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NOMENCLATURE

a = acceleration, in/sec?

¢ = damping constant, 1b-sec/in.
f = force, 1b.

i= -1
k = spring constant, 1b/in.

m = mass, slugs

t = time, sec.

v = velocity, in/sec.

X = displacement, in.

z = mechanical impedance, 1b-sec/in.
¢ = phase angle, degree

w = frequency, radians/sec.

w,. = undamped natural frequency, radians/sec.

Subscripts

k

reference to spring

¢ - reference to damping
m - reference to mass -
0 - peak value of sine wave
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1. INTRODUCTION

In analyzing various sled and car crash data, it has become apparent
that a serious problem exists in terms of test reproducibility. It is axio-
matic in the experimental sciences that a valid test must yield reproducible

results, and do so in more than one laboratory. Careful consideration of

the elements of these sled and car crash tests identified the crash dummy

as a major contributor to the difficulties in test repeatability. The accel-
erometers mounted in the head of current model dummies measure not only the
gross whole-body motion, but also react to both local deformation and inter-
nal component interactions. Thus, the head accelerometers respond to the
vibration of the lightly-damped cast aluminum head. To document these ef-
fects in the head, the driving-point impedance, transfer-point impedance,

and acceleration frequency response of dummy heads were compared. The imped-
ance was chosen as the appropriate dynamic test because on one plot of the
results, the change in effective mass, stiffness, and damping can be shown

as they vary with frequency (in this case from 30-5000 hertz). Additionally,
the Tocation of the resonance and antiresonance frequencies may be determined
from the same data. The response of the head to the compliance test condi-

tions will depend upon the characteristics of these impedance properties.



2. METHODS

The response of a system to a sinusoidally varying force depends on the
instantaneous values of the mass, stiffness, and damping. The response may
be described in terms of displacement, velocity, or acceleration, but a
description in terms of mechanical impedance (the ratio of applied force to
velocity, pounds-seconds per inch [1b-sec/in]) offers several advantages.]’2

A body exhibiting high impedance brings to mind massiveness, stiffness,
and small motion; conversely, low impedance suggests lightness, springness,
and large motion. Such qualitative statements are, however, apt to be mis-
leading. The correct view may be formed only by considering the quantitative
relationship with frequency. As the frequency with which the energy is im-
pressed changes, there is a change of both magnitude and phase of the re-
sulting motion. The resistive and reactive components of impedance are com-
plicated functions of frequency and they tend to alternate in their dominance
of the system response. This latter action leads to an apparent change of
weight, the system responding alternatively as a mass or as a spring as the |
frequency is varied through the resonances and antiresonances. This type of
response leads in turn to a great change in the degree of isolation for the
components within the system and is, therefore, of imporfﬁnce in determining
w34

the Tumped parameters of a "Black Box System.

If a linear mechanical system is harmonically excited by a force

_ jut
f=|fle (1)

which results in a velocity response

v = |v0|e1(“t'¢) (2)
where ¢ is the phase angle between the velocity and force (with the force

as the reference), the driving-point mechanical jmpedance (DPI) based on



the force and velocity (measured at the point of force application) is

iwt
[fole™
z= v lei(wt-&b) (3)
0
1ol 5
AT )
0
- i
z = |z,]e (5)

The ratio of the driving force to the velocity at another point in the
system may be expressed as the transfer-point impedance (TPI).

There are several methods available for determining impedance analyt-
ically. The use of the Laplace Transform is perhaps the most powerful method.
An operational method developed by Firestone5 for analyzing lumped-parameter
systems is also useful in many cases. This technique will be presented briefly.

The impedance for the three simple elements- spring, dash-pot, and mass -
will be obtained. These elements will be combined to form a simple system,
and driving-point impedance expression for this system will be obtained. We
know from harmonic motion

v = dux (6)
a = juv (7)

Now consider a simple spring. By definition the spring constant k is

k
f —e - AAMV—]]I-
FIGURE 1. PURE SPRING
_f
k=3 (8)
Subsituting for x in terms of velocity

_ fui
k=5 (9)




The impedance Z) looking into a weightless spring restrained at the opposite

end is

f_k .k
V---.—--]:J‘ (]0)

Tw
Spring impedance decreases as frequency increases, and the force vector leads
the velocity vector by 90 degrees.

By definition the damping constant c for a viscous damper is

c
f— >0 __{‘_I o—Ir

FIGURE 2. PURE DAMPER
=f
c =y (1)
The impedance Z. of a weightless viscous damper attached at the opposite end
is

z. =—=¢ (12)

f
c v
Damper impedance is independent of frequency, and force is in phase with
velocity.

The impedance of a simple mass can be found from Newton's Third Law,

f— o m o—|r-

FIGURE 3. PURE MASS

f = ma (13)
Substituting for a in terms of v
f = miov (14)
The impedance Z of a free mass is
N
z, == lum (15)

Mass impedance increases as frequency increases, and the force vector lags
the velocity vector by 90 degrees.

The impedances of the three ideal elements (mass, spring, and damper)

are functions of frequency. It is convenient to plot impedance data on graph




paper with Logarithmic impedance and frequency scales. ‘The individual ideal

elements (mass, spring, and damper) are plotted on log-log paper in Figure 4.

/3% \'L«\

|Z¢|

MECHANICAL IMPEDANCE (LB.SEC./IN.)

FREQUENCY (Hz)

FIGURE 4. PLOT OF IDEAL ELEMENTS ON LOG-
LOG PAPER.

The mechanical impedance and acceleration were mea;gred at four separate
locations on four dummy heads furnished by the government. These four dummy
heads were assigned test numbers, and are shown in Figure 5.

The Tocation of each driving point was spehified in the following manner.

1. Forehead - Two inches below the top of the skull in the midsaggital

plane.

2. Back of Head - Two inches below the top of the skull in the midsag-

gital plane.



01d Alderson Head New Alderson Head
DHMZ-1 DHMZ-2

R
Ry

New Sierra Head
01d Sierra Head . DHMZ-4

DHMZ-3

FIGURE 5. HEADS USED IN MECHANICAL IMPEDANCE TEST.
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3. Side of Head - Three inches below the top of %he skull and 4.25

inches forward of the back of the skull.

The vibrational characteristics measured on each head were:

Phase 1. Driving-point impedance and acceleration at each driving point.

Phase 2. Transfer-point impedance and acceleration at the center of

gravity in the direction of the sinusoidal input.

Phase 3. Transfer-point impedance and acceleration at a point opposite

to the driving point.

Phase 4. Driving-point impedance at two different acceleration inputs

than used for Phases 1 through 3.

The skin was removed from each head and the skull blocked up on a milling
machine, with the neck plate used as a base. A1l driving points and accel-
erometer mounting points on the skull were laid out and milled to provide
flat surfaces parallel to, or perpendicular to, the medial plane. This was
to insure that loading occurred along the appropriate axis. Holes were
drilled perpendicular to these surfaces to allow the accelerometer or loading
fixture to be bolted on.

A rigid, specially designed mounting block was fabricated to fasten the
accelerometers to the neck plate and to lTocate them at the center of gravity
of the head. This device allowed the accelerometers to be directed along
the appropriate axes.

The skin was replaced and the accelerometers mounted, with particular
care taken to align the accelerometers at the center of gravity as given in
SAE Recommended Practice J963. The head was weighed and the location of the
C.G. measured. Weight was added to the head until it weighed 10.2 1b.

A one-pound weight was mounted where the neck fastens to the skull and the



ballast weight was moved around until the CG was in accordance with J963.
The one-pound neck weight was removed and the head was then mounted on a

GM rubber neck. This head and neck system was then fastened to a Sierra
50th percentile dummy. A1l heads were set-up and tested in this configura-
tion.

The tests were carried out on a 300-pound Model 20 Unholtz-Dickie elec-
tromagnetic shaker. The shaker was automatically controlled by a Spectral
Dynamics Model 1058 amplitude servo/monitor, at a constant 5 G's peak for
the standard runs and 10 and 20 G's peak respectively for Phase 4. The
frequency range investigated for all tests was 30-5000 hertz.

A Spectral Dynamics, automatic mechanical impedance analyzer system was
used for all recording. This impedance computer coupled with a X-Y-Y' plotter
converted the force-time and acceleration-time information into phase and
impedance versus frequency plots as well as acceleration frequency plots
(Figure 6). The mechanical impedance-measuring head used in these tests
was made up of an Unholtz-Dickie Model 75D21 accelerometer, flat to 5000
hertz and capable of resolving a fraction of a G, and a Kistler Model 904A
Toad washer which is flat to 50,000 hertz and will resolve 0.05 pounds.

This impedance head and fhe head connector were calibrated and found to have
a mass-like impedance over the frequency range of interest. The Unholtz-
Dickie Model 75D21 was also used to measure all of the remote accelerations.

These tests were carried out in the following manner. The dummy with
the test head mounted was strapped to an adjustable table. The dummy head
was then rigidiy fastened to the shaker at the forehead attachment point.
The driving point impedance was recorded for three constant input acceler-
ations: 5, 10, and 20 G's peak. The transfer point impedance and accel-

eration at the center of gravity and at the point opposite the driving point
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FIGURE 6. AUTOMATIC IMPEDANCE MEASURING SYSTEM.




were then recorded. All of the transfer point impedances were made with a
constant input of 5 G's peak at the driving point. The forehead attachment
was then disconnected from the shaker and the head turned and reconnected
to the side attachment point. The DPI was recorded as well as the TPI and
acceleration at the CG and at the point opposite the driver point for a 5 G

peak driving-point input. This same procedure was repeated for the back of

the head. Each dummy head was tested in this same manner. (Figure 7).
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3. RESULTS

The mechanical impedance and acceleration (as functions of frequency)
of the dummy heads are given in Appendix A. Curves are presented for each
driving point and for each accelerometer position. Each dummy head was ex-
posed to 5, 10 and 20 G's peak input at the forehead. There was no depen-
dency evident between the input acceleration level and driving-point
mechanical impedance up to an acceleration level of 20 G's.

The driving-point mechanical impedance of each dummy head is compared
to the driving-point mechanical impedance of fresh cadaver heads (with bodies
attached) tested in a similar manner. The results of these comparisons are
listed on Table 1 and shown in Figures 8, 9 and 10. A1l of the dummy heads
were found to be very much stiffer than the human head, resulting in much
higher resonant frequency in the dummy heads. The damping was considerably
higher in the cadaver than in the dummy heads, except for the new Alderscn
head (DHMZ-2). The small resonance spike at approximately 50 hertz is the
resonance effect of the head-neck-body system. The many spurious high
frequency resonances are due to the head ballast weights, the occiput plate,
and the head-neck coupling mechanism. To further ascertain the origin of
the spurious resonances' spikes, the dummy heads were stripped to the skull,
and the driving-point impedance again determined for the front of the head.
The results of these tests are shown in Figure 11. These tests show that
the metal heads have many more resonances and antiresonances than do the
wooden (DHMZ-4) and the ceramic (DHMZ-2) heads.

The transfer-point impedance for the opposite side of the head will in
general not exhibit an antiresonance before the first resonance (i.e., at a

frequency below that of the Towest resonance frequency). This is due to the

12
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phase relationship between the velocity of the skull at the transfer point
and the force at that driving point. The force is in phase with the vel-
ocity and therefore the impedance will not reflect the increase in force
that is recorded by the DPI. Any antiresonances before the skull resonances
at the opposite side will have been caused by other parts of the dummy head
system being excited.

The transfer-point impedance for the CG can be of any form depending
upon how and where the accelerometer is mounted to the skull. The CG was
approximately 1.5 to 2.5 inches from the driving point so that some angular
motion as well as linear motion was recorded by the transfer accelerometer.
For these tests the neck and the accelerometers were fastened to the same
plate in the head. Mounting the accelerometers in this fashion allowed the

body motion to be monitored, resulting from head-neck-body coupling.
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4, CONCLUSIONS

The mechanical impedance approach to analyzing the frequency response

of a structure was found to work very well in the dummy heads. The apparent

1.

mass, stiffness, and damping of each dummy head (as a function of frequency)
were clearly evident and their values were found to be repeatable. The values
of these parameters for each dummy head were compared to those of the cadaver
and to one another. The conclusions from these tests and comparisons are

given below:

A11 dummy heads were found to be linear in the acceleration range
of 5 to 20 G's peak.

A11 of the dummy heads except one were damped less than the cadaver
heads. DHMZ-2 (new Alderson head) appeared to have approximately
the same damping as the human head.

A1l of the dummy heads were stiffer than the human head by approx-
imately an order of magnitude.

Each head behaved as a multi-degree of freedom system because of
the ballast weights, skull cap, types of bolt fasteners, and the
shape of the head.

Mounting the accé1erometers to the plate where the dummy's head and
neck were joined resulted in acceleration readings which included
effects of the head-neck system, as well as effects of the head

alone.
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