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Optimizations of Human Restraint

Systems for Short-Period Acceleration

The Human Body as a Dynamilc System

The central assumption of this paper is that
the human body may be represented as a dynamic
system. The application of dynamic-model tech-
nique to a structure such as a wing 1s easy to
discuss because 1t has been employed for many
years by a great many engineers around the world,
and the efficacy of thelr methods 1s obvious to
everyone. Simlilarly, we could probably discuss
dynamic models for rubber cement, the Queen Mary
or extra-galactlic nebulae wilthout running into
much controversy. Whenever the structure 1is capa-
ble of reproduction, however, we seem to run into
communication difficulties, and particularly in
the case of the human body 1t has sometimes proved
difficult to galn general acceptance of the fact
that the methods of sclence and engineering still
apply. A great deal of controversy has been gen-
erated over the past few years since the original
(and independent) proposals were made by Latham
(1)2 in England and Kornhauser (2), (3) in this
country. It 1s probably safe to say that this
phase is now largely over, however, particularly
because of the excellent results now belng ob-
tained with dynamic models of the human body in
practlcal applicatlions. Of particular importance
1s the fact that dynamic models built up in de-
tall from cadaver test data for individual compo-
nents of the body [(4) for example] glve excellent
agreement with the results of tests uslng live hu-
man subjects. Also 1t 1s now more generally un-
derstood that we are applylng the basic approach
of the '"scilentific method" upon which the whole of
our civilization 1is based, rather than making wild
and Improbable guesses, as was sometimes suggested
in the past by workers 1in the nonmathematical dis-
clplines.

The dynamic models so far developed are lim-
1ted to the positive spinal (5) and transverse (6)
directlons, so far as whole-body dynamics are con-
cerned, and to one for the head (7) which 1is pro-
visionally assumed to apply 1n any direction; mod-
els for other directlons are currently being stud-
led. The process of amassing sufficient data to
generate these models is much too complicated to
permit a simple summary in a brief review of this

2 Numbers in parentheses designate References at

the end of the paper.
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nature, except to note that it covers a very broad
range lnvolving extensive cadaver data on such
elements as individual vertebra (8), AMRL measure-
ments of the steady state and transient impedance
of live human subjects (9), numerous measurements
of short period acceleration tolerance (10), drop
tests (11), and such diverse documents as the rec-
ords of the American Alpine Club (12). The re-
sults of these studles are embodied in Fig.1l.

/8

m = mass

spring stiffness
2K = damper coefficient
input acceleration

[}

(TR
]
H

Fig.1 Dynamic
model of human body

As one would expect, there 1s an inherent var-
1ability in the results of these analyses. The
healthy human body 1s astonishingly standard in
some ways - as Witness the fact that 1ts tempera-
ture 1s 98.6 F 4+ 0.2 F for millions of specimens -
but there 1s naturally a varlation in such areas
as muscle tone bone and artery strength and stiff-
ness, and so forth. By the use of sultable meth-
ods of analysis it 1s found that some of the ap-
parent variabllity 1s really a variation with age,
and that the residual variation is quite surpris-
ingly small, so far as those factors which influ-
ence acceleration tolerance are concerned. Pre-
sumably, blologists will identify more specific
factors than age in the future, and further reduce
the random variation; indeed, many such factors
have already been identified, and it 1s obvious
that artery stiffness could be correlated against
subject age and Atherogenic Index, for example.

An additlonal source of variability, when an-
alyzing the results of whole body experlments, is
the subJect's posture. This is particularly im-
portant 1n the case of spinal acceleration, as
pointed out by Latham (1) and Bosee and Payne (13)
because canted vertebrae are significantly less
able to withstand compressive loading. The dy-
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namic models so far developed are for "well-sup-
ported”" subjects and no one is better aware than
we of the unsatisfactory nature of this vague
qualification!

By far the best estimates of variablility are
for the positive spinal direction and the appro-
priate curve, taken from Stech's work (14) is giv-
en in Fig.2. Since the critical "Dynamic Response
Index" {DRI) given in Fig.l is for a 50 percent
brobability of (minor) injury, Fig.2 enables us
to determine the critical DRI for any other prob-

" abllity of injury (P.I.).

The physical basis for Fig.2, and a detalled
discussion of 1ts limitations, 1s given by Stech
(14).

In concludlng this section on dynamic models
we will briefly look at some of the results ob-
talned with them, in order to relate the theory
to practical cases within general experience. In
Flg.3 the 50 percent injury curves are plotted for
rectangular and half-sine acceleration pulses, as
a function of pulse duration, for both positive
spinal and transverse directlons, and ignoring
head limlts. 1In other words, the head 1s assumed
to be sufficlently well restrained to ralse its
tolerance level to that of the whole body. 1In
practice this is achievable in every vector direc-
tlon except spinal, where a sufficlently short
rise time will result in pressure waves beilng
transmitted directly up the spine to the head.
(Wwhile this is admittedly st1ll an hypothesis,
anyone can test 1t by slipplng on ice, making a
"one-point" landing on the buttocks and examining
the resulting headache!)

Thus in the case of positive spinal, very
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Fig. 3 Fifty percent probability of injury curves

for positive spinal and transverse acceleration

short rise times will cause head involvement, and
the 50 percent injury curves wlll be modifled as
shown in Fig.4. It should be emphaslzed that the
head involvement in positive spinal acceleration
has a considerable amount of experimental verifi-
cation, as is shown in Stech's analysis of
Swearingen's ploneering drop tests (11), involving
162 drops with live human subJjects.

It 1s interesting to compare the Injury curves
in Fig.5 with the "tolerance limits" suggested by
earller investigators, and thils i1s done in Figs.5
and 6 for transverse and positive spinal.

Finally, we may ask whether the models gilve
reasonable agreement with established tolerance
limlts to steady-state sinusoildal vibration. Part
of the answer to this question 1s illustrated in
Flg.T7 where we see that there is rather a broad
range of experimental curves, depending upon the
detalls of the test and the actual end-point being
investigated. None of these end points corre-
sponds to the vertebral injury for which the dy-
namic model was developed, so it 1s somewhat sur-
prising to see that reasonable agreement can be
obtained at low frequencies merely by taklng a
lower (an arbitrary) DRI value. Above a frequency
of 8 cps it 1s evident that another mode of defor-
mation becomes important, however, and for a ful-
ler discussion of this, reference should be made
to the work of von Glerke (16).

We have now established, albeit with a number
of reservatlons, dynamic models which describe the
human body as accurately as the available experi-
mental data permit. Thus we are now in a position
to examine the effect of placing another dynamic
system - the restraint system - in series with 1it.

>
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In most cases we shall Ignore the influence of
damping 1in the human body, in the interests of
mathematical simplicity. Although this obviously
influences the results, 1t does not have a serious
effect upon the general trends.

Function of a Restralnt System
A restraint system has three distinct func-
tions to perform, although, untll recently, only
the first two have recelved any real attention.
Obviously, it must restrain its occupant under
conditions of high acceleration and maintain his
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Fig.7 Human tolerance to sinusoidal
vibration in a spinal direction

Legend for Fig. 7

1 Zeigenruecker and Magid, WCDC TR 59-18

Mandel and Lowry, AMRL-TDR-62-121

3 Magid, Coermann, and Zeigenruecker, JAM,
vol. 31, pp. 915-924, 1960

4 Frost Engineering dynamic model of human body,
spinal seated

5 Same source as 3

\v]

NOTES: 1 involves variable tolerance times, from
18-208 sec; 2 50-70 sec tolerance (1 min
tolerance); 3 based upon respiratory dif-
ficulties; 5 "short time" tolerance
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posture in his seat or couch in such a way that
he 1s best able to perform his tasks and withstand
the loads applied to his body.

Equally obviously, it must be comfortable un-
der normal conditions, when its occupant is not in
need of its res%raining abilities. 1In a negative
sense, a shoulder harness should not obtrude on
the consclousness of its wearer, and should not
inhibit any of his body movements associated with
the execution of his normal tasks. In a positive
sense, restraint elements such as cushions are in-
troduced to increase comfort under normal condi-
tions, and do not necessarily play a significant
role in restralning the seat or couch occupant
when subjected to acceleration.

W /[

DYNAMIC MODEL OF
HUMAN BODY

DYNAMIC MODEL OF
RESTRAINT SYSTEM

77 /7 STRUCTURE
Fig. 9 Dynamic model of Fig.8

Finally, the fact that a restraint system is
resilient means that it will modify the nature of
any acceleration applied to it. Obviously, it
should attenuate rather than magnify the accelera-
tion, and in the context of this paper a dynami-
cally optimum restraint system will yleld the max~
imum degree of attenuation (or minimum amplifica-
tion) possible within its space limitations. It
is with this aspect of restraint system design
that we are concerned in this paper.

MODIFICATION OF INPUT ACCELERATION
BY A RESTRAINT SYSTEM

An "input acceleration" is defined as the ac-
celeration of the vehicle's structure. This is a
rather loose definition, since the flexibility in-
herent in any structure will result in somewhat

AREA OF PULSE 1S THE
VELOCITY CHANGE (AV)
IN FT/SEC

TIME {secs)

(a)

sc[ t4

(¢) TIME (d) TIME

CATAPULT ROCKET

(o) TIME ) TIME

Fig.10 Some typical acceleration - time
histories

INPUT ACCELERATION
FROM STRUCTURE

ACCELERATION FELT
BY OCCUPANT

ACCEILERATION

TIME
Fig.11 Modification of input accelera-
tion by a soft-restraint system

different accelerations being measured at differ-
ent points. Since we are interested in the physi-
ological effect of an acceleration, however, we
are obviously talking about the structural ele-
ments immediately adjacent to the vehicle's occu-
pant and his restraint system, this being usually
his seat or couch. In addition, wé can make the
initial generalization that frequenciles in excess
of 100 cps will have no physiological effect, par-
ticularly since in practice the amplitude associ-
ated with such high frequencies is almost always
negligible, so that we can ignore the fine-grain
details of the structure's acceleration-time his-
tory.

One arrangement of the three separate elements
under consideration 1s shown in Fig.l0 and their
dynamic equivalent in Fig.8. Note that the mass
of the restraint system can almost always be ne-

W
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glected; a generallzation which we can formallze
by requiring 1its natural frequency to be above 30
cps when unoccupied.

The 1lnput acceleration-time history, measured
in the structure, may have almost any form, and
some typical ones are sketched in Fig.1l0. 1In

AREA = AV FT/SEC

<.

¢ F1/sect

__I 5t L TIME TIME

(a) (b)

Fig.13 Idealized acceleration inputs

mathematical analysis it 1s referrea to as y R
the units being ft/secz, while 1in more general
work the notatlon G is used:

Ve Ve

g  32.2

Thus G 1s nondimensional. ©Note that we often re-
fer to y or G as the "input acceleration," or
more simply, as the "input."

If we now take the case of Fig.l0(f) and as-
sume that this 1s applied to a very soft restraint
system, with a very long travel before 1t bottoms
out, then the acceleratlon felt by 1ts occupant 1s
as sketched in Fig.ll. Obviously, we have modi-
fied the input very significantly and to the bene-

H
1] ___L
h. EI

\ 1

(0) LINEAR SPRING (®) CONSTANT FORCE (C)LINEAR DAMPER
FORCE = k & ("FOAM") F 2K dé
dt

Fig.14 Restraint system idealization

fit of the occupant,
can equally well experlence the opposite, however,
and Fig.l2 1llustrates a case in poilnt. Here the
restraint system bottoms out before it can carry
the full load applied to it, so that 1ts occupant
not only has to withstand the full plateau accel-
eration but also has to absorb an impulsive accel-
eration at the same time.

When examining these effects mathematically,
we obviously cannot begin to encompass the variety
of input pulse shapes sketched in Fig.10, but must
confine ourselves to very simple ideallzations.

It i1s found that the two most useful ones are
those deplcted in Fig.l3, since they encompass the

in this particular case. We

LINEAR APPROXIMATION 1
\// '

r?FFecnve

BOTTOMING

DEFLECTION
6l.

FORCE

Fig.15 Linear spring approximation to a
real system

two extremes of the pulse shapes 1in which we are
interested.

A great deal of theoretical work has been ac-
complished using these two forcing functions, the
first of which will of course be recognized as the
Dirac impulse function.

In general, the case of Fig.l3(a) willl apply
to any pulse whose duration is less than (1/w)
seconds, where w is the natural frequency of the
dynamic system in radlans/sec, while Fig.13(b) ap-
plies to durations in excess of (3/w) seconds.
Using these forcing functions we can derive some
general gulde lines and baslc theorems which will
help in the selection of optimum restraint systems
for the more irregular acceleration-time histories
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tion Yc (rigid restraint system)

which are experienced in practical applications.
It should be realized that the true optimum can
only be obtalned by solving the equations of mo-
tion for the actual input under consideration,
however, and that the guide lines deduced from
idealized inputs are nothing more than general in-
dications.

Simple Idealizatlions of a Restraint System

We have seen that mathematical analysis is on-
ly possible when a very simple acceleration input
is employed. The same 1s true of the mathematical
representation which 1s used to describe the dy-
namic characteristics of the restraint system, and
the three idealizations used in thils report are
shown in Fig.l4%.

The deflection required to bottom the system
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av

Fig.19 DRI magnification due to har-
ness pre-tension for impact acceleration

is defined as SlB’ the suffix (1) always denoting
that this parameter refers to the restraint sys-
tem.

The spring illustrated in Fig.l4(a) 1s repre-
sentative of materials with negliglble damping.
Thus 1t could well apply to any closed cell foam
cushion, for example. The fact that such re-
straint materials are essentially nonlinear so far
as their force-deflection curves are concerned,
does not necessarily invalidate the use of this
approximation, as Fig.l5 shows, so that it can be
applied to many practical cases. In the same way,
the constant force and linear damper approxima-
tions can also be substituted for many real sys-
tems, as shown in Figs.16 and 17. Thus the ideal-
izations of Fig.l1l6 are very much more useful than
might appear at first sight.

It can be shown that the "quality" of a re-
straint system, irrespective of 1its physical na-
ture, is defined by a single parameter for each
type of acceleratlon input. For an lmpulsive ve-
locity change (Av) this parameter is

AV

w, 813 ) .
impulsive veloclty change

~ human body natural frequency x bottoming depth

Obviously, 1if
Av 1is in fps
ws, 1s in radians
8. 1is in ft
1B

The smaller the value of thls parameter, the
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greater the attenuation of a given impact.
For a short perilod acceleration (Y,) the
qua;ity parameter 1s

Y
c

w, 815
_ acceleration magnitude
" human body natural frequency x bottoming depth

the units beilng as before, and EC being in f£t/sec?
The variation of attenuation with this parameter
is more complex, and will be discussed in later
sections.

INFLUENCE OF SLACK OR PRELOAD
IN A RESTRAINT SYSTEM

When a harness or restraint system 1is slack,
so that the occupant has to travel a distance 85
before contacting 1t, the dynamic response to a
short-perlod acceleration will be magnified. The
magnification factor 1s given in Fig.18, which is
based upon the theory of reference (17) for a very
st1ff (in relation to the human body) restraint
system.

When the restralnt system has a lower stiff-
ness, the more complicated analysis in (17) shows
that the DRI magnification will usually be less
than the value given in Fig.18.

The DRI due to an impulsive acceleration is
unaffected by harness slack. Pretenslon, on the
other hand, is harmful in this case, and causes
the magnification shown in Fig.l9. This harmful
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Fig.21 Attenuation of an impulsive acceleration by ideal~
ized restraint systems

effect 1s quilte small, however, for practical pre-
load values.

For short-perlod accelerations, preloading re-
duces the dynamic response, but once again the ef-
fect is only a few percent in magnitude for prac-
tical values, as shown in Filg.20.

In summary, then, we can draw the following
conclusilons, so far as the DRI 1s concerned:

Slack harness Preloaded harness

Impulsive
acceleration..no effect
Short-period
acceleration..very harmful

slightly harmful

slightly beneficilal

Since a slack harness can lead to very large
magnification in the short-period case, 1t should
always be avoided. The dynamic effects of pre-
loading, both favorable and unfavorable, are so
small that we can probably neglect them in rela-
tion to two much more cogent reasons for preten-
sioning: viz,

(a) It guarantees that no slack exists,

(b) It enforces good body posture in a prop-
erly design restraint system.

OPTIMUM RESTRAINT SYSTEMS FOR IMPACT ACCELERATION

The optimum restraint system for an impulsive
velocity change (av) 1s one which Just bottoms-out
as the maximum load 1s reached. In thils way, we
obtaln the benefit of the maximum deceleration
distance availlable.

The performance of the three idealized re-
straint systems 1s plotted nondimensionally in
Fig.21l, where it is seen that for
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1.0

AV
m<1.75 constant force deceleration
2 is optimum

__A_V,___> 1.75 viscous damping 1s optimum.
w, b1

A typical calculation for a practical case is
given in Fig.22, where DRI 1s plotted agalnst im-
pulsive velocity change for a bottoming depth of
two Inches. The critical veloclty change for 50
percent probability of injury 1is seen to be:

23.7 fpé for spring-restraint system

27.0 fps for foam-restraint system

28.7 fps for viscous-damping case
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Fig.24 Effect of reswraint system stiffness upon

DRI due to an impulsive velocity change

These figures compare with 19.8 fps for a 50
percent probability of spinal injury without any
restraint system at all, but the improvement is
better than would be indicated by this comparison.
As shown in Fig.22, the limiting veloclty change
for head injury is much lower than for spinal in-
jury, and this would be the limiting factor if no
restraint system were employed. Assuming linear
deceleration from 30 fps, over a distance of 2
in., however, we see that the restraint system
will take about 11 millisec to absorb the shock.
From Fig.l, we see that this is in the "short-
duration" regime for head injury, so that the re-
straint system has effectively eliminated this
particular injury mode.

Thus the use of an optimum damper restraint
system, with a bottomlng depth of 2 in., effec-
tively doubles the tTolerable impulse for the hu-
man body in the positive spinal direction.

OPTIMUM RESTRAINT SYSTEMS FOR
SHORT-PERIOD ACCELERATION

Unless they are so rigid that they cannot de-
flect at all, both foam and spring restraint sys-
tems will magnify a short-period acceleration.
Thus the optimum foam system is defined as one
which requires a crushing force greater than

2 %{ m
c
1.e., 2% acceleration input X mass of occupant or
2G (mg)
Similarly, the optimum spring restraint system
wlll require a force larger than thils value to

bottom 1it. This aspect is discussed in more de-
tail in the next section, and the minimum re-
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restraint system on the DRI of an un-
damped dynamic model

straint system frequency for optimum performance
is plotted in Fig.27.

Only a damped restraint system can attenuate
a zero rise time, short-period acceleration, the
attenuation functlon being that plotted in Flg.23.
Slnce a damper 1s also optimum, or near optimum,
for impact accelerations, i1t seems likely that a
damping system will be optimum overall.

NONOPTIMUM RESTRAINT SYSTEMS

Bottoming Spring Restraint

The theory of a spring restraint system is
given in reference (17).

As an illustration of the use of these equa-
tlons, the effect of restraint system frequency
on spinal DRI 1s examined in Fig.24, using a bot-
toming depth of 2 in. It is obvious that the min-
imum DRI occurs when the restraint-system stiff-
ness 1s such that it Just bottoms out as the occu-
pant reaches his maximum deflection. It should be
noted that any restralnt resiliency is beneficial
in the 1mpact case, however, and that the measure
of 1ts effectiveness 1s the work required to bot-
tom 1t.

This picture 1s reversed for a short-period
acceleratlon, 1in that a restraint resiliency with
zero damping can never attenuate the effects of
the input acceleration. Indeed, 1f the restraint
stiffness 1is less than a certaln critical value,
1t will magnify the DRI, relative to that obtailned
with a rigid support.

10

of zero rise time acceleration

This 1s 1llustrated in Filg.25. Using thils
chart, the effect of any bottoming resiliency on
the DRI can be rapidly obtailned for a constant
acceleration with zero rise time,

As an 1llustration of the use of Fig.25, Fig.
26 presents the results of calculations for simi-
lar conditions to those used 1n Fig.24; with a
10-g 1input acceleration, for instance, the re-
straint frequency must be greater than 10 cps if
magnification of the DRI is to be avoided. If the
restraint frequency were only 4 cps, the DRI would
be nearly 50 percent greater than the value ob-
tainable with a "rigld" system.

The critical frequency which must be exceeded,
if this magnification 1s to be avoided, is plotted
in Fig.27. Thils result is 1ndependent of the fre-
quency of the dynamic model of the human body, be-
ing a function only of the bottoming depth § and
the input acceleration ¥c' In the general case 1t
is obviously best to forego the impact attenuation
of a soft restraint system and design for a fre-
quency in excess of the minlmum value specifled in
Fig.30, so that at least we avold magnification of
the short-period acceleration.

Bottoming Foam Restralnt

As shown in Fig.28, the DRI due to impact var-
ies in rather a complex manner when a constant
force restralnt system 1s employed. The equations
are so simple, however, that the use of general-
ized solution charts is hardly worth while.

For short-perlod accelerations with zero rise
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time, the dynamlc magnification of a foam system
is plotted 1n Fig.29, based on the theory given in
(17).

Viscous Damping Restraint

There 1s no general closed-form solution to
the problem of a bottoming, viscous restraint sys-
tem. Opfimum solutions are possible, however,
since we know that bottoming must not occur for
this condition.

The appropriate optimum solutions, based on
the theory of (17), are plotted for impact and
short-period accelerations in Figs.30 and 31. The
required damping coefficients for optimum re-
straint can be obtained from these curves.

RESTRAINT SYSTEM OPTIMIZATION FOR
PRACTICAL ENGINEERING PROBLEMS

In this paper we have discussed restraint op-
timizatlon under the handicap of two serious lim-
itations:

(a) We have generally ignored the damping in
the human body, for analytical simplicity;

(b) We have considered only two very simple
acceleration inputs.

Neither of these simplificatilions can be justi-
fied for general engineering use, where the true
optimum 1s required, at least to within the accu-
racy of the problem and our knowledge of the dy-
namics of the human body. Thus, most practical
problems have to be solved on a computer, either
analog or digital.

A suitable digital program is given in (17),
but the nature of the problem 1s such that it is
better sulted to the application of analog compu-
ter technilques.

In 1961 we looked at this problem with a view
to providing a simple yet accurate means of ena-
bling the design engineer to estimate the sever-
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1ty of a given acceleration-tlme history, from a
physlological point of view. It was obvious that
we could not define simple rules {(such as a crit-
ical "rate of onset," and so on) without recourse
to a mathematlcal description of the system, even
if the restraint system were ignored. On the
other hand, englneering answers to this sort of
problem are usually required with a minimum of
cost and delay (which ruled out general purpose
computers) and by engineers who are generally un-

11
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Fig. 32 The Frost restraint analyzer prototype

familliar with the language of dynamics.

We concluded that the best answer to the prob-
lem was a "black box" which effectively packaged
all our mathematics, and which had buttons marked
"go" and "stop" on the front! We further decided
that the 1lnput acceleration-time history should be
set up by plotting 1t on a mechanical graph, be-
cause of the fact that it could have literally any
shape, and that the "answer" - the dynamic re-
sponse 1index - should be read out on a meter. Thus
our preprogrammed computer was intended to present
two facets to the customer; inside 1t would be an
electronic synthesis of all our research in body

12

Fig. 33 Restraint analyzer buit for the Aerospace Medical Re-
search Laboratories, USAF

dynamics, while the outside would be as simple to
use as a tube tester, requiring no computer or
electronics experience on the part of the user!

We demonstrated a small prototype of such a
computer (equipped with vacuum-tube amplifiers) at
the 1961 National Academy of Sciences Symposium on
"Acceleration Impact Stress" (18). Illustrated in
Fig.3%2, this machine was funded by Frost Englneer-
ing and gave excellent service before it was re-
tired early this year.

In 1962 the Air Force ordered a '"restraint an-
alyzer" general specifications as the
prototype, transistorized amplifiers, and
with a large number of detailed improvements. This
unit is 1llustrated in Fig.33, and is a much more
sophisticated device, capable of gilving very pre-
cise results. It 1s designed to be used by 1it-
self, or connected up to a large general purpose
computer as part of a larger investigation when,
for example, the dynamics of the human occupant
influence the stability of a vehicle.

An adequate description of the restraint ana-
lyzer would obviously require a paper by itself;
particularly since 1t has peripheral capabllities,
such as checking the accuracy of accelerometer
traces by integrating the input with respect to

to the same
but with

time.
of giving the DRI for any input, and that the dy-
namlc characteristics of the restraint systems can
be rapidly varied to find the optimum, within
gineering limitations, for a given input.
Fig.34 shows the detalls of the packaging
All logic elements
so that they can be

We merely observe here that it 1is capable

en-

in
the rear of the analyzer. are

mounted on plug-in cards,
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Fig. 34 Rear view of analyzer

readily removed. The dynamic models of the human
body are each on separate cards so that when con-
tinuing research results in modifications, they
can be replaced easily by up-dated circuits. A
typical logic card is illustrated in Fig.35, and
it is intriguing to reflect that this very simple
assembly of resistors and capacitors summarizes
the results of several decades and many millions

of dollars worth of research in body dynamics.
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