L — R MM Th iRt S

T Y N T T ~ R e T -
g ] T T e VT T T AT T ATV T 5 O3 Lt w5 e e

DUCOMaNT CulTioL JATA R & D i l 4
Secatery stassilinntian o] t1le, Dode ol wbeoting b ond thelr s e pucanlation ngast hé wprters of whoe e the vvernl] te it ta 2ha -tie o, !
bODMINA LiNG ACTIVITY (Luniarale authorg GO LG NHT SLCUMITY CLASMFICA 2t i '
Acrospace Mcedical Rescarch Laboratory ‘ L' Unelassifics i
Acrospace Mcodical Div, Air Force Sysiems Command 1. erous i
) Wright=-Patterson Air Force Base, Ohio 45433 1 NZk !
o 1. MEPOAT TITLE . :
. I‘{ONLINBAR LUMPED PARAMETER MATHEMATICAL MODEL OF DYNAMIC RESPONSL 4
OF THE HUMAN BODY. !
: : !
3 6. DEICRMIPTIVE MOTYES (Type ol topost and inclusive daiss)
8. AU THOALS) (Fieot name, middie inilial, last name)
R
Gordon R. Hopkins.
CMLPORT OATE 17e. TOTAL ¢:0. OF PAGED 0. NO. OF REFY
December 1571 _ ' { 28 94 9
@ CONTRACY OR GRANY N0, %8, ORIGINATOR'S AEPOART NUMBEARLH) H
enosscrno. 7231 . AMRL-TR=71-26
Paper No. 25
€ 00, OTHER REPOAY NOI3) (Any clher numbers thal may 08 assijried ]
this report) 1
2
P :
10, DISTRIBUTION STATEMENT ‘
: Approved for pudlic release; distribution unimitec ;
: ) L %
VI SUPALCMENTARY NOTES 112, LPONZORING M. TARY ACT VITY A
i Aerospace Medical Research Lapcra:- oy

A e = .~ T Piw N L mea
; Aerospace MceGicai Div, Alr Torce Lo.oLmE
e frnd =
A

{
]
b . ot s - - ..
i Commanda, Wrighi-Patterson Arg, O - -.30

o

3. ABSTRACTY

The Symposium on Biodynamics Models and Their Appiications 160K piaCe in Do on, |
Ohio, on 26-28 Ociober 1570 under tiwe spua.-~rship of the National kcacemy o:

3 Sciences =~ Nationai Researcn Council, Commicacu o0 ncaring, Zi0&CousCS, il ;
- Biomechanics; the Nationai Aeronautics and Space (.. ..istration; and the Aero.ice ‘ '
- Medical Research Laboratory, Aerospace Medical Divisioi, United States Awrliite,
y Most technical areas discussed included application of pioay amic modedss o oo ;
__ : estadlishment of environmenta: exposure Limiits, modeis for winterpretation of «o. o,
k. dummy, and operational experiments, mechanical characterization ol wiVing tiil.: !
. and isolated organs, mocdels to describe man's response 10 IMPact, L.ast, &NG wllus=

E tic energy, and performance in diodynamic environments,

APR 26 1972

™ N F'R < 7 Q aproduce
1 DD WVa1473 NATIONAL TECHNICAL
- INFORMATION SERVICE TR GRrTrT B

|
§ Springfield, Va. 22151
i .

[




PAPER NO. 2§

NONLINEAR LUMPED PARAMETER MATHEMATICAL MODEL
OF DYNAMIC RESPONSE OF THE HUMAN BODY

Gordon R, Hopkins

ﬁest Virginias University

ABSTRACT

Two nonlinear models of man's dynamic response to low frequency vi-
bration are discussed. The first model uses linear spring and damper
elements but accounts for the nonlinear geometry of visceral mass motion.
This model adequately reproduces both the input mechanical impedance and
vibration transmission characteristics for a seated human subject,

The second model includes the nonlinear effects of the lungs. The
influence of this nonlinearity on the dynamic response is discussed and

compared to experimental results from tests on animals,

INTRODUCTION
Over the past two decades considerable attention has been paid to
the effects of vibration and impact on the human body. As humans are
exposed to the implements o1 modern technology these mechanical stimuli
reach magnitudes that can cause physiological damage ranging from mild
discomfort to death.
The inaugural research effort in the study of man's dynamic response

was to establish human tolerance limits tc vibration and impact, Once
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these wvere established, the attention of investigators turned toward the
nore perplexing problem of understanding the injury mechanisms that set
the tolerance,

Using human subjects as test specimens to gather information about
the internal dynamics of the body has not always been a gratifying expe-
rience, Yet, animal substitutes in most cases have proved equally dis-
appointing. The problems associated with trying to glean information
about the dynamics of the internal organs and structural components of
the human body is complicated by the necessity of having to gather data
without damage to the subject. This limits the types of instruments that
may be used as well as severity of the test environment, In effect, in-
vestigators have been gathering data asbout internal dynamics of the human
body by sensing only their external effects,

Useful data have been gathered in this manner however, For instance,
most of our understanding of the body's dynamic response to low frequency
vibration has been based on measurements such as driving point mechanical
impedance, external strain, vibration transmission, and cineradiographs.,

Tn order to make the best use ¢f these data, mathematical models have
often been employed in the effort to expand our understanding of the
human body as a dynamical systenm.

This report discusses one such model. A nonlinear lumped parameter
model that explains phenomena observed during low frequency vibration of

a seated man, such as the second and third spinal resonances.
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BACKGROUND INFORMATION

The rationale of the model is best discussed by first briefly re-
vieving the experimental dsata on which it is based.

Mechanical impedance has proved to be & valuable and well used tool
in studying the vibration response of biological systems, With its use
as & parameter, the dynsmic response of a human subject to vibration can
be studied as a "black box" much as one would an unknown electrical cir-
cuit with input electrical impedance. Although it has limitations, this
approach yields much information sbout man's dynamic response to sinus=-

oidal vibrations by showing system resonances,
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10 15
Frequency, Hz.
Fig., 1 Mechanical Impedance and Phase Angle for Seated
SubJect(l)
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Figure 1 based on the work of Coermann et al, illustrates the mech-

anical impedance of a typical subject to low frequency sinusoidal vi~
bration, The predominant features of this curve are the peaks at 5, 11,
and 14 Hz, These peaks suggest points of resonance. As von Gierke3 suge
gests, the first peak is due to the abdominal resonance, and the second
and third due to some action of the upper torso on the vertebral column,
A second, and equally useful {tool used in vibration analysis is vie
bration transmission, or transmissibility. Again Coermannl shows us, and
is substantiated by the work of Pradkoh who used random vibration instead

of sinusoidal, that the vibration response of a seated human subject can

be characterized by transmissibility, Figure 2 shows this result,
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Frequency, Hz.

Fig., 2 The Transmission of Vibrations fyom the Seat to the
Head of a Seated Human Cub.ject(l
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The transmission factor fbr a gseated subject shows three neaks nominally
at 5, 11, and 14 Hz, As with the mechanical impedance, it is hypothe~
sized that these peaks are the result of resonant systems in the bvody,
One srould note that the peak corresponding to the abdominal resonance
transmits the largest amplitude vibretions to the head.

Another noteworthy set of parameters that characterize the body's
dynamic response to low frequency vibration are the strain measurements
made by Clark et al.s and shown in Figure 3, It is observed from these
measurepents that the first peak for the upper and lover abdominal strain
occur &t approximately 1 Hz apart. The implication here is that the vise
ceral mass works against a different spring when it moves toward the head

than it does when it moves toward the pelvis,

Strain

Frequency, Hz,

Fig. 3 Strain foi ?eated Subject During Low Frequency
Vibration'?
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% The final set of measurements to be considered are those made by

% White et al.6 of colon pressure during low frequency vibration., As anti-

cipated, these measurements show the effect of the abdominal resonance in
f' ) Aﬁé . agreement with the lower abdominal strain shown in Figure 3, If the sec-

| 3 { ond and third peaks of Figures 1 and 2 cre due to vertebral column reson-

ances a8 hypothesized, then the effect on colon pressure would be minimal,

P As can be seen in Figure 4, this is precisely the case.
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Fig., & The "Mean" Colon Pressure Duri?g Low Frequency
Vibration for a Seated Subject )

In summary, these experimental measurements require s model tos

1, Have a similar impedance and phase versus fraquency ree
lationship as that for a human subject,

2. Demonstrate the same vibration transmission characteristics
as does a human subject.
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3, Corroborate the organ motions as inferred from the
measurements of strain and colon pressure,

DEFINITION OF MODEL

It has bveen demonstrated by Hopkins’,{ Suggs‘? and others by the con-
struction of mathematical, electric analog, and mechanical models that an
uncoupled two degree of freedom system as shown schematically in Figure 5
can adequately simulate the input mechanical impedance of the human body
over the 0-1% Hz range, For purposes vwhere only the input impedance is
necessary, such as coupling with other machinery for their evaluation,
this type of model is sufficient, However, for inquiring into the inter-
nal dynamics of the human body, such a model is not satisfactory., It

lacks sufficient anatomical similarity to prediet injury.

Fig. 5 Uncoupled Tvo Degree of Frecdom Model
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There is no way to use this type of model to study the transmission
of vibration to various parts of the body or to corroborate such data as
transmissibility, strain and internal pressures, This deficliency leads

one to consider a coupled mass linear model, such as shown in Figure 6,

that could accommodate these considerations,

Fig. 6 Linear Coupled Mass Model

The linear coupled mass offers enough geometric similarity to the human
body to be able to relste components to their anatomical counterparts,
For instance, kl and Cl could represent the vertebdbral column, M2 the
upper torso mass, a3 the visceral mass, ul the lover torso mass and sO on.

Hovever, this model does not adequately simulate the input impedance,
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Upper Torso
Mass (ma)

Vertebral
Column

Vis al
Massc?::‘) t:‘

Lover Torso
Mass (x.l)

t!‘(t)

Fig. 7 Honlineer Geozetry Model of Human Body
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If one examines the anatomy of the human body in more detail, it may
be observed that the visceral organs are not tethered but are supported
in the abdominal cavity by the adbdominal muscle wall, the pelvis, and the
disphragm. When the visceral mass moves during vibration it exhidits a
nonlinear geometry. As the visceral mass moves upward toward the head,
it compiesses the lungs bdbut does not put tension on the abdominal wall or
pelvis since it is not tethered to either. On the other hand, as the mass
moves tovard the pelvis, it does not put tension on the diaphragm and in
turn the lungs.

The simplest model that can accommodate this nonlinear gecmetry is
one vith linear elements constructed such that the sorings are pot rigid-
ly attached to the mass that represents the visceral mass,

This model is shovn schematically in Figure 7 where the linear
spring, kl' and damper, cl, represent the vertebral column, ka. the ab-
dominal wvall, k3. the lungs and Ca, the fricticnsl dazping oo the inter-

nal movement of the organs.

DYNANIC BEHAVIOR OF NONLINEAR GEOMETRIC MNODSL
A mathematical aodel based ca the schematic shown in Figure 7 has
been forrmlated and foterpreted es a cosputer model using IBN's Coatin-

uoas Systea Nodeling Progras, The Jynaaic behavior of this model is

shcwn in Figures 8, 9, and 10,
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DLSCUSSION OF NOKLINEAR GEOMETRY MODEL

Comparison of Figures 1 and 8 shows that this two degree of freedom
nodel with nonlinear geometry adequately reproduces the mechanical ime
pedance and phase angle characteristies of the human body; even to dise
playing the second and third resonant peaks, Comparison of Figures 2 and
9 shows that the model siso demonstrates the same general vibration
transmission characteristics as the human body.

If one assumes that the displacements of the visceral mass can be
related s the external strains on the chest and abdominal wall, then
Figure 10 agrees viﬁh the strain measurements presented in Figure 3,

It is concluded that the model does satisfactorily demonstrate the
same dynamic response to low fregquency vibration as does a seated human

for small amplitude wvibrations,

NONLINEAR MODEL
Since all the data on which the above model is besed was gathered
from forced sinusoidal vibration with low ampiitude accelerations, from
1/4 to 1/2 g., its use for the study of vibration with higher amplitude
acceleration or impact is questionable, Experience with the nonlinear
geometry model has shown that its dynamic response is not dependent on

the amplitude of the forced vibration,

9 have shown with experiments on pigs that mech-

Krause and Lange
anical impedance is nonlinear with respect to the acceleration amplitude

of the forced vibration. Their results are reproduced in Figure 12,
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Fig. 11 Nonlinear Dynamic Model of Humar Body
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Fig. 12 Impedance of 70-1b Pig'd)

If the nonlinear geometry model is slightly sophisticated tc include
the nonlinear effects of the lungs by modeling them as a piston in a ¢yl-
inder with an orifice, then the nonlinear behavior of biological systems
observed by Krause can be simulated,

The equations of motion for this model, shown in Figure 11, are:
%) =k (x, = x)) ¥ Cy(x, = X)) + ky(xg = x;) #+ Cylky = %))

+ k3 6(x3 - "1) + F(t)

mo¥, = =k(x; = %) = C)(x; = %)) + Fppuse
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m¥y = -k 8(x; - x,) = Calxy = ) = Frypes
vhere

§(x) = <

The force exerted by the lunge on the visceral mass (FLUNGS) is de-

rived from the model shown in Figure 1k,

Total Volume
(366 in3) — i

't Frunes

Fig. 14 Lung Model

Assuming isotropic compression, the equation of state pV = mRT gives the

folloving foraulation for FLUNGS‘
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p=j{c[$1 (= -(6-1)7]-2\-,-}&1;
where |

V-'AL[L- (x3-x2)] ’

2/8 P. 6-1 L

26 Pg 8 | =

m = At\lg-;—l 1 s(pL) - (;;) 5 ] sign (p - py)
vhere s denotes smaller of p and P,

and L the larger of the two,

and
B " Drnitial 'f’:‘ ® .
Then,
8(x, ~ x,)
s * Ty TR Pl
With this mathematical formulation a digital computer model was con-
structed using IBM's Continuous System Modeling Program,

The CSMP for this nonlinear model was subsequently used to deter-
mine the effects of different amplitude levels of vibration on the meche
anical impedance. Figure 15 shows these results,

Although there are no mechanical impedance data available for hue-
nans at low frequency vibration levels as high as 3 g's,, comparison
vith the results of Krause, Figure 12, shovs that the dynamic behavior of
the nonlinear model ie similar to that of a pig. That is, there is a

genersl stiffening of the system as the acceleration level is incressed,
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CONCLUSIONS

The inclusion of nonlinear geometry in the two degree of
freedom model of the human body®s dvnamic response of the
human body improves the dynamic similarity.

The nonlinear mechanics of the lungs probably account for

most of the body's nonlinear response to low frequency
vibration.

It surficient effort were expended to establish the gov-
erning parameters of the nonlinearlity by vibration tests,
gonlinear lunged parameter models could add understanding
of the body mechanics during certain impact situations.
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