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FOREWORD

The information presénted in this report was obtained by The Ch! zago
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the Aerospace Medical Research Laboratories, under the authority of project
7231, "Biomechanics of Aerospace Operations," and task 723101, "Eifects
of Vibration and Impact." The responsible investigator in this research was
John L. Nickerson, PhD of The Chicago Medical School. In this work, he
had the active assistance of M. Drazic, A. Paradijeff, MD, J. Eder, R. Jonnson,
H. Pevsner, and H. Udesen. The research contained in this report was
accomplished during the period of 31 May 1963 to 30 November 1963.

Major George C. Mohr of the Vibration and Impact Branch, Biodynamics and
Bionics Division, Biomedical Laboratory, served as contract monitor for
Aerospace Medical Research Laboratories.

This technical report has been reviewed and is approved.
J. W. HEIM, PhD
Technical Director
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INTRODUCTION

The resonant frequencies of internal visceral organs of the dog
have been measured in earlier work (ref., 1 and 2) in this laboratory.
These experiments were performed upon animals which were anesthetized
and fasting, upon animals immediately after feeding, upon animsls which
were breathing pure oxygen instead of air, and upon animals which were
unanesthetized. In &all these experiments, the direction of escillation
in which the resonance was determined was the longitudinal (Z) axis of
the body. In the present tests, the resonant frequency of a number of
organs was measured along X, Y, and Z axes in each animal. The animal
chosen for the test was the anesthetized dog.

EXPERIMENTAL METHODS

In these 2xperiments, the dogs used weighed from 10 to 20 kilo-
grans., The animals selected were ip good health. Tantalum implants in
the form of flat plaques 1 to 2 centimeters square and cylindrical rings
1 centimeter wide were sutured under aseptic conditions in various regions
within the animal. The tantalum material was 10 to 15 thousandths of an
inch thick. The rings were sutured around the small intes“ines, and the
plaques were sutured to suitable areas of the organs or regions studied.

After racovery from surgery, which was a period of not less than
several montls, the experiments were performed. The animal was anesthe-
tized with Pentobarbital (32/mgm/kgm of body weight) and by means of a
heavy canvas jacket fastened firmly within a plastic cradle attached
rigidly to the vibration test stand (ref, 1). The canvas jacket was
secured by strong coxrds in such a faszhion that the spinal column of the

_animal was immobilized. To prevent overheating the animal, cold water
“was passed continuously through the copper tubing placed within the

canvas jacket in such a location as not to obscure the X-ray beam.

The cooling arrangement consisted of five 2«foot lengths of copper

tubing, 3/8 inch outside diameter and 1/4 inch inside diameter placed

side by side and connected in series by rubber tubing at the ends. The
tendency of the animal to overheat arose in the higher frequency range of
oscillation. By properly adjusting the flow of cold water, it was possible
to maintain a constant rectal temperature.

48 described in earlier work (ref, 1), the resonant frequency and
damping factor for the organ under study was determined by means of a
special type of X-ray Kymogﬁ phe The X-ray shadow of the tantalum im-
plant and the reference rod on the vibration test stand were cast through
a slit in a leaded screen upon a photographic plate which was moving at
a velocity of 60 millimeters per second. The oscillation of the vibration
test stand produced motions of the implant and of the vibrator reference
rod. The motions of the implant and reference rod produced motions of
their X-ray shadows along the slit in the leaded screen so that their
movements were recorded as oscillating traces on the photographic plate.
From these records were made the measurements of the relative amplitude
of mcvement of the implant and of the vibration test table. The phase
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lag occutrigg‘betwegn implant and vibration test table was also mea~
sured. The range of frequency tested was from . to 10 cycles per
‘second and the amplitude of the vibration test oscillation was main-
tained at 10 milliméters of double amplitude.

I3

The vibration test stand was a VU-DM-100 L.A.B, Corp. vibration
test table. This system could provide oscillations in the desired
range of fréquency, in horizontal, lateral or vertical directions.
With appropriate orientation of the X-ray Kymograph arrangement, it
was possible tc observe the vibration effects on the dog in supine
position along the dorso-ventral or "X" axis, along the lateral right-
to-left or "Y" axis, and along the foot-to-head direction or "2Z" axis.

Vibration of the animal along the "Z" and "X" axes was made in all
cases with the animal in a supine position and with the direction of
motion of the vibration test table respectively horizontal and vertical.
In all but one case, the vibration along the "Y" axis was observed with
the animal lying on its side and the motion of the test table vertical.
In the one case, the animal was in a supine position and the vibration
was horizontal.

In these experiments, the relative amplitude measurements were made
at discrete frequencies in steps of 1 cycle per second or less. In some
cases, near the resonant frequency, the steps were reduced to approximately
1/2 cycle per second. This meant that the accuracy,of determining the
resonance frequency is within.l/2 cycle per second. The procedure in
determining the resonance frequency ot the region or organ under consi-
deration was as follows: The ratio of movement of the implant to the
movement of the reference rod on the oscillation test Atand platform was
computed for each frequency tested. Of course both movements recorded on
the photographic plate were corrected for magnification so that the ratio
calculations were from the actual movement in millimeters of the opaque
object and of the reference rod. This ratio of relative amplitude was
plotted as the ordinate in graphs, Figures 1, 2, and 3, in which the
abscissa was the frequency of the forcing oscillation. The point on
the grdaph at which the relative amplitude is maximum is within a few
percent of the resonant frequency. Assuming that the oscillating system
is of a simple second order type, the true resonant frequency can be com~
puted as follows: The numerical value of the relative amplitude at its
maximim point pexmits the determination from Table 1 of the value of the
damping coefficient and the value of the frequency multiplier correction.
The product of the multiplier correction and the frequency at the point
of maximum relative amplitude gives the value of the true resonant fre-
quency of the region under observation,




Amplitude Magnification

TABLE %

RELATIVE AMPLITUDE, DAMPING AND RESONANT FREQUENCY CORRECTION FACTOR

FOR A SIMPLE SECOND ORDER SYSTEM,

Relative Amplitude Damping Frequency Correction
(At maximam) Coefficient Multiplier
(Implant/Shaker) '

6.0 0.085 1,001
5.5 - 0,093 1,002
5.0 0,102 1.002
4,5 0,11 1,005
4.0 0. 130 1;008
3.5 0.150 1.015
3.0 0.179 1,027
2.5 0,223 1,044
2,0 0.399 1.0/3
1.5 0.478 1.142

*Table is -obtained from reference 2

X-Axis
n.=8.8

3F  Y-Axis - ’

Figurecl.

Graph of relative amplitude
response vs, frequency for vi=-
bration along three axes, Organs
tested: Thoracic aorta, apex of
‘ heart, rib, central diaphragm.
2 » ‘e Stars are points calculated from

' Y theoretical equation for values of
rescrant frequency and damping given
in graph.
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Z-Axis
Graph of relative amplitude response
vs, frequency for vibration along
three axes, Organs tested: urinary
bladder, rectum. Stars are points
calculated from theoretical equation
for values of resdonant frequency and
damping given in graph,
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Experiments were perfomned upon nine dogs in some of which we~e
severzl implants. In several tests, observations weré repeated upon the
sarne organ which enabled an estimate of the accuracy of the determination
of the rescnance frequency. This accuracy is plus or minus 1/2 cycle per
second, ;

EXPERIMENTAL RESULTS

The data for the estimaticn of the 1nsonance frequencies is presented
graphically in figures 1, 2, and 3. In Table II are summarized the values
of the resonant frequency of various internal regions .as determined from the
peak relative amplitudes, The results are illustrated by figure 4. As can
be seen both from examination of Table I1 and figure 4, the resonance fre-
quency of visceral organs along the X and Y axes are essentially the same,
being 8.9 and 9.3 cycles per second respectively as averages for all organs.
The vaiue along the Z or longitudinal axis has an averxage value of 4.4 cycles
per second, which value agrees very well with the results of the previous ex-
periments on the dog. Since the OYpe*imcntaL errov DL theg= observations is
of the order of 1/2 cycle per sacond, the difference between mean values of
the X and Y axes is not significant. However, the value of the resonant ire-
guency along the Z axis is.in all caseg sigaizicantly ! dif erent from the values

along the X and Y axes ;

TABLE II
RESONANT FREQUENCY
AXIS

X X | z
Thoracic Aorta : 747 | 9.9 ?1 4.2
Apex of Heart § 9.8 8.2§ 4.8
Ribs . 8.6 9.5 | 4.3
Central Diaphragm i 7.9 8,6 ? 5.0
Stomach 11.0 10.4 | 42
Large Intestine 749 0.1 be2
Rectum 8.0 8.6 | 4.4
Urinary Bladder 10.3 8.1 4,5
Right Kidney 8e0 10.1 4,2
AVERAGE R 9.3 4,4



and in Figure 5.
in the table of resonance frequency.
the mean values of all organs along the X, Y, and Z axes, these valués
being 0.38, 0.38, and 0.32 respectively, ' The overall nean value is of
These values are essentially the same as fouad for
the long axis of the body in previous experimental work.

the order of €.36,

Resonant Frequency sec

Region of implant X Axis Y Axis Z Axis
s oo 5 wo 5

Thoracic Aorta -

Apex of Heart

Rib.

Central Diaphrogm  |jassmm———

Stomach
Large Intestine
Rectum

Urinary Bladder
Right Kidney

:Figure 4. Resonant Frequencies of Various Viscéral Regilons

Damping Coefficients

Region of implant

X Axis
05 0

ek

Y Axis
05

Z Axis
0 0.5
ded d. .

Thoracic Aorta

“Apex of Heart

Rib
Central Diaphragm |

Stomach

Large intestine

Rectum

Urinary Bladder
Right Kidney

Figure 5.
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Damping Coefficients of Various Visceral

The damping coefficients, i. e., ratio of the actual damping to the
critical value as found from these experiments are recorded in Table III
These values are related to the corrssponding values
There is little difference between

Regions



TABLE 111
DAMPING COEFFICIENT

ORGAN X T z -
Thoracic Aorta 0,31 0.33 0.36
Apex of Heart 0440 0.4& 0.38
Ribs 0.30 0.51 0.31
Central Diaphragm 0.26 0.36 : 0.41
Stomach ' 0.58 047 0.21
Large Intestine 0.39 ; 0.4& C.21
Rectum O.44 0.34§ 0.3
Urinary Bladder 0,46 : 0.20 0.42
Right Xidney 0,26 5 0.40§ 0.23
AVERAGE | 0.38 0.38) 0.32

k2

DISCUSSION AND RESULTS

The most marked finding in these experiments ?gs the significant Gif-
ference in resonance frequency beiween ths measurements from the long axis
of the body and @hefz cther axes at right angles téjthis, i. 2., the lateral
and the dorso-ventral. In the present experiment, | the longitudinal resc-
nance frequency values are essentially the sameiasithe longitudinal reso=-
nance frequency values found in the previous: research reported from this
laboratory. However, the lateral and dorso-ventral values are approximately
twice as large. E ; : i P P '

£

g o

The difference between the resonance frequency.in the lateral axes as
compared with the longitudinal axis is well!foundéd in the experimental
data. This is eé}ily seen from a consideration of Ifipures 1, 2, and 3,

- which are concerned with the relative amplitude of {vibration and of figures
6, 7, and 8 which show the phase lag between implant and forcing oscillation.
In these figures, the data is arrarged in organ’ grdups from thoracic, ab-
dominal and pelvic regions. Along with the experimental points on each
graph are plotted points from a theoretical curve Based on the assumption
that the motion is of a simple second order type. iAn estimate of resonance
frequency and damping for each group of curves was made, giving a reason-

. able fit of the data. The results, which in a sense arise from all the
data, are summarized in Table IV and are in good agreement with the values
on Tables II and I11 determined from a single point (the point of maximum
relative amplitude) in each experiment. §

In general, “or vibration along a single axis, the results from the
various visceral regions arc in good sgrecment except for small differences
in damping and possibly a small differenc: in the resonance frequency in
the lateral vibration - between abdominal and pelvic regions. Again, there
is a significanrt difference in resonance frequency for vibration along the
longitudinal a:ris as comparsd with vibration along trarsverse axes,

“7-
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X-Axis
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Figure 7.

Organs tested:
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Stars are points calcu~-
lated from theoretical
equation for values of

Graph of phase
lag vs. frequency for vi-
bration along three axes,

stomach,

resonant frequency and
damping given on graph.
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Figure 6,

Graph of phase lag vs.
frequency for vibration
along three axes. Organs
tested: thoracic aorta,

apex of heart, rib, central

diaphragm. Stars are points
calculated for theoretical
equation for values of re-
sonant frequency and damping
given on graph.

180 x.Axis

n.=8.9

90F &-0.33

q._4_...-....-iii@gg:iéggggiégg

180 F  y.Axis

n.=8.9

_g' 90f 8:0.25
. o

o Q :

= 270 F  z.Axis
180
90




fa)

S

TABLE IV

RESONANCE AND DAMPING BASED ON EACH GROUP OF CURVES IN FIGURES 1 TO 6

BACK- FRONT RIGHT-LEFT FOOT-HEAD
8 : X Z
Ampl. Phase Amﬁi. Phase || Ampl. | Phase
Thoracic Aort: ;
Apex of Hear- 8.8 8.9 8.9 8.9 bott | 4ubb
Central Diaphragm _ :
Ribs 0.40 0.33 0.45 0.25 {l 0.40 | 0.25
Kidney i
Stomach ! 8,9 849 10.07 " 10.0 4,44 4,20
Large Intastine  |j0.36 Ue36 [ 0450 0.40 || 0.21 | o.10
Urinary Bladder  ||8.8 8.9 | 8.2} 8.2 || 4,46 | 4.44
Pactum 0.50 0425 f‘ o.z%} 0.10 |{ 0.25 | 0.50
; : i
: ] 1
Weighted . 8.9 8.9 ‘iE 9.1 9.1 4,846 | 4.37
T
Mean 0.41 0.32 |l 0.43° 0.26 |l 0.32 | 0.25
. 1
Overall 8.9 9,1 beb
Mean ; :
(Weighted) 0.37 0.35 0.29

klfggjzﬁkié

!
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180F  x-Axis
n.=8.9

e ]
o]
a-d
0 .
g 0.
= 2701  z-Axis
n.=4.44
180F &=0.50

Figure 8.

Graph of phase lag vs. frequency for vibration along

three axes., Organs tested: Urinary bladder, rectum.
Stars are points celculated from theoretical equation
for values of resonant frequency and damping given in
graph,

In previous work, (ref, 1), the resonance frequency of 3 to 5 cycles
per second of visceral organs in the longitudinal direction was largely
determined by the elasticity of the abdomen, since restraining the abdomen
raised the resonance frequency.,

The observation that resonance frequeticy along a lateral axis is
greater than that along the longitudinal axis indicates an increase in
the elasticity to mass ratio. This could be due to a greater involvement
of other structures, such as the ribs, in the lateral directions. A
further possible explanation wonld arise if the number of elastic fibers
were proportional to the perimeteral length involvad in the vibration.
Long sides would involve more elastic fibers than short ends, hence lat-
eral motion would be at a higher natural resonance than longitudinal
movements.

-10-
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SUMMARY

In these experiments, the resonance frequency of the visceral organs
of the anesthetized dog were measured along 3 axes, namely dorso-ventral,
(back-to~front), lateral, (left-to-right), and the longitudinal, (foot-to-
head), These resonance frequencies have average values for all these organs
respectively of 8.9, 9.1 and 4.4 cycles per second. The values of the damp-
ing coefficients assoriated with these resonance frequencies are respectively
0037, 0035, and 0,29.

-11~
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