical characteristie, there ars two factors that are of importanee.
These are: the aetual distribution of the characteristic over the
population, and the undertainty in the measarement of the characteristic
on a single subject. These two faetors combine to give a final result
that eombines the two factors. If X is the average value and cx
is the average value for the variance physieal eharaecteristic, and Y
is the average value for the error, and UY is the average value for the
varianee in the error 'n the measurement of the charactevistic of a
single individual, then the experimentally ohserved distribution will

have the following characteristics.
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Z = X7 (L)
2, 2%
= |G
°, { <t Gy] (2)
where Z is the experimentally determined mean value, and a, is the
experimentally determined variance.
However, if ¢ < g , then
y X
o] 2 % o] o 2
o =g 1+—%f = o 1+%—1+0(—x) (3)
z X X a 3
c X X
X
Therefore
s 2y
>
o, o, gl + 5 3, (4)

Equation (1) states that the mean value of the experimentally
determined distribution is biased from the characteristic distribution
by the mean value of any systematic error that one makes ia measurement
on an individual. Equation (4) states that the variance obtained in
the experimental distribution is increased by one half the ratio of the
measurement variance to the characteristic variance. That is, the

experimental variance will be larger than the characteristic variance.

In our measurements program it is reasonable to assume that
there is no systematic error in the individual measurements, that is
Y =0 and further, it can be assumed in each case that the variance of
the individual measuremenis is small comparcd to the variance nf the
characteristic. Typically, in the case of the measurement of submerged

welght of adult females, shown in Figure 4 , the experimentally measured
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distributicn has a mean value of approximately Z =40 pornds with
g, = 0.5 pcunds. Thes variance, Oy, in measurements on & single indi-
vidual, is of the order of 1 to 2 ounces or approximately 0.1 pound.

It therafore follows from equation (4) that

c < o, -% 0y (5)

g < 0.50 - 0.05

¢ < 0.45 pounds

It therefore follows tuat using the experimental distribution without
correcting for the small variance associated with the individual meas-

urements provides an overestimate of the variance in the characteristic,

There are two observations to be made, 1) that the effect is
small, and 2) that using too large a variance results in conservative
estimate of the fraction of the population having a characteristic that
is equal to or less than some arbitrarily selected value. For this
reason, in the work done to date, we have not corrected for the variance
associated with measurements of physical characteri--ics of individuals.
This line of reasoning applies to the measurements ot weights, volumes,
linear dimensions and &pplied moments. In future work, it is planned
to obtain the variance of measurements on single individuals so that
the indicated correction can be made to the observed experimental dis-

tributions.
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SAMPLE SIZE REQUIREMENTS

In addition to the uncertainties assoclated with the indi-
vidual measurements that make up a sample data set for the determina-
tion of the statistical distribution of a physical characteristic over
the sample, there is the question as to how well the characteristics
of the sample represent the characteristics of the general population.
Statistically, it is always possible to improve the correspondence
between the mean value and variance of a characteristic determined
from a randomly selected sample, and the mean value ano variance of
the characteristic of the general population by increasing the size of

the randomly selected sample,

The statistical tool used to evaluate the correspondence
between the sample and population means and varlances as 8 function of

sample size 1s the statistical concept of confidence interval,
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We can calculate the probaﬁility, 1l - &, that the mean value,
u, of the population is within a given interval about the sample mean
value X, determined from an experiment on n individuals. This is
accomplished by using the sample variance s and the student '"t" dis-
(11 .
tribution through the relationship:

st o L2
2

Prob | x - b X+ =] - o (6)

Jao o Jn

We can calculate the probability, 1 - o, that the varianve,

2
cx , of the general population characteristic, is within a given inter-

~

Z
val about the sample variance Sx determined frorm an experiment on n

individuals. This is accomplished using the }f!distribution(ll) through
the relationship;
. 2 nsn
Prob | 52— < ol < —BE— | <10 )
— x 2
X X
n < n,l- g
i2 ] 2

Consider the case in which the added buoyancy required to
float adult males with a volume equivalent to that of the head plus
neck abov.: waster with lungs expired to residual volume was determined.
In the experiments on the 1969 ADL limited population, it was found
that for data from seven subjects (n = 6) that the mean value of the
buoyancy required was ; = 22,2 pounds, and the sample variai.ce was
Si = 6,8 pounds squared. If the same result for x and Si were obtained

from samples of larger size, i is possible to calculate the statistical

probability that the mean value and variance in the general population
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sults of these calculations for a sample mean of 22.2 pounds, and a
sample variauce of 6.8 pounds squarcd as a function cf sample size are

choun in Figeres 14 and 15, respectively,

'
3
is outside a given range about the sample mcan and variance, The re-
5
[
Ii As an cxample of the use of thcse two curves, consider the
J results obtained for our limited sample of seven subjects with a sample
mean of 22.2 pounds and a standard deviation of 2.6 pounds. The 98th
] percentile individual on the high end of the distribution is 2 : .gma
from the mean. His buoyancy requirement wiil be 22,Z + 2 x 2.6 or
. 27.4 pouwds,

From Fizures 14 and 15, we observe that if this mean and vari-
ance arc determined with n = 6, then thcre is one chance in ten that
for the general population that the mean is greater than 23,7 pounds,
and onc chance in ten that the standard deviation is greater than 4,2
pounds {indicated by a()in each figure). It therefore follows that
therc is one chance in one hundred that the 98th percentile individual

% in thc gereral peopulation will require 32.1 pounds of buovancy rather

than the quoted 27.4 pounds.

If the mean and variance were obtained from an experiment
employing forty subjects rathev than seven, randomly selectcd from the
peneral population, then we cobserve the following: There is one chance
in ten that the mean vralue for the general population will be greater
than 22.7 pounds and one chance in ten that the standard deviation
will be greater than 3.0 pounds. It thercfore follows that there is
one chance in one hundred that the 98th percentile individual will

require a buoyancy of 28.7 rather than the gquoted 27.4 pounds.
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It follows that we can reduce the uncertainty in specifying
the buoyancy requirement for the 98‘:h percentile individual from 4.7
pounds ( ~ 20%) to 1.3 pounds ( ~ §%) at the 1% confidence iimit by
increasing our evperimental sample from the general population from
7 people to 40 people. It is on this basis that we recommend a sample
size of fifty subjects in each class for future statistical experiments
designed to obtain basic data relating to buoyancy and stability re-
quirements for the geuneral boating population. A sample of this size
will assure that the statistical distributions obtained reflect the
distribution of the measured physical characteristics of the general
population rathser than the statistical uncertainties associated with

the sampling procedures,
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EXPERTMENTAL METHODS

SUBJECTS

One of the aims and objectives of the study was relatcd to
the ability of PFD's to serve as large a percentage of the population
as possible and a statistical approach to the problem is required.
Therefore, subjects were chosen on a 3 x 3 matrix consisting of tall,
medium, short in one dimension and thin, muscular, fat in the cther
dimension with male and females in each of the 9 resulting cells.
In this way it was hoped that we would be able tc span the variations
in the measures of interest comparable to the span found in a statisti~
cally valid populatior, The dimensions of tall, medium and short were
obtained from published studies on height using the ranges of below
the 25th percentile for short, of 45th to the 55th percentile for medium
and the range above the 75th percentile for tall. The dimension of thin,
muscular and fat was based upon an arbitrary selection of one of the
investigators. Complete data were obtained on eight male and seven
female subjects and as will be seen later, comparisons of the distribution
of our subjects with existing data on large numbers of adult males and
females in the United States showed that our sample fairly represented
the U.S. general population reported by several investigators. (See

Tables III and IV)
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ANTHROPOMETRIC MEASUREMENTS

Anthropometric measurements were made according to standard
methods used by most workers in this field. Any departures from
standard methods were based upon our specific requirements with the
consraint that all measurements were to be made to fixed and easily
identifiable bony structures. For instance, where the bottom of the
knee cap and the acromion process were used by some workers, this study
used the top of the fibula and the sternal notch, respectively. It was
found that the sternal notch was 0 - 1 inch lower than the acromion
process and the bottom of the knee cap with the muscles relaxed was
virtually the same as the top of the fibula. This is a stable refer-

ence point unaltered by changes in muscle tone.
The anthropometric measurements made were:

® hody weight in swimming shorts for men and bathing
suits for women,

® height in bare feet

® height to top of fibula

® crotch height

@ jliac crest height

® xiphisternum height

® suprasternal notch height

¢ distances from suprasternal notch to the external

meatus with head in the fully extended, fully
flexed and vertical positions.
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YOLUMETRIC MEASUREMENTS

Volumetric measurewents were made by the water displacement
method using a specially constricted tank into which subjects were
lowered to the reference points used for the anthropometric measure-
ments. Measurements above the xiphisternum were made with the lungs
fully deflated %o residual volume and included the volume o the arms.
Neck volume measurements were made between the suprasternal notch to
the lower edge of the mandible (jawline) adjusted to the horizontal
position, Head volumes were obtained from the Jawline in the horizontal

position to full submersion. (Figure 16)

For the sake of ease of presentation, the following conven-

tions were followed for naming certain segmental volumes:

® Volume between the top of head and lower edge of

mandible is referred to as head volume.

® Yolume between the lower edge of the mandible and
the sternal notch is referied to as neck volume.

This volume also includes part of the shoulders
and back,

® Volume between che sternal notch and xiphisternum
is referred to as chest volume, but this also

includes volume of the arms,

® Yolume between the xiphisternum and the iliac crest

is referred to as upper abdomen volume,

lume between iliac cresi aid cruich is referred

to as pelvis volume,

¢ Lower leg volume includes volumes of feet.
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FIGURE 16

Two views of the tank for volu-
metric measurements and sub-
merged weight determinations.
Volume of anatomical segments

are measured by incrementally
lowering platform with subject

into water. Submerged weight

is obtained by adding a weighing
scale suspended between the upper-
most support beam and platform,
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SUBMERGED WEIGHT

This was made in the same tank as was used for volumetric

measurements. Subjects were weighed while fully submerged with lungs

deflated to residual volume.

RESPIRATION MEASUREMENTS

These were made on each subject using a Thomas spirometer so
that corrections could be made for various lung volume states and con-
sisted of vital capacity, tidal volume, inspiratory capacity and expira-
tory reserve. Functional residual capacity is composed of maximum
expiratory reserve plus residuzl volume, and results at this lung state
can be calculated by adding expiratory reserve to the data which were
obtained at residual volume. 1In like manmer, results can be converted

to total Jung volume by adding vital capacity.

STABILITY AEASUREMENTS

The couple required to rotate the fully submerged subject to
an arbitrary trunk inclination angle with head flexed and extended was
measured usinrg the apparatus shown in Figures 17 and 15. These measure-
ments were performed in an indoor swimming pool. The device makes it
possible to apply any desired couple to the subject without affecting
his buoyancy. Thi: was accomplished by adding a lead weight and zn
equal and opposite buoyant force to the horizontal arm. A close-up of
the frame is shown in Figure 18. The lead weight, the buoyant material
and the apparatus were adjusted to neutral buoyancy in fresh water.

To the vertical zrm was attached an antenna whose angle to the hori-

zontal could be photographed directly. Using this apparatus, subjects
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SUBJECT WEARING STABILITY MEASUREMENT
FRAME

FIGURE 17
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CLOSE-UP OF STABILITY MEASUREMENT FRAME
DEPICTED IN FiGURE 1

FIGURE 18
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assumcd the angle imposed by the applied moment after having exhaled
to residual volume. tThe antenna was photographed just before it dis-
appeared belcw the surface of the water., The applied couple was com=
puted from the known distance between the applied weight and applied

buoyancy and the angle obtained from the photograph of the antenna.

TREATMENT OF DATA

Because subjects were selected to span the range of body
shares and sizes that might be found in the general adult popnlation,
the data were treated as representing a normal distribution for each
of the characteristics measured. Accordingly. mean and variance were
obtained and results illustrated either as cumulative plots to repre-
sent the probability that a characteristic is equal to or less than
an indicated percentage of the adult population of males and females.
Where appropriate points vepreseuted by the limited sample were in-

cluded in the plots as either the male or female symbols.

Statistical analyses used the Snedecor's F cest or variance
ratio test for the statistical significance of the difference between
the standard deviations of a given measurement, The student "t" test
was used for the statistical significance of the difference between

mean values of a given measurement. Significance was set at p < 0,05,
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RESULTS

COMPARISIN OF LIMITED SAMPLE WITH PUBLISHED STUDIES OF
LARGE SAMPLES OF THE ALDULT rOPULATION

Of the adult 9 males and Y females measured, complete and
usable data were obtained on 7 male subjects and 6 female subjects.
The anthropometric measure.ients were treated statistically to estimate

mean value:z and variances of ecach of the following quantities:

®* weight
® height of suprasternal notch

® height of iliac crest

crotch height

keight of top of fibula

These data were used to determine whether or not our selected subjects

as a grour were representative of the U.S. population reported in the

litera*ure.

The summary of results of anthropometric measurements obtained

o this limited sample are compared with results reported by Dreyfuss(lz),
1 % ¢
Roebuck(*J), Hertzberg(loﬂ and Daniels\la). The results reported by

Dreyfuss were a general anthropometric compilation of the U.S. adult

male and female based on the work of many investigators. Typical of

the type of data that is presented in his report are the results shown
for the adult U.S5. male and female population shown in Tables III and IV.
Unfortunately, it is not possible from his work to determine uniquely
sample size for each of the characteristics measured since his compila-

tion is devived from many diverse sources.
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2.5% 50% 97.5%
ADL 156.2 177.0 197.8
Dreyfuss 162.8 175.8 188.6 \
Roebuck 158.0  171.5  187.1 Helght (cm.
Hertzberg 162.2 175.5 188.5
ADL 123.5 141.3 159.1 Heivht of
Dreyfuss 132.7 143.8 155.3 o zaste nal
Roebuck 131.3 142.0 1563 Nobet (c’)a
Hertzberg 128.3 143.2 157.5 ° m
ADL 9l1.4 103.8 116.2 Height of Iliac
Hertzberg 95.3 106.1 116.2 Crest (cm)
Dreyfuss 90.5 97.2 106.1 Height of Center
of Gravity
ANL 70.7 78.9 87.1
Dreyfues 75.6 83.3 92.2 gii%:ﬁ ?gm)
Hertzberg 76.3 83.3 92.3
ADL 40.5 48.1 55.7 Height of top of
Fibula
Roebuck 40.2 45.7 50.7 S?‘g?;i?f(zzg
r ) Hertzberg 39.2 45.2 48.3 °
WEIGHT
ADL 55.5 77.5 99.5
Dreyfuss 58.6 73.7 95.0 Total
Roebuck 56.8 76.0 103.6 Weight (kg)
| Hertzberg 57.3 73.3 94.5
—— '
f—

TABLE I1I INTERCOMPARISON OF ANTHROPOMETKRIC DATA OBTAINED
FROM THE LIMITED ADL ADULT MALE POPULATION SAMPLE
AND SIMILAR DATA OBTAINED ON LARGER SAMPLES BY
OTHER INVESTIGATORS
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ADL
Dreyfuss
Daniels

ADL
0 Dreyfuss
Daniels

ADL
- Daniels

ADL
Dreyfuss
Daniels

Dreyfuss
Daniels

ADL

ADL
Dreyfuss

MNowmd -~ =
LB AT LD

2.5% 50%
144.7 166.5
145,7 161.0
151.0 162.5
122.2 136.0
120.0 131.5
125.6 137.2
91.8 102.4
91.2 100.8
65.7 718.7
65.5 73.3
70.13 76.7
1.2 45.3
41.5 49.7
39.1 47,7
40.7 61.1
43,2 61.3
3.6 50.3

97.5%

188.3
173.0
173.0

149,
141.
153.0

oo

113.
111.

[o- ] en]

91.
81.
87.3

QO o~

48.
57.

56.

o Lo 0%

1Ok

Height (cm)

Height of
Suprasternal
Noteh (cm)

Height of
Iliac Crest (cm)

Height of
Crotch (cm)

Height of Center
of Knee Cap (cm)

Height of top
of Fibula (cm)

Total
Weight (kg)

r.eie v INTERCOMPARISON OF ANTHROPOMETR!IC DATA OBTAINED
FROM THE LIMITED ADL ADULT FEMALE POPULATION SAMPLE
AND SIMILAR DATA OBTAINED ON LARGER SAMPLES BY

OTHER INVEST!GATORS
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The report by Roebuck consists of a compilation of data from
a number of different iavestigators and provides body dimensions of U,S.
males as estimated and synthesized for use in commercial aircraft
inLerior dessign., The data are presented in detail in "The Bioastro-
nautics Data Book "(15) As with Dreyfuss, compilation of the report
is a synthesis and it is not possible to determine the sample size for

each of the characteristics measured., llowever, a review of the original

sources shows that each of this consists of several thousand subjects,

The Hertrzberg report consists ef the body dimensions of
approximately 4060 flight personnel of the U.S. Air Furce while the
report by Daniels consists of the body dimenzions of 852 women Air

Force trainees.

We find that Hertzberg mean values on height and weight are
not significantly different statistically from those obtained by Dreyfuss.
However, there is a statistically significant difference from the mean
height and weights obtained by Roebuck, In additionm, in five other
tests on the mean values of the height of the suprasternal notch, the
height of the crotch and height of the knee, there were statistically
significant differences found in the mean value of the military per-

sonnel measurements and the general population.

When the mean value data for adult males from the limited

o FRHEED) aF G G
gators, no statistically significant differences were found in weight,

height, height of suprasternal notch, or iliac crest. There were possible

statistically signficant differences in the height of the crotch and knee.
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We conclude that the hypothesis that the mean values obtained from the
series of ADL measurements could be obtained from any of the three

larger distributions appears to be valid.

Adult Female
It the case of the adult female, three distributions were
considered, These are the seneral adult female population descrihed
by Dreyfuss, Daniels' data on 852 Women's Air Force trainees and the

limited ADL sample.

In testing the variance of these three distributions, we find
a gsignificant statistical difference between the variances determined
by Daniels and by Drevfuss for height, weight, height of suprasternal
notrch, crotch height and knee height. We also find a significant
statistical difference between the mean values for height, weight,
height of supr:.sternal noteh and crotch height. It was concluded that
the 852 Air Force trainees do not represent a good statistical sample

of the general adult female population described by Dreyfuss.

In intercomparing the ADL sample with both the Dreyfuss and

the Daniels distribution, there were no statictical differences for

either the mean valwves or the variances except that there may possibly
be statistically significant differences in height, crotch height and
knez height. It was concluded that the limited sample was too small

1 to illustrate adequately the difference between the twc possible parent

distributions.
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RELEVANT BODY CHARACTiRISTICS

Although center of mass and center of buoyancy and the dis-
tance between them characterizes the net effect of the distribution
of mass and buoyancy throughout the length and breadth of the human
body, it is apparent that the distribution of elther examined seg-
mentally show not only uifferences between individuals but also marked

statistical differences between sexes.

The distribution of mass within the human body cannot be
measured in the living subject. Information on cadavers is limited
as well as being obtained on smaller individuals than that represented
. ; (7,8,9)
by the limited sample of live subjects. Attempts to relate
masses of individual segments from the cadaver studies to volumes of
the secgments in our limited sample produced meaningless results, How-

ever, segmental volumes and submerged weight were measured for each

individuzl in this study.

VOLUMETRIC RELATICNSHIPS

Buovancy is a function of volume of water displaced and the
density of the water. [he results of each segment calculated as percent
of total volume are presented in Figures 19 to 27. Analyses scowed that
there were no statistically significant differences between femaies and
males for head volume, neck volume, head and neck volume combined and
volume of lower legs. On the other hand, there were statisticaliy sig-
nificant differences between chest, upper abdomen, pelvis and thigh

volumes. If we accept the data of Dreyfuss which shows that the center
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of gravity is slightly below the iliac crest and data from this study
which shows that the center of buoyancy is within 1 to 3 cm of the

center of gravity (see Figure 31), we find that the differences between
the chest plus upper abdomen volumes above the iliac crest and the pelvis
plus thigh volumes below the iliac crest are working in opposite direc-
tions in the two sexes, This is further illustrated in Figure 27 which
shows the differences between males and females in volumes below the
iliac crest, This results in males having a greater submerged stability
than females and partially explains the results of the stability measure-
ments which showed that in addition to volumetric effects, males have a

higher degree of stability than females.

STABILITY RELATIONSHIPS

Figure 28 illustrates typical results of the stability experi-
ments on male and female subjects in the "relaxed state."” In the prone
angles of rotation the head was in flexion while in the supine angles
the head was held in extension, The arms and legs were allowed to attain
positions according to sach subject's idea of the "relaxed state.'" Mean
equilibrium angles for adult males were -6° supine and +16° prone. Mean

equilibrium angles for adult females was -3° supine and +22° proie.

Figure 29 illustrates the percentage distribution of the male
and female adult population (based on the limited sample) for submerged
forward equilibrium angles (head flexed) and shows that temales fioat at
a significantly greater forward angle than males (p < 0.01). These data
indicate that the center of buoyancy for both males and females in fore-

ward equilibrium angles are above the center of gravity and dorsal to
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to the center line of the long axis of the trunk. In females the
center of buoyancy is therefore relatively more dorsal than in the

males.,

Figure 30 illustrates the percentage distribution of the
male and female adult population (based on the limited sample) for
the torque required to rotate fully submerged subjects with lungs
at residual volume to a prone and supine angle of 30o and shows that
females require a significantly smaller couple than males to achieve
rotation (p < 0,01l). This is in consonance with the fact that their
volume is less and their center of buoyancy is closer te the center
of gravity. Figure 31 is a plot of the probability distribution for
the calculated values of the distance from the center of buoyancy to

the center of yravity for the limited sample.
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DISCUSSIUN

The method of selection of a limited adult male and female
population to span the human body characteristics of the general popu-
lation proved to be cffective, at least in terms of anthropometric
measvres and, therefore, presumably of these measures (not available
in the literature) required for analyzing the buoyanvy and stability
problem,

The buoyancy problem resolved itseli to two physically meas-
arable quantities, namely, suhr.erged weight and volumes of head and
neck, i.e., that part of the body required to bLe out of the water for
survival purposes., Although measurements required to resolve the
buoyancy problem were performed in f{resh water at residual lung volume,
scparate respiratory and volume measurements allow caleculation of
buoyancy requirements for functional residual volume, total lung

volume and for salt water,

The stability problem resolved itself into one vec . =med with
rotating an individual from a prone position, with head fully flexed,
into a range of orientations conducive to his survival and maintaining
him in this orientation, It was found that stability requirements were
a function of the amount of added buoyancy and the position of its
center of buoyancy in relation to the front of the trunk. Solution of
the stability problem depends on measurable quantities of the human
body and measurable quantities of a P¥D. A PFD can, therefore, be
characterized as to the percentage of the population which it can

serve as a family of curves
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Although the selection of subjects appeared to be effective
in spanning the variabilities of characteristics of the general popu-
lation, it must again be emphasized that the results presented in this
report based on a limited sample cannot be extrapoiated to the general
boating population and used as criteria for the design of personnel
flotation devices witlout verification based on a statistical sample

of the boating population,
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APPENDIX B

COMPUTER PROGRAM

Table B-l is a listing of the computer program that has been
written to solve inequalities (10), (12) and (16) on pages 42 and 43
for each subject., Satisfying these three inequalities by a PFD supply-

ing a fixed amount of buoyancy and & fixed center of buoyancy issumes

¢ The subject is rotated towurd vertical from the
prone equilibrium that would prevail without a

PFD.

® The subject 1s rotated through vertical from the

prone to cthe supine position,

@ The subject attains a supine equilibrium at less

than -90°,

It should be noted that the present theoretical development
and experimental data have been based on lung volume corresponding to
S-S Sw, S

- e
residual volume (i.e., fully deflated). Tha effects of changing lung

volume on stability have not been investigated as yet.

Table B-2 is an example of the series of calculations dene
for one particular bucyancy for the 1969 ADL limited population. In
this case this added PFD buoyancy was defined as Bf = 12,00 kilograms
(~ 26 pounds). The computer then takes the following data for each

subject.,
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Figure 1 Definition
in text

(pgr 1) A Height of suprasternal notch -
subjent - ‘rtical (cm)

Height of CG - subject vertical (cm)
h H Subject height (cm)

P P Distance from external m=atus to
suprasternal notch - head flexed (cm)

o

S 5 Submerged weight (kg)
Gf THF Forward cquilibrium angle  degrecs)
. - )
. pvadf(Of) Qf STF Prone stiffness (kg cm)
; kg cm
pw\Tdb(Qb) STB Supine stiffness ( cadian )
b
R e R IR a
Using these data, for each subject, the computer then procceds to cal-
i
culate the required values of the coordinates X and Y for the location
of the PFD center of buoyancy that satisfy thc three inequalities,
C B=-2
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210
@2
230
B340
250
B6n
a7e
280
290
189
118
128
139
14@
152
162
179
188
198
209
218
215
220
2309
240
250
260
278
280
299
300
31

328 -

338

+

-+

REAQ(%.2) B~

IF(BF) 186,108,108
WRITE(9,40) BF

REAOC1»1) NS

IFINS)Y 3.11,11

READC1,2) AsBsHsF
REAQ(1,2) 5,TH*»5TF,»STB
WRITE(9,20) NS,A»B,H,F
WRITE(9,38) S5»,THF.STF.5TD

SBF
YP2
THR
»0

TAN
GAM

S/BF
-5TB/BF - S5BF - (1.8-5BF)*P
THF/57.3

B.7*¥P*(1.8=-58BF) + STF/BF
SINCTHR)/COS(THR?
1.3/TAN

nmonn

non

ALPHA = @.7#P*{{1.8-SBF)Y*(l.0+TANY)

OEL

{(A-B-H/8.8)*SBF*TAN
=ALPHA/TAN

WRITE(9,58) X@
WRITE(9,6@) OEL»GAM
WRITE(9,78) YP2
GO TO0 9
I FORMAT(IS)
2 FORMAT(4F108.2)
28 FORMAT(*SUBJECT NO."s15,7, A= "4FT7.C

]
»

Bz "sFT7425%s H= "5FT7.25"s P= '"5,F7+2)

3D FORMAT('S= 'HFT7.2," THF= '5FS.l,

+
4@
1%
[Yv
70

189

TABLL B-1

QEGe» STF= *HF7+2,"' STB= 'F7.2.+/)

FORMAT('BF = '"»F7.2," KILOGRAMS',//)
FORMAT('X MUST BE GREATER THAN',F7.2)

FORMATC('Y MUST BE GREATER THAN',F7.2,'

-'.F7.2J' K')

FORMAT("Y(-P1+/2) MUST BE GREATER THAN',F7.2,///)
STOP

END

LISTING OF COMPUTER PROGPAM FOR LOCATING PFD
CENTER OF BUOYANCY

B«3
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1 12
BFa 12. P8 KILOGRM S
DEFINE FILECS)

1=B0DS

SUBJECT NC. 1 -

-5 152. 78> B= 111. 46, H= 18 7. 60 F= 20. 39

K ¢ 24 THF= 9«9 DEG., STF= 24. PP STB= 112.08

X MUST EE GREATER THAN 13.56
Y MUST EE GREATER THAN 81.20 - 631 X
Y(-Pl/2Y MUST BE GREATER THAN -26.P3

SUBJECT NO. 2 : .
/A 136.58 B= 161.98 H= 18B.08s P= 17.80
5= 3e72 T™HF= 15.P DEGes» STF= 59.908 STh=s 121. 98

. X MUST BE GREATER TiAN 13.5!

Y MUST BE GREATER THAN 36. 47 - 3673 X
Y(~PI1/2) MUST BE GREATER THAN =22, 68

SUBJECT NO. 3
A 133.08: B= 99. 4@ H= 161.08, P= 17+ 20
S 2. 61 THF= 22.0 DEGes» STF= 89.90 SThe 8 5. 58

X MUST BE GPEATER THAN 16.84
Y MUST BE GREATER THAN 29.81 - 2e B X
Y(-PI/2) MUST BFE GREATER THAN -~28.80

SUBJECT NO. 4
fe 13598, B:  95.98 H= 165.48 P=  17.86
S 383 THF= 12.P DEG.» STFs 32,08 STBz 117.08

X MUST BE GREATER THAN 11.98
Y MUST BE GREATER THAN 43.26 - 4. 78 X
Y(=-PI/2) MUST BE GREATER THAN ~23. 21

TABLE B=2 CALCULATION OF ADMISSIBLE LOCATINNS FOR PFD CENTER

Or DUCYANCY FCOR BACH SUBJECT WITH LUNGS AT RESIDUAL
CAPACITY AND IN FRESH WATER - ADDITIONAL BUOYANCY
26 POUNDS
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SUBJECT NO. 5
= 14%5. 42, B= 108. 2@, H= 178. 18, P= 18« 49
8= 2. 82 T™™F= 2ds @ CEGes STF= 40. 6 STB=

X MUST BE GREATER THAN 14.85
¥ MUST BE GREATER THAN 37.60 « 275 X
¥Y(~-P1/2) MUST BE GREATER THAN -~24.35

SUBJECT NOe. é
fos 141. 28, E= 106e 78, H= 176« 28 P= 21. 29
= 3. 74 THF= 19 8 DEGs» STF= 42. P8 STB=

X MUST BE GREATER THAN 13. 45
Y MUST BE GREATER THAN 35.461 - 2,90 X
Y{=F1/2) MUST BE GREATER THAN ~32, 43

SUBJECT NO. 7
& is8.8@, B= 1280.88, H= 19 3. 2@, P= 19.78
5= R. 77 THF= 178 DECe» STFm 3%.00 STB=

X MUST BE GREATER THAN 16.87
Y MUST BE GREATER THAN 54.23 - 3+ 27 X
Y(~-PI/2) MUST BE GREATER THAN -~38. 42

SUBJECT NO. B
A= 152.78, B= 111.58, H= 187-38, P= 20. 282
5 3. 33 THF= 17.9 DEGe» STF= 57.P8 STh=

X MUST BE GREATER THAN 14.86
¥y MUST BE GREATER THAN 38.27 - 3.27 X
¥Y(-P1/2) MUST BE GREATER THAN -~-&9. 48

TABLE B-2 (Cont.)

185. 56

212. 08

143. 80

177. 88
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SUBJECT NO. 1@ .
f 3 144.2¢» Bu 112« 52, H= 17722 Ps 17 58
Sa 1. 62 THF= 23«2 DEGe,» ETee 4720 STBw

X MUST BE GREATER THAN 4. 51
Y MUST BE GREATER THAN 34,068 - 2436 X
Y(-P1/2) MUST BE GREATER THAN -208. &8

SUBJECT NO. 11
f> 143, 70: B= 186« 40 H= 17688, P= 19. 40
S= 2. 18 THF= 19.8 DEG., STF= 130.28 STB=

X MUST BE GREATER THAN 22.¢4
Y MUST BE GREATER ™A\ 41.08 - 2,99 X
Y(=P1/2) MUST BE GREATER THAN =24+ 68

SUBJECT NG, 12
f- 136. 22, B= 123. 52, H= 1€T« 62 P= 13«10
Sa le 64 THFz 2642 DEGe» STFa 42. 28 STB=

X MUST BE GREATER THAN 14, 44
Y MUST BE GREATER THAN 31.76 ~- 2.025 X
Y(-PI/2) MUST BE GREATER THAN =21, 76

SUBJECT NO. 13
A= 132:80, B=  100.00, H= 162.80, P=  17. 1p
[ 2.@1 THF= 24.0 DEGe» STF=  233.88 STB=

X MUST BE GREATER THAN 12.72
Y MUST BE GREATER THAN 23@.25 - .25 X
Y(-Pl/2) MUST BE GREATER THM =21. 89

TABLE B-2 (Cont.)

B-6

62+ 50

122. g2

72. @

8 5. 20
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SUBJECT NO. 14
A 131:82: B= 98. 322, H= 1£61.80, P= 17.80
5= 1. 42 THF= 28./% DEGes» STF= 72. 90 STBe

X MUST BE GREATER THAN 16.99
Y MUST BE GREATER THAN 30.83 - 1.88 X
Y(-Pl/2) MUST BE GREATER THAMN -28. 73

SUBJECT NO. 15
A= 123.80, B= 90. 20, H= 155.20, F= 18. 7@
5= 179 THF= 23.0 DEGe» ST1F= 927.00 STB=

X MUST BE GREATER THAN 19.22

Y MUST BE GREATER THAN 35.26 - 2. 36 X
Y(-P1/2) MUST BE GREATER THAN -21.27

SURJFECT NO. 16

= 127. 68 B= 96«50, H= 157.5@» P= 21. 50
= *le 67 THF= 3¢ @ DEGes» STF= 55. 00 STB=
X MUST BE GREATER THAN 17.54

Y MUST BE GREATER THAN 258.59 - 19.08 X
Y(-Pl/2) MUST BE GREATER THAN =-24. 40

! @

STOP»
?

TABLE 8=2 (Cont.)

B-7

59. 00

62. 50

69. 00
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APPENDIX C

DATA SUMMARY

During the course of the experimental pregram, large
amounts of data were accumulated on each of the irndividuals in
the 1969 ADL limited population, Siuce the population was of
limited size, it is not reasonable to attempt to generalize on
the results. The data were accumulated and used to illuscrate
a method of approach to a statistical problem., They do not pro-
vide a definitive data set upon which to base criteria for
judgment of adequacy of PFD buoyancy and stability., The data
arc therefore not fully reported in this report; however, the
types of data collected and their treatment, is illustrated in

Table C-1.

C-1
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EQUILIBRIUM TOTAL
FLOTATION ANGLES COUPLE SLGPE BUOYANCY DISTANCE CB=-CG
. SUPINE  PRONE
— . * ] o
Male SU;INE PgONE WVTd(Qb) pwVTd(Gf) pwVT SgiéNg :?SN?
Sub ject b f kg-cm kg-cm K b £
Number {degrees) (Degrees)| Radian Radian & cm am
1 +3 9 112.0 105.2 101.7 1.10 1,04
2 0 15 121.0 166.7 59.3 2.04 2.82
K] =5 22 86 .4 207.8 72.3 1.20 2.90
4 ~10 12 117.0 146.7 70,7 1.70 2.10
5 =4 20 94,2 119.2 73.1 1.30 1.60
6 -7 19 157.2 104.9 82.7 1.90 1.30
7 +2 17 142.8 126.0 115.3 1.2 1.1
MEAN -3.3 +16.3 1.68 2.04
SIGMA 4.6 4.5 .53 74
- g - 4 - |4
Female
Subject
Number
10 +5 23 63 107.0 5.7 0.84 1.42
11 0 19 103.8 202.0 70.6 1.47 2.86
2 0 26 71.8 64.3 52.3 1.37 1.23
13 0] 24 86.5 1+0,0 50.9 1.70 2,75
14 -8 29 59.0 101.9 52.6 1,12 z.11
15 -12 23 62.6 174.,2 38.2 1.64 4.56
16 =15 3 09.3 35.5 6l.8 1.12 0.90
MEAN =2.9 20.7 (24.2) 1,27 1.88
SIGMA 7.5 8.9 (3.7) .33 .87
¥* b assumed as 1.0 kg/liter.

TASLE C-1

ILLUSTRATIVE DATA ON ADL SAMPLE POPULATION

c-2
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APPENDIX D

SUBMERGED WEIGHT MOMENTS

In the text equation (7) on page 33 gives the submerged
weight moment as § (m - %) sin 8 for the head flexed body configura-

tion. The submerged weight momert for the head extended configuration

BW + oM
is given as § (; - *—E-E"“-“ in equation (8). It is seen directly

from Figures 7 and 8 that these moments taken about A are simply the

submerged weight acting at CG(®) at a horizontal distance from A given
by msin® less the horizontal displacement of the CG in going from the
erect position (e.g., ® = 0) to an incliration angle 8. It therefore

remains to show that the hovizontal displacement of the CG is it sin 8

pw3 + aW .
in the head flexed configuration, and T sin 8 in the head

extended configuration.

HEAD FLEXED
It is observed that if a subject balances on a horizontal

har with arms horizontal and with head flexed that the tody configura-

tion is identical to that shown in Figure 7 in the text. Balance occurs

when the subject's CG is directly below the bar and occurs at a height
corresponding closeiy to that of the iliac crest. It is further
observed that when balance occurs, that the angle between the legs and
the horizontal and the trunk and the horizontal are approeximateiy equal.
If it is assumed that the center of gravity of the upper and lowex
halvez of the body occur at 5 above and below the iliac crest, then

4

the balarce situation is as shown in Figure D-1.

b-1
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FICURE D-1 DIACRAM Or BALANCE CONDITION FOR TRUME INCLINATION
ANCLE ©

In this figure CC{(C) is the location of the CC of the subject when he

is erect., When he balances with his trunk inclined at an angle 8 to his
legs, his CG drops down to a position CG{(8). Therefore, his CC has moved
forward with respect to his legs a distance D. This distance D corres~
ponds to cthe horizontal displacement of his CC when the subject floats

in the prone position with head flexed. From the geomeirry of Figure D-1

it is seen that

h 2] o
D= Z sin 5 C08 5 (D-1)
However,
8 ) ~
sin 5 cos 5 = 3 sia ] (D-2)
Therefore
D = % sin @ (D-3)
D=2
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This last result is the approximation used in equation (7) to repre-
sent the horizontal displacement of the subject's center of gravity

with inclination @ in the head flexed configuration.

HEAD EXTENDED

BW  + oW
In equation (8) the quantity -—jLTE-—t sin ® represents the
T

horizontal distance between CG(0) and CG(®) when an erect subject with

head extended is rotated from the erect position to a supine position

with a trunk inclination angle &. In the erect position, the GG of

the body less arms and legs, the arms and the lower leg are all on the

body centerline. In the supine position, the location of the CG of

the body less arms and legs is unchanged. The CG of both the arms and

the legs are moved back and upward from their original location. 1In

Figure 8, it 1s seen that the arms and legs are rotated backward through

and angle 8, It is assumed that the CG of the lower leg is a distance o

from the knee and the CG of the arwms is a distance B from the shoulder.

It is further assumed that the distance v is the distance from the body

centerline to GG(B) and & is the distance along the budy centerline from |

CC{0) to CG(®). l
One can now calculate the change in moments in going from

CG(D) to CG{I) as the arms and legs are rotated through an angle 8.

The calculation is done about axes parallel and perpendicular to the l

axis of the trunk passing through CG{®). It follows that:

D~-3
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Wa(B sin 8 - v) + WL (r sin 8 - y) = (WT - Wa - WL)V (D-4)

therefore,
W B+ W a) sin 8
Y = : (D-5)

Wy

wa(B -Bcos®-*F)+W (o -ocose -5 = (wT - wa -W) 5 (D-6)
rearranging terms
(waB + W) {1 - cos R) = wT b (D-7)
and solving for %, one obtains:
waﬁ + W
§ = ————-——*‘-) {1 - cos 8) {D=8)
wT

Referring again to Figure 8, it is observed that the hsrizontal dis-
placement of the center of gravity when the body is inclined in the

supine direction is given by

€ = veos 84+ 5sine (D-9)

or
Wa+Wwao
£ = _é_—ﬁ__:_ %sin B cos ®+ s5in 8 - sin 6 cos & (D-10)
T
and finally
wae +Wa
e= \"w (D-11)
T

which is the desired result,
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