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) INTRODUCT ION

Under the stimulus of military aviation the physiological res-
ponses of the human body to radial accelerations have been carefully
investigated. Until very recently, relatively few investigations have
been undertaken to study the physiological problems of linear acceler-
ation. With the advent of jet and rocket propulsion these studies
will have added significance.

During the earlier phases of the investigation of decelerationm,
it became apparent that humen subjects would have to be used if experi-
mental results were to be applied with any degree of validity to
problems incident to aircraft accidents involving large decelerative
forceso

The "impact decelerator™ (fige. 1) has proved to be a useful
device in the study of impact forces, which is one aspect of linear ac=-
celeration. Early studies with this instrument on the effects of
impact forces on human subjects employed the regulation restraining
harness composed of seat belt and shoulder straps (1)e. It was found
that the usual level of the subject's tolsrance®* was about 2000 pounds.
As impacts exceeded 2000 pounds, they became increasingly painful,
due in part to the relatively narrow harness area which transmits the
force to the mid-abdominal and clavicular areas.

A semi-rigid, vest-type harness (Model "A") was designed (2).
This harness distributed the force over the thorax and part of the
abdomen and increased impact tolerance as judged by physiological
measurements, subjective reactions, and the opinion of observerse.
Observation of subjects during impact was further aided by the use of
high-speed motion pictures taken at 3000 frames per second (3). In
this report additional data are presented on respiratory and cir-
culetory changes during impact.

During the course of these experiments in which impact loads
were cautiously and progressively increased, it was learned that if the
duration. of impact was prolonged, the configuration of the force-time
curve could be changed and the peak force would be diminished (2).

Since the physiological effects of prolonged compression of the
human thorax by large static loads had heretofore not been studied,
and because the prolongation of impacts was contemplated, it was con-
sidered desirable also to investigate these effectso :

*Tolerance is defined as that value of impact or load which produces
a painful reaction.




METHODS

Fifteen impact experiments on five individuals whose ages
averaged 19 years (spread 18-21), are reported, and 18 static loading
tests on eight similar subjects are included. Physical examinations of
these subjects conducted before and after the study revealed normal
findingso The subjects were placed in a supine position on the impact
decelerator, and static loads or impact forces were applied to the
anterior chest and abdomen by a vest-type restraining harness and
recorded by calibrated wire resistance strain gages. The duration of
the force-time curve can be altered by placing springs between the
weights and the rod head (4). Such impacts produced a uniform force-
time curve, the peak of which ranged between 1800 and 3000 pounds,
This peak was reached in approximately 50<70 milliseconds with an
average total duration of 150 milliseconds,

Electrocardiogram.= Precordial leads were placed over the area of
meximal epical impulse and at the pulmonic areas the indifferent
electrode was applied just above and medial to the left scapula. This
arrangement of "lead 4B", compares favorably with the conventional arm
leads and has helped to avoid interference from skeletal muscle
potentials

Ear pulse and ear opacity.= An instrument containing a photo-
electric cell attached to the pinna of the ear was used to record
arterial pulsations and changes in blood volume (opacity) occurring
within the ear. The ear pulse provides an accurate index of the
arterial pulsations in the ear and satisfactorily parallels the ,
changes occurring in cardiac rate and rhythm demonstrated in the elec= .
trocardiogram,

Respirometer.- The respirations were detected by a thermocouple
enclosed within two lightweight plastic plugs and inserted into the
subject’s nostrils (fig. 2). Inspiration and expiration respectively
c00l and warm the thermocouple wire and cause a deflection of a
galvanometer. While this device does not measure actual respiratory
volume it gives an index of respiratory rate and depth when the sub-
Ject breathes through his nose (figs. 3,4). The rate, however, is
distinguishable even when the subject breathes orally.

Radial pulse and pressure applied.- The radial pulse was recorded.
by means of a suitable small electrical wire strain gage. From this
radial pulse record an index of pulse pressure was obtained., In some
cases the pressure in pounds per square inch (psi.) was measured by &
small strain gage placed between the anterior thoracic wall and the
harness. After appropriate amplification these various physiological
impulses were recorded with a General Electric oscillograph (Type PM
10)o Another oscillograph simultaneously recorded the strain gage
determinations of force applied to the various parts of the bodye
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Table lo- Physiological data on impacts. Comparison of pulse rates
at the beginning of each experiment, during the period of

anxiety which immediately precedes the impact, im-

: mediately following the impact, and during one

; minute after the impact. An apprehensive

tachycardia is almost invariably demon-

strated before the application of

the impact force.

Exp. num-| Impact Cardiac contractions per minute®
ber and | force Inmediately |Immediately fol-|One minute
subject (1b.) Control |before impact|lowing impact after impact
1520 138 156 144 126
#237 2520 144 150 96 112
D.H.F, | 2680 96 138 112 ' 96 y
#240 1970 96 112 78 78 y
R.JoF o 1890 108 126 90 . 66 i
1910 90 138 132 96
#241 2008 90 120 114 84
P.J.B, | 2490 90 128 120 90
: 1800 96 108 120 84
S #242 1632 96 120 108 96
k| H.W.H, - 96 108 96 72
#244 | 1812 84 84 84 72
M:.D.D. | 2950 €6 112 84 54
#246
P.J.B, 2782 108 168 144 112
#2556
D.H.F. | 2580 84 168 150 126
#256
M.D.Do | 2470 86 144 138 112
#257 2460 84 114 120 : 78
P'JOB-
2520 66 112 78 60
#256 2310 66 108 78 60
M.D.D, | 2290 80 112 78 54
|
!
!
';.
= 4 -3
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Table 1 (Continued)

Expo numo| Impact ' Cardiac contractions per minute*
-| ber and | force Immediately | Immediately fol=| One minute
subject (1be) | Control |before impact lowing impact after impact
#258 2700 114 108 66 72
H.WoHo, |2725 114 120 96 : 72
2515 -=- 156 150 o—-
#60 2515 | 156 162 114 120
D.H.,F, |[2540 | 138 144 126 120
2310 126 138 132 108
#261 | 2260 72 90 112 78
M.D.D. | 2620 96 96 90 66
#2862
P.J.B, | 2818 90 120 132 96
#263 1720 66 72 66 54
M.D.D, | 1710 66 72 60 . 48

¥Beats counted only for a ten-second period and expressed as rate
per minute,

Ear pulse and opacity.- The gradually increased ear opacity which
is associated with the expiratory straining maneuver begins a few
seconds before the impact. The subject develops a pronounced flush of
the face and ears while carrying out this maneuver. A sharp upward
deflection of the ear opacity ocurve, denoting an inecrease in ear blood
volume, ocours within 50 to 120 milliseconds after the impact (fig. 4).

Respirations.- Early in the study it was found that an impact
delivered to the chest and abdomen was less distressing if it occurred
during a time when the subject expired forcibly against a partially
closed glottis. A stendard "ready" period of two seconds was used
therefore before each drop. During this interval the subject inspired
deeply and started a slow forced expiration to coincide with the impact.
- The impact applied at that time forced the remaining air out of the

~ lungse A period of relative apnea lasting approximately six seconds
occurred and was followed by fairly desp and rapid respirations,
8lower than previously recorded (fig. 4). No other consistent res-
Piratory changes were observed.

RESULTS USING STATIC LOADS

Rapid loading.- As the load is applied the chest and abdomen are
fixed by the resulting pressure. Respiratory changes under the stress




of load is detected by the respirator. Respirations usually are
observed to be diminished or absent. Marked flushing of the head and
neck occurs, which is followed shortly by a moderate cyanosis. The
electrocardiogram shows an average slowing of 20 beats per minute dur.
ing the loading; a bradycardia of less than 60 beats per minute is
present in four cases (table 2). Although the average of the heart
rates before loading is 90 contractions per minute, the heart rates
after the loads are removed average 100 contractions per minute*. This
sugmentation of rste is considered significant. Changes in the
electrocardiographic complexes are not interpretable (fig. 5) The
radial pulse recording shows a rapid decrease in pulse pressure. The
character of the radial pulse is progressively altered; its amplitude
diminishes until the dicrotic notch is barely discernible when loads

of 300 pounds are exceeded. Ear opacity is increased. The con-
figuretion of the ear pulse shows a diminished emplitude similar to
that shown by the radial pulse. When it is impossible to see the
radial pulse, auscultatory sounds during blood pressure determinations
are not detectable.

Upon removal of the load, the first three auscultatory sounds
appear immedietely., The fourth sound is not heard until four to six
seconds have elaepsed. During this period what may be the dicrotic
notch appears to be abnormally placed within the pulse configuration
(figo 6)o During the obliteration of the pulse under load, the
blood pressure cannot be measured by the arm cuff method. For this
reason and because of the artifacts introduced during the loading,
the blood pressure measurements are not reliable and therefore are
not reportede

The pressure at the right pectoral area as measured by the
electrical wire strain gage method averaged 2.7 psi. in five experi-
ments. Subjects have tolerated rapid loading of 550 pounds for periods
verying from 20 to 40 seconds. One individual (PJB) was able to with-
stand a total load of 550 pounds for 80 seconds (table 2).

Gradual loading.- Essentially the same physiological phenomena
that occur upon gradual loading also occur with rapid compression
(table 2). Since the subjeoct must support the weights for a longer
period of time when they are added at 20-second intervals, the
tolerable duration for the total weight of 550 pounds is diminished
accordingly. The changes are slower than were observed with the repid
loading. The return to normal, following removal of the load, occurs
a8 quickly as that observed under rapid loading.

¥Pulse counted during a six-second intervel and is expressed as rate
per minute. This rate represents only those during the six-second
period and not during the entire minute.
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Table 2.~ Physlological data on one series of volunteers durlng static
loading (rapid) of 550 pounds
Duration of Heart contractions per minute®
Subject | static load | Immediately | During 550-1b.| Immediately Ear |Radial
- on chest before load static after load | Respirationjopacity| pulse
(sec.) is applied load is removed
MMD 28 60 60 100 ASD®* Increast Absent
e ed
MDD 28 80 60 90 AMD u n
MDD 10 70 50 - 80 Absent n "
MMD 18 70 40 -90 AMD " "
HWH 23 100 80 100 ASD " "
DF 19 100 90 120 ASD " AMD*¥
DF 23 110 70 110 AMD n AMD
HWH 16 80 LO 90 Absent n Absent ‘
HWH 20 70 40 80 " n "
MDD 30 70 40 100 " " " :
PJB 60 120 100 120 AMD " ASD™*
PJB 80 90 90 120 AMD " AMD
RED 22 110 80 110 ASD " AMD
JGC 20 90 80 70 AD n ASD
FER 15 90 80 100 AMD " AMD
FER 30 100 70 110 AD n AMD
RRD 15 70 60 60 AMD u Not re-
corded
FER 18 110 90 110 AMD " "
Mean heart rate 88 68 98

*Pulse taken dufing six-second intervals immediately before and after weight was applied
and immediately after weight was removed, expressed as rate per minute.

*¥ASD - Amplitude slightly diminished.
D - Amplitude markedly diminished.




DISCUSS ION

The biophysical technics which have been utilized are almost
jdentical with those developed for use in the study of radial acceler-
ations used with care they have yielded asccurate and consistent results.
With further experience in their employment and when precise standard-
ization is possible, they should provide a quantitative analysis of a
variety of biolcgical responses elicited by lineer accelerative forgces.

Since volunteers had been used in these experiments every effort
was made to avoid injury to them. Thus, most of the impacts sus-
tained have been well below the injury-producing threshold. With the
vest type harness most subjects have shown relatively minor discomfort
even when 3000-pound impacts were sustained. Occasionally, however,
guch a force caused very painful reactions, especially when the sub-
ject would not synchronize the forced expiratory maneuver with the

onset of impact.

There is an appreciable period, averaging two to three seconds,
after impact during which the subject is pinned down by a static load
of 165 pounds or more on his chest and abdomen. This period of static
loading makes inspiration difficult, and together with the shock of
the impact probably accounts for the apnea observedo

The decreased heart rate which follows an impact administered to
a relatively unyielding thorax in cats has been reported (5)o It is
probable that such a sudden slowing of the pulse is due to direct
vagal stimulation, either by sudden, increesed pressure on the aortic
arch, carotid sinus, or even via the vagus fibers in the partially
distended pulmonary alveoli. Frequently associated with this s lowed
rate are a few dropped or incomplete heart beats which occur im-

medistely after the impacte

The increase in ear opacity during the two seconds before impact
is probably due to increased intrathorecic pressure leading to
excessive filling of the vessels of the head and neck. The recorded
sudden upwerd deflection of the ear opacity, which follows the impact
by 100 milliseconds, is believed to represent a vascular transmission
weve due to sudden compression of the chest eand sbdomene

The major physiological changes are probably caused by the
mechanical effects of external compression of the thorax and upper
abdomen. During the load period external movements of the thoracic
wall have not been observed (table 2), although the respirometer
recorded small rapid excursions in most cases. These recordings are
probably a reflection of diaphragmatic movements in en ettempt to
breathe with a fixed chest.

m o O O




The relative bradycardia under load conditions may be explained
by direct vagal stimulation resulting from an increased intrathoracic

pressure. The basisc mechanism causing this bradycardia awaits further
studies,

The changes in the peripheral pulse configuration may be explained
on a mechanical basis. The available blood in the thoracic vascular
pool can be expressed peripherally under losad. This increased volume
of blood may cause a temporary distension of the arterial wall, thereby
altering transmission. This changes the configuration of the peri-
pheral pulse. It is probable that other mechanisms also are operatives

SUMMARY

lo Biophysical technies have been utilized to study the effects
of impact forces and of static loading on volunteers. These technics

~ determinations.

2 A static load of 550 pounds was applied to the anterior chest
and abdomen of eight male volunteers by the use of traction on a vest
- type restraining harness. The results of 18 such loadings are reported.

3o With this static load, thoracic respirations diminish or

égease, pulse pressure approaches zero, the ear volume increases, and g
moderate relative bradycardia is demonstrable.

4. Impact loads varying from 18500 to 3000 pounds produce a rapid
increase in ear opacity 50 to 90 milliseconds after the impaoct. This
increase in ear volume pProbably represents a vascular transmission
Weve initiated by sudden abdominal and thoracic compression.

¢ Impacts usually are preceded by a rapid and shallow res-
Piratory pattern. Apnea ogcurs immediately after the impact followed
within five to ten Seconds by deep and slow respirations.

6o Forced expiration against g partially open glottis has been
found to be the best method to protect subjects duriﬁg impacts.
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alter the electrocardiographic pattern. Impacts causing minor
distress are followed by a sudden transient slowing of the heart rate
of from 10 to 20 beats per minute. With more painful impacts, an
immediate bradycardia of 55 beats per minute has been observed. This
bradycardia probably is due to direct vagal stimulation although
other mechanisms may be involved.

seen in the electrocardiographe

1.

20

30

4o

Bo

7. Impacts causing little or no discomfort do not materially

8. The radial and ear pulses reflect the changes in heart rate
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SECS. XP. 263—HW.H.
E.P.
A A A A NP ANN e SN\ e
lIAIl
E.OP. HARNESS
EKG
RESP._ . %165 5=2980 LBS.

Figure 3 —Oscillographic record obtained when subject H.W.H. sustained
2980 pounds impact force. The time of impact is indicated

by an arrow. Note immediote bradycardio ond apnea following
impoct.




 sEcs. EXP. 262—P.J.B.

EP | HARNESS "A"

ECG.

RESP. '
|™165/5=28I8 LBS.

Figure 4—An impact of 2&i8 pounds with a semi-rigid vest harness (Model A) occurs ot the arrow. Resp.- Inspirations ore
downward and expirations are upward . Note the temporary cessation of respiration soon followed by a deep irregular
pattern. ©.C.G. — Electrocardiogram remains on the isoelectric line despite the impact. E.OP — the ear opacity shows
o slow, gradual increcse a few seconds prior to the impact. This is coused by the forced expiration of tensing
in anticipation of the blow as confirmed by the respiratory pattern. Almost simultaneously with the impact, there is
an abrupt increase in opacity which gradually returns to normal. This is evidence of a wave transmitted to the
ear by way of the vasculor system. E.P.— the ear pulse refletts the changes that occur in the electrocardiogram

and the eor opacify.
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ihoanncipaiion ot the Dlow as confirmed by the respiratory pattern. Almost simultaneously with the impact, there is
an dbrupt increase in opacity which gradually returns to normal . This is evidence of a wave transmitted to the
ear by way of the voscular system. €.P he eor pulse refietts the changes that occur in the electrocardiogram
ond the ear opacify. : Lo

EXP 25|—M.DD.
550 LBS.— 20 SEC,
‘A" HARNESS \

(ANTERIOR ST)

1 r——— PRESSURE GAGE

RADIAL PULSE

A A )

Figure 5— Physiological effects of a rapidly opplied static load of 550 pounds to the thorax and upper abdomen of g
humagn. A pressure of 2.8 (psi) was recorded on the right - pectoral area by means of a strain gage. Note
cessation of respiration, bradycardia, an increase in ear opacity , and o diminished amplitude of radiol pulse followed
by complete loss of pulse. ‘
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EXP. 248—M.D.D. | | ' | SEC
550 LBS.—10 SEC. '
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Figure 6 — Physiological effects upon removal of 550 pound load from the thorax and upper abdomen of a human. Note

restoration of respiratory pattern, tochycardio , return of ear opocnty ond radiol pulse configuration to normal,
and tife change in position of the dicrotic notch .




