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Section 1
MECHANICAL IMPEDANCE

NOTES ON THE DEVELOPMENT OF MECHANICAL IMPEDANCE

C. T. Molloy - Chairman
Space Technology Laboratories

In view of the title of this sessicn; namely,
Mechanical Impedance, it seemed worthwhile to
look back for a moment and to review very
briefly a few of the milestones in the history of
the subject.

The basic concept which underlies mechan-
ical impedance; namely, the use of complex
variables in the solution of oscillatory prob-
lems, was introduced by the French mathema-
tician, Augustin Cauchy, whe was borr in 1789
and died in 1857. It was 1885 when the English
mathematical physicist, Oliver Heaviside, noted
the utility of taking the ratio of the complex
voltage to the complex current in electric cix-
cuits and, thus, formally defined electrical im-
pedance. Neariy 30 vears were to elapse
before it was noted that a simiiar ratio to that
which had proved so useful in electrical circuait
theory, was alse useful in acoustical ard me-
chanicsl analyses. Thus, in 1914 A. G. Webster,
an American and a prefessor at Clark Univer-
sity, in a classical paper on the theory of
acoustic horns, formally introduced both acous-
tical and mechanical impedance. In the period
following World War I, much use was made of
this concept in the design of electromechanical
transducers and transmission systems. ¥For
example, in 1923 A. E. Kennelly of Harvard
published his book on electrical vibration in-
struments, in which will be found methods for
measuring mec. :nical impedance, as well as

many measurements of this quantity. One of
the outstanding impedance successes of this
period wae the design of a mechanical pheno-
graph by Maxfield and Harrison in 192€. By
combining mechanical impedance, electricai
analogs and electric filter theory they were
able to deaign a phonograph that was substan-
tially better than anything that had been built
previously.

After Worid War I, a new type of problem
came to the fore; namely, that of protecting
equipment against shock and vibration. It was
soon recognized that mechanical impedance
played an important role in the analysis of this
problem. Methods were devised for measure-
ment of mechanical impedance of structures.
However, only a limited amount of impedance
data has been published. Perhaps this is due to
the tedicusness of point by point measurements.
It appears, however, with the rece:nt advent of
automatic impedance measuring equipment,
that it is reasonable tc expect that a wealth of
valuable information on the impedance of struc-
tures wiil soon become available.

We have come a long way but there is still
much to do. In todays session you wiil hear
discussions of some of the problems which are
of concern to workers in the field of Mechanical
Impedance.




RECENT ADVANCES IN MECHANICAL IMPEDANCE
INSTRUMENTATION AND APPLICATIONS

Fr=d Schioss
David Taylor Model Basin
Washington, D.C,

als such as Fiberglas.

An automatic impedance measurement system posesessing a high degree
of precision is described. Results of the '""Round Robin' evaluation of
the electronics of various mechanical impedance measurement systems
and new developments of improved vibration generators for use in im-
pedance measurements and of a miniature impedance head are pre-
sented. The impedance technique is applicd to the evaluation of the dy-
namic properties of resilient mountings, couplings, damped structures,
damping and viscoelastic material, as well ar to a determination of the
internal dam: ing of materials as a function of vibratory stress, added
water mass of propellers, ard elastic moduli of heterogeneous materi-

AUTOMATIC IMPEDANCE
MEASUREMENT SYSTEM

An automatic mechanical impedance meas-
urement system of high precision was developed
to comply with the condensed specifications
given in Table 1. High phase accuracy,although
not necessary ior routine impedance measure-
ment, is required to determine accurately the
real component of the impedance, as will be
discussed later in the applications of this tech-
nique. Precision may be obtained by careful
design, paying particular attention to details
without greatly increasing costs. The large
dynamic range is necessary for routing meas-
urements on structures where the ratio of
maximum to minimum impedance may be as
much as 150 db.

The measurement system meeting the
specifications is shown in Fig. 1. This system
is identieal, except for the change in the inter-
mediate frequency from 11 to 20.5 ke, to that
shown in Fig. 23 of Ref. [1], where the principle
of operation is discussed. The system wasfirst
conceived in 1958 and construction was begun
under Navy contract in 1560. After the proto-
type had been built, approximately 30 modifica-
tions were made to the system tc improve its
performance. In the interim, other commer-
cially available systems were developed and
used, but—largely because of a lack of attention

IETE: References appear on page 14.

to detail or of inherent inaccuracies of the par-
ticular system—they do not meet the specifica-
tions given in Table 1, or even the specifica-
tions given by the manufacturers.

This pregent system has been used for
many purposes other than impedance measure-
ments, such as cross-correlation measure-
nients, acoustic intensity measurements, trans-
ducer response curves, and determination of
structural modal shapes.

"ROUND ROBIN'" EVALUATION
OF MECHANICAL IMPEDANCE
MEASUREMENT SYSTEMS

To evaluate the state-of-the-art of imped-
ance measurements, the U. 3. Naval Research
Laboratory in early 1963 enlisted various
activities to participate in a '""Round Robin"
evaluation of three test structures. This eval-
uation of the transducer included the alec-
tronics; thereby, the transducer errors were
not separated from the errors introduced by
the electronics. Also, this test, due to the lack
of background noise usvally encountered in the
field, probably does not strain the system suf-
ficiently. Therefore, a separate electricai
evaluaticn was initiated by the David Taylor
Model Basin. Unfortunately, many activities
declined to participate, mainly because of their
complete trust in the electronics. Others com-
mented, after conducting the three tests, that




TABLE 1
Condensed Specifications for

Automatic Impedance Measuring Apparatus

Property

Specification

Frequency Range

Filtering

Dynamic Range

Minimum Input

Phase Accuracy

Amplitude Accuracy

Noise Rejection

Noise and Hum

10 - 15,000 cps

Filters tracking with audio oscillator, both
channels, constant bandwidth of 5 cps or less.
All filters to be temperature controlled.

80 db without switching and greater than 2¢ db
signal/noise within the range.
140 db with switching.

3x 106 volt

+ 0.25 degree 40 - 5,000 cps

+ 1 degree 10 - 15,000 cps
includiiig high impedance preamplifiers and
input attenuators.

+ 0.5db

Amplitude and phase accuracy maintained for
noise outside pass band which is 40 db above
signal amplitude.

Less than 10 x 10~ volt at input with capaci-
tive source of 1000 pf and less than 3 x 10-7
volt at power frequency and harmonics.

Servo ta Keep Filtered

\Force Signal l;ons?c-j?/

L 4

1l k¢

—_ . I1ke
< 3 5-5000cps | Mixer and -
— Amptifier = %% S Law Pass Filter [ ¢ Crysto!
= o Osciliator
L [
»
BE
Force R M“I‘T’kc“"“ || i1k Constant
Preomplif ier Crystol Filter Amphtude
Vvibrotion A
Generator T
F G Lozal Oscillator P OC_|0C Phase
orce Gage Cancels Mass | 11 ke~ 16 ke € ™ 7} Recorder
Below Force Gage T L3
Acceleromaeter - o [ . : l
g | 11 k¢ Constant Amplitude |
L)
- Mixer ond
il n ~ DY V. Voltoge
=8 | Ampiifier
vas

= | Accelerotion
Pracmplifier

Crystal Filter

75 db Dynamic Ronge Without Switching

+025 degres Phose A<curacy

d Keeps Filtered Acceleration Signal
Entering Voltage Amplifier Constant.
Alsa Records Impedance, Mobility
ar Equivaient Moss Position of Slide
1s Controlled by Filtered Acceleration.

Fig. 1 - Automatic impedance, mobility or equivalent mass plotter

(under constructior)




this electrical evaluation Lelped them to realize
the limitation of their equipment.

A sealed 'black box'' (Fig. 2) was con-
structed and evaluated by six activities using
eight different systemas, including all those
presently available commercially. In test 1,
pure sinusoidal signals were used; in tests 2
and 3, random and discrete frequency signals
were added to one channel. Although tests 2
and 3 may appear to be quite severe, such con-
ditions are not unusual in practice. The dy-
namic range of tests on the black box was luss
than 55 db, which is less than that of "live”
structures. Results of the evaluations are
presented in Table 2. Data taken by activity F1
were used as reference. The manual system
with digital outputs was precisely adjusted for

Input Output |
f to
oscmov force

Output 2
1& .
occeterotion

phase and amplitude for each measurement; it
has a short-time accuracy of better than 0.2 db
in amplitude and 0.1 degree in phase. This
system is shown in Fig. 3.

Results of these three tests led to the
follewing conclusions:

1. TFour systems, including one automatic
system, had a relatively high degree of accuracy
and the results had a spread of less than 5
degrees and 1 db.

2. Surprisingly, the very expensive sys-
tems were inaccurate even in tests using pure
signals of as much as 27 degrees and 4.4 db.

3. Maximum errors were 30 degrees and
23.5 db.

out OMm| rec
eP“' I0ka PreOmP g Precmp 1,;!4

102

0224fd O.lufd
5h g5k %oz; a
e i) Slorcid)  Hlee.)

rJ

1k

%mn

Input 2, for adding of noise or discrete frequency signols.
Test I. Ivoltinput | from 10—5,000¢ps plot omplitude rotio end phase between the two

outputs.

Test 2. Repeat fesi | with | volt of rondom noise into input 2.

Test 3epeat test |with Svoits of o fixed frequency signal of 80cps into input 2.

Fig. 2 - "Black box" for electrical evalnation of
me chanical impedance instrumentation

TABLE 2
Results of the "Round Robin" Evaluation of the Black Box
Max Error, Pure Signal | Max Error, with Noise
Activity Type of System Relative Cost Phase Amplitude Phase Amplitude
(degree) (db) (degree) (av)

ﬁA Heterodyne, automatic Very high -25 -4.4 -19 -23.5
B Heterodyne, automatic Very high +27 + 3.6 + 30 + 3.9
© Homodyne, automatic Very high -16 +1.1 + 20 + 1.0
D Audio, automatic Medium + 3.8 -0.4 + 6.2 - 0.6
E Nulling, manual Low - 1.9 <0.2 - 2.0 < 0.3
F1 Heterodyne, automatic High + 0.4 +0.5 + 0.5 + 0.5
F2 Heterodyne, manual Medium < 0.1 <0.2 < 0.1 < 0.2
F3 Nulling, manual ‘ Low + 2.8 <0.2 + 2.7 < 0.2
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It is felt that the inherent aceuracy of Sys-
tems A, B, and C is greater than the results
show and that, with minor modifications, the
precision could be greatly improved. Other
sources of phase errors, such as those intro-
duced by changes of attenvation at the pream-
plifiers, were not evaluated by these tests.

NEW DEVELOPMENTS
IN MECHANICAL
IMPEDANCE INSTRUMENTATION

Vibration Generators

Whenever rotational impedance is low
compared to lineal impedance, results are
somewhat inconsistent when measurements are
made with various types of impedance heads
and vibration generators. The inconsistencies
were wrongly attributed to a high degree of
rotational or transverse sensitivity of the
transducer; actually they are caused solely by
changes of the rotational inertia of the trans-
ducer and driver system. This phenomenor
was first observed when driving point imped-
ance measurements were made on the end of a
cantilever [1j.

It is citen 2 moot question as to which
measurements are of value. Fcr example, if a
machine is to be mounted solidly to a strurture,
driving point impedance measurements made on
the feet of the unmounted machine without the
same rotational restraint as that of the struc-
ture o .e of little value. Similarly, if the
mackhine is to be mounted on vibration isolators,
the effects ot the mounting plate must be taken
into account.

To improve the measuring system, it be-
came necessary to reduce its rotational inertia
by decoupling the transducer and driver. One
solution under development by the U.S, Navy
Marine Engineering Laboratories involves the
use of magnetic drivers and very light trans-
ducers. This solution, although best for very
light structures, has the disadvantage of requir-
ing critical alignment for the relatively low
output magnetic drivers. Rather than using
this approach, new electromagnetic drivers
(needed also for rotational impedance measure-
mentsj were developed. Most of the mass of
these drivers (Figs. 4, 5, and 6) is dynamically
decoupled in all modas from the test structure
above about 40 cps by having the relatively
heavy annular magnet assembly supported by
two rubber diaphragms. In addition, the an-
nular arrangement and the rubber diaphragms
provide a very low center of gravity of the

_ Coil

Rubber
diaphragms

i pe——zy K
150 M AN N

L Impedance head

Fig. 4 - "Wrap-around”
vibration generator

Fig. 5 - Electromagnetic
driver

Fig. 6 - Electromagnetic
driver

assembly and also assure freedom from spuri-
ous effects such as rocking and high-frequency
resonances in the suspension system. The
added dynamic weight of the smaller vibration
generator with a force output of 0.7 pound is
less than 0.1 pound. The force output of the
larger of the drivers is 5 pounds.




New Miniature Impedance Head

A miniature impedance head and driver
wasg developed for measurements on very light
structures, such as a 1/30-sc.le model of a
submarine propeller (Fig. 7). With this head,
1/2 inch diameter and 1/2 inch long, an imped-
ance equivalent to a weight of 0.0001 pound may
be measured {rom 20 to 10,000 cps. The stiii-
ness is 500,000 pounds per inch, which limits
the maximum impedance that may be deter-
mined with this transducer. However, the stiff-
ness of light structures is usually well below
this value. The effective stiffness of the head
may be il.creased to over 1,500,000 pounds per
inch by reversing the specimen and driver
attachment points, but the weight below the
force gage is increased by a factor of six to
0.01 pound, thus increasing the minimum meas-
urable impedance.

The miniature vibration generator weighing
0.2 pcund has a force ouiput of 0.15 pound.

Fig. 7 - New miniature
impedance head

Comments Regarding Effects of
Attachments to Impedance Head
On Impedance Measurements

It is hoped that the following discussion
will clarify a common misconception in me-~
chanical impedance measurements. The follow-
ing question is often asked: Does the relatively
heavy mass oi the vibration generators directly
attached to the impedance heads change the
resonances and, therefore, should only rela-
tively light shakers and impedance heads be
used in order not to change the characteristics
of the structure? The answer to the first part
of this question is yes, the answer o tiie second
part is no. This apparent paradox may be

resclved by treating the problem in terms of
impedances (the quantity measured) rather than
in terms of resonances.

Fig. 8 - Sprirg-mass
system

In the familiar spring-mass system (Fig.8);
resonance occurs atafrequency, v, = (k;/M)!/?,
tiie same frequency at which a minimum occurs
in the impedance. When an impedance head is
attached to the mass, M,, as shown in Fig. 9, M,
represents the mass below the force gage in the
impedance head which includes the acceler-
ometer mass {only frequencies below the
resonant frequency of the accelerometer are
considered here), k, represents the stiffness of
the force gage (only frequencies below the stand-
ing wave frequencies in the force gage are con-
sidered), and M, represents the mass of the
impedance head housing plus any other mass
attached to it, such as rods and armatures of
shakers or stators of reaction-type shakers.
The two natural frequencies of this new system
are different {rom the natural frequency of the
system shown in Fig. 8. Yet the minimum in the
impedance occurs at w, = (k, /M, + M)/ ?, the
same frequency as the naturai frequency of the
first system, except for the effect of #,. There-
fore, it is only M,, the mass below the force
gage, which changes the impedance measure-
ments from the true impedance.

M, M| M MW
ky k)

Impedance measured at this point

Fig. 9 - Spring-mass system
with attached impedance head

The mass below the force gage may easily
be subtracted electronically in the actual meas-
urements by adding, 180 degrees out of phase
(subtracting), a certain portion of the accelera-
tion signal tn the force signdl, with adjustments
being made when driving a zero impedance (no
attachments to the specimen end of the imped-
ance head). A 20-db cancellation is easily ac-
complished over the entire useful frequency




range of the impedance head, although much
higher cancellations have been obtained by
compensating electrically for the increase in
response with frequency of the accelerometer.

If the motion transducer is attached to ihe
wrong side of the force gage, the measured
impedance will include the effect of the stifl-
ness of the force gage, thus leading to large
errors whenever the impedance ¢of the speci-
men is of the same order of magnitude or

higher than the impedance of the force gage,
ik /.

In general, the masses ¥ and W, in Fig. 8
may be replaced by any two impedances for the
true impedance to oe affected in the measure-
ments only by the mass below the force gage.
This may be explained in another way by con-
sidering a transmissibility test on a mounting
system. In the usual arrangement, a motion
transducer is placed above and below the mount,
and the transmissibility is the ratio of the two
with the system placed on a shaker. If any
other structure is placed between the shaker
and the system under test, the transmissibility
does not change if there is linearity in the
system, although the magnitudes of the motions
and total system resonances will change con-
siderably.

In this discussion, it is assumed that the
static load attached to the specimen does not
exceed its elastic limit and that the contact area
of the impedance head is sufficiently small to
prevent stiffening of the specimen. Further, it
is assumed that the rotational impedance is high
compared to the axial driving point impedance.
When the rotaticnal impedance is low, such as
at the end of a cantilever or at any unsym-
metrical point on a structure, the totai inertia
of the impedance head and driver about the
point of attachment affects the results. For
example, the low-frequency stiffness of a canti-
lever of length b is 3EI/b?, where E is the
Young's modulus and I the moment of inertia
of the ca..tilever. If the end of the cantilever is
restrained from rotating freely, such as by
attaching a large inertia to its end, the low-
frequency stiffness will approach the stiffness
with axial restraint, or 12 E1’t?. In this case
the weight and, therefore, the inertia of the
impedance head and attachments to shakers
affect results due to changes in boundary con-
ditions. To alleviate this problem, the new
drivers (Figs. 4, 5, and 6) have been developed.

APPLICATIONS OF MECHANICAL
IMPEDANCE TECHNIQUES

Dynamic Properties of
Resilient Mountings

When considering the transmission of
vibratior. through resilient mountings (or, more
generally, through any isolater such as fiexibie
shaft couplings), it is necessary to know certain
characteristics as a function of frequency.
Heretofore, the characteristic commonly named
"transmissibility' was usually delermined and
reported. Transmissibility is the ratio of the
blocked [orce on one end of the mounting to the
force acting on the mass load (equal usdally to
the rated load) on the other end of the mounting;
it is 2lso equal to the ratio of the motion of the
mass load at one end of the mounting to the
applied motion at the other end. In either case,
the transmissibility is a function of the mass
load and, therefore, characterizes the system
and not the mounting. It is difficult to make
these transmissibility measurements under
large raied loads—for Navy mountings up to
10,000 pounds—since these large loads cannot
be regarded as lumped masses over the fre-
quency range of interest, and the design of
these loads affects the measurements.

A mounting may be represented as a
mechanical black box with two accessibie
points. If the motion or force of each acces-
sible point is restricted so that it can be
described by a single space variable, then the
mechanical behavior of the black box when con-
nected to any system, including the conventional
transmissibility, can be determined completely,
provided three impedances measured at the two
terminals of the box are known. It seemed
most convenient to determine the following
imipedances:

1. Driving point inpedance of end A with
end B blocked.

2. Driving point impedance of end B with
end A blocked (similar to condition 1 except for
differences in plate weights).

3. Transfer impedance with one end
olocked.

Except for wave effects, conditions 1 and 2
are impedances of a simple damped mass-spring
svstem with the mass of the mounting plate,




compliance, and resistance of the resilient
elenient. These driving point impedances are
shown for an actual rubber mounting in Fig. 10.
Wave effects at about 200 and 450 cps are
masked in the impedance magnitude curve by
the relatively large driving point impedance of
the metal plates of the mount and they can only
be detected from the more sensitive phase
nieasurements.

Figurc 11 showss the transfer impedance
measurements under two different stati:- loads.
Essentially, this is a measure of the complex
dynamic stiffness of the mcunting, and with
precision phase measurements the loss factor
may be determined very easily over a wide
range of frequencies [2]. The measuring ap-
paratus is shown in Fig. 12, and the static load
is applied by a Universal tension and compres-
sion testing machine. Mountings with rated
loads up to 10,000 pounds have been evaluated
up to 5000 cps by this technique. The acoustic
decoupling propexrties of special coatings have
also been evaluated by this method.

Dynamic Properties of
Damped Structures and Materials

A rew technique was developed for measur-
ing the loss factor of materials and systems
continuously from 1C to 2000 cps or higher. By
the use of this method [2], accuracy is increased
with increased damping and, therefore, this
xnethod complements other methods that are
usually used to determine damping properties
at system resonances and are more accurate
for low values of damping. High damping
materials are playing a growing role in the
defense effort.

By using essentially the same blocked
transfer impedance technique described previ-
ously, the loss factor is equal in magnitude to
the cotangent of the impedance phase angle or
the ratio of the real to the imaginary com-
ponent of the impedance, provided the frequency
is low compared to the frequency of the first
standing wave in the specimen. The loss factor
is defined as «R/k, where R and k are the
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resistance and stiffness of the system, respec-
tively, and is equal to the reciprocal of the
quality factor Q and 0.92 of the percentage of
critical damping.

A high degree of phase precision is re-
guired in the insfrumentation since, for exam-
ple, a phase inaccuracy of 1 degree for a
material having 2. luss factor of 0.1 is equiva-
lent to a 17.5 percent error. The apparatus is
shown in Fig. 15, A laminated beam blocked at
the ends in the vertical direction and hinged to
allow rotation is driven in the center. The
transfer measurement i~ made between the
force af the end and the motion in the center,

Fig.

13 - Apparatus for
loss factor measurement

Dynamic Properties of
Viscoelastic Materials

The blocked transfer technique can also be
applied to plot loss factor continuously, and the
real and imaginary moduli of viscoelastic
materials such as solid fuels for missiles or
mounting materials. The apparatus for the
determination of Young's modulus is shown in
Fig. 14  Sixty columns of viscoelastic material,
1/8 in. nigh and 1/32 in. in diameter, are
bonded at each end to two plates, 1/2 in. in
diameter. Since these materials have a low
longitudinal bar velocity of sound, the height of
the columns must be relatively short to increase
the upper limit of the usable frequency range.

12

Fig.
determination of Young's
meaedulus

14 - Apparatus for

The diameter of each column must be small
compared to the height to assure that the data
are a true measure of Young's moduius. Many
columns are used tc provide mechariical stabil-
ity and to prevent buckling. The apparatus may
be inverted so that the columns ars statically
in tension, and the tension may be adjusted.
Similarly, the bulk or shear properties may be
evaluated by placing a thin layer of viscoelastic
material either between two plates o1 between
two concentric cylinders, respectively.

Fundamental Resonant Frequency of
Propellers and Added Water Masses

Impedance techniques have been used to
determine resonant frequencies of structures
without loading the structure or changing the
damping of the structure by placing the imped-
ance head at a node; they have also been used
conveniently for dynamic weighing.

Figure 15 shows the apparatus with which
impedance measurements are made to determine
the fundamental resonant frequency of full-scale
submarine propeller models. The propeller is
driven at its hub through a long rod to eliminate
the need for waterproofing the transducer. The
first antiresonant frequency (maximum in imped-
ance) is measured in air and water. From these
measurements, the added water mass at reso-
nance and the resonance of full-scale n-cpellers
may be csalculated even though the model propel-
lers are made of a different material.

Viscous effects may also be determined by
precision phase measurements. The heavy




Fig, 15 - Impedance measuring
apparatus for determination of
fundamental frequency of sub-
marine propellers

plate at the top of the impedance head above the
force transducer is used to prevent rotation of
the propeller in the water since the resonant
frequencies of propellers are dependent on
rotational restraint. This impedance measuring
apparatus was also used as a convenient dynamic
weighing device to obtain the added fluid mass
of rigid bodies moving in fluids.

Fig. 16 - Apparatus for measuring internal

damping characteristics of metals

Measurement of Internal Damping
Characteristics of Metals

In most of the theoretical impedance
studies, linear behavier of structures is
assumed, which was partially verified by
measurements on submarines under relatively

small vibratory stress levels. Yet it is known
that under high stress levelg, the internal
damping of metals is not independent of the
amplitude of vibration. Therefore, experi-
ments were conducted to determine the internal
damping characteristics of metals as a function
of vibratory stress. Since there is very little
internal damping in metals, no additional damp-
ing must be introduced by vibrating transducer
cables and friction at the points of attachment.
A double cantilever beam machined from one
piece was driven in the middle through an
impedance head at its first antiresonance

(Fig. 16). The middle portion, a node at that
frequency, was thickened to further reduce
frictional effects. The damping properties may
be calculated from the impedance magnitude or
the shape of the impedance curve at the anti-
resonance. Results are shown in Fig. 17 for an
aluminum, steel, and stainless steel bar as a
function of the outer fiber stress.

Other Applications

A technique similar to that preceding,
namely determining the impedance at a node,
was used to obtain the Young's modulus of
elasticity of heterogeneous materials such as
Fiberglas in the various directions. With this
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method, time and cost savings of over 80 per- The feasibility of using impedance techniques
cent were attained over more conventional static to quiet singing propellers is presently under
methods in which strain gages are emploved. study.
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MECHANICAL |MPEDANCE OF SPACECRAFT STRUCTURES*

C. C. Osgeod
RCA-Astro Electronics Division
Princeton, New Jersey
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The transition of the action from that of 2 mass to that of a spring as a
functior of frequency is portrayed by plots of experimental data. The
relationship of damping and frequency is also treated. Determination
of the lowest natural frequency, and of the first few harmonics is
explained.

Comparisons are formed of the responses of structures of the same
material and mode of fabrication riveted aluminum) but of different
geometry, i.e., circular ribbed piates vs trusses in a cruciform con-
figuration. A second comparison iz made of structures of similar
fabrication and geometry, ribbed plates. but of different size and total
weight. The plots of driving point impedance are analyzed as to the
significance of their general shape, number of loops, number and loca-
tion of the crossings of the rezl axis, etc. A calculaiion scheme is
established for the determination of effective loading as a function of
frequency, the objective being to evaluate the capacity of a given vibra-
tion machine to provide a specified input force at a required frequency
to a particular structure.

A description of the mechanical impedance test instrumentation and
operation is given including a diagram of the test setup.

The conclusion is reached that the mechanical impedance test is, in
general, a most illuminating means of examining the response of a
spacecraft structure to variable frequency inputs; is, in parricular, a
most feasible method of determining the lowest natural frequency and
is the only method of finding the effective loading as a function of
frequency.

the response of a very non-rigid body to variable {requency force input.

The response of any part of a vibrating
system depends cn mass, stiffness, and their
respective distributions; on damping, and on
input frequency. Changes in response due to
changes in these parameters with frequency
are described by the concept of mechanical im-
pedance. The response may be defined in
terms of displacement, velccity or accelera-
tion, but a usual definition of mechanical im-
pedance is the ratio of applied force to velocity,
1b/in./sec or lb-sec/in.

The inverse of impedance is called ""mobil-
ity" and is expresced mathematically by a

recinrocal relationship. Some caution, however,
is needed in applying the relationship, depend-
ent cor the tyvpe of connections among the ele-
ments: series, parallel or combinations. As a
matter of preference, this discussion is based
on impedance and is concerned chiefly with
""driving point impedance' — the force and ve-
locity being taken at the same (driving or exci-
tation) point — as contrasted to ''transfer im-
pedance' — the force being taken at one point
within the body and the velocity at another. The
term '"'loading'' is generally used to discuss the
apparent change in weight of a vibrating body
due to change in frequency.

*Extractad .n part from ''Spacecraft Structures,” by Carl C. Osgood, copyrighted and to be published

by Prentice-Hall, 1965.
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A body exhibiting high impedance brings to
mind massiveness, stiffness, and small motion;
conversely, low impedance suggects lightness,
springiness and large motion. Such qualitziive
statements are, however, apt to be misleading;
the correct view may be formed only by consid-
exdlion of the quantitative relationship with
frequency. A resistive impedance implies that
input energy is absorbed and dissipated as in a
daniper, whereas a reactive impedance indicates
energy storage as in a spring. As the frequency
with which the energy is impressed changes,
there is a change of both magnitude and phase
of the motion. The resistive and reactive com-
ponents of impedance aire complex functions of
frequency and they tend to alternate in their
dominance of the syster: response. It is this
latter actior which leads to the apparent change
of weight, the system responding alternately 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 isclation for the compo-
nents within the system and is, therefore, of
importance to the structural designer.

FREQUENCY RELATIONSHIPS

A general expreesion for velocity imped-
ance is found by forming the ratio of force to
velocity, both defined at excitation or driving
point. From F = ma if can be shown that

F = e. f (1)
_ et ﬁj
02 ’ OQ
where
R
[+]
Integraticn of the acceleration
ag = Aoe”’t (2)
yields the velocity
v = -i e‘i“'Jt (3)
Jw

After some manipulation, the impedance z
becomes
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w
w3Q
zZ = 5 = wm 02
wz\ w?
1-—=1 -
@ ) @y
w? w?
w°2 won
+jwm - (4)

An examination of the effect on impedance
of changing frequency indicates that at zero
frequency, Eq. (4) reduces to zero, the mass
offering no resistance to a steady velocity. At
small frequencies

Z = jom. (5)

Here the velocity acts directly on the mass, the
spring being rigid. This reactive impedance is
small enough that small velocity will produce
relatively large motion. The velocity is pro-
portional to impressed force, lagging it by =/2,
and is inversely proportional to frequency. As
frequency increases, the first term of Eq. {4)
increases and the second term decreases, be-
coming zero just above rescnance. The imped-
ance at resonance may be approximated by
setting « = «_ and evaluating the first term,
which yields

Z = mw Q = miw?/c . (6)
This result is not surprising for, at resonance,
all input energy is absorbed or dissipated by
the damping; otherwise, the amplitude goes to
infinity. The impedance is all resistive and
equal to Q times the impedance value of the
rigid spring. At resonance, the mass will dy-
namically load the syatem very sharply and the
motion {displacement) of the driving point will
tend to zero.

With further increase in frequency, both
terms decrease; the second term goes through
a temporary dominance, indicating a simpie
spring action with the mass nearly stationary
and the motion leading the force. In a still
higher range of frequency

Z =

M

indicating a resistive type of impedance again
with a motioniess mass, the spring action being

mwov’Q = <,




zero and the system response typified by a
damper. The difference in the conditions de~
scribed by Eqs. (6) and (7) is that at resonancs
the macroscopic spring displacement is not
zero; in fact, it is tending to infinity, being re-
strained by material damping. The mass tends
to act as a rigid body on the spring. At the ex-
tremely high frequencies postulated for Ea. (7),
the macroscopic spring displacement is zero
and all input energy is dissipated by dilatational
waves in the material. In the frequency range
from zero to resonance, the system response
is that of a damped mass, while for the range
between the conditions of Egs. {8} and (7) it is
that of a damped spring.

Physical systems may be described ado-
quately for the treatment of mechanical imped-
ance by considering them as linear assemblies
of eler 'nts with lumped constants. Only three
types of elements are needed to describe com-
pletely a mechanical or structural system:

1. The "ideal spring" is defined as an ele-
ment whose major characteristic is that the
relative dispiacement between its ends is line-
arly proportional to the applied force, F = kx,
where k is the stiffness. For a sinusoidal
force, the displacement is in phase with the
force

The relative velocity of the ends is the time
derivative of x

V= x = jxoejwt ,
and the spring impedance is the F/v ratio, ex-
pressed finally as

Z, = kKjw, (8)

an imaginary quantity dependent on the stiffness,
k, and the frequency. For the spring, the ve-
locity leads the applied force by 90 degrees.

2. The ""ideal damper,' or mechanical re-
sistance, is an element such that the relative
velocity between its end pcints is proportionai
to the applied force, F = Vc, where c is .he
damping constant. On application of a sinusoidal
force,

_ jwt, - jwt
V = Fge © B Voe

and
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thus, the mechanical impedance of a ~esistance
is exactly the value of its damping constant.
The forca and velocity vectors are in phase.

3. The impedance of the "'ideal mass" is
derived by assuiming a system wherein one end
of the mass is rigidly attached to 2n inertial
reference and the other end is free to move.
On application of a sinugoidal force, the accel-
eration becomes

% = Foe'“Ym,
and the velocity is
X = -jVoej“’t g
the ratio of force to velocity is then
Z_ = jom. (10)

an imaginary guantity dependent on the magni-
tude of mass and frequency. The acceleration
is in phase with the force, the velocity lags the
force by 90 degrees, and the velocity is abso-
lute, not relative as for the spring and damner,
The general variation with frequency of the im-
pedance of these elements is shown in Fig. 1.

Assemb:y of these elements into systems
is made by various arrangements of serics and
parallel connections. The expressions for the
impedance of a system depend on the particular

oM
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Fig. 1 - Impedance plots of ideal elements




combination of connections involved, and are
typically for series connections,

7 o /e - j(o/'k - 1/mw) ’ (11)
(1/c)? + (w/k - 1/mw)?

and for parallel connections,

Z = ¢+ i(nw~ k/w). (12)

For a system where spring and damper are in
parallel connecticn, and the mass in series with
both

.2 _ _
7 - ma){ma)c +j [c k/w(mw k/w)]} (13)

c? 4 (mw - k/w)?

Actual spacecrait structures (with their loads)
exhibit extremely complex behzvior under forced
vibration, but in general, their response mere
nearly resembles that of a series or a combined
system than that of a simple parallel one. The
plotiing of impedance in the coniplex plane, as
in Figs. 2, 2 and 4, is of considerable help in
interpreting the response of the structure.
These plots are response loci, not roct loci,
despite the graphic resemblance. They exist
only to the right of the imaginary axis, along
the positive real axis, indicating that such
damping as is present is positive «nd, thus, that
the system is conservative. Furthlizr reading
shows that, as exnected, energy dissipation is
by the real component only while energy storage
is by both imaginary componeants. Resonances
are shown by either of two conditions: (a) fre-
quency at the crossings of the real axis, or (b)
in the case of the circles and loops character-
istic of series-connected elements, the mid-
frequency of the maximum angular increment
between frequency points (equal frequency in-
crements being assumed). This latter condition
obtains because the rate of change of the phase
angle assumes maximum values in this fre-
quency region and, at a resonance, the sign of
the imaginary part of the impedance changes.
For the ideal linear system with any degree of
damping, the two points on the locus coincide.

A complete treatment of the impedance-
frequency relaticnships must include consider-
ation of the three different frequencies related
to the resonance region of a system under
forced vibration. With no damping, the natural
frequency, «, = (k/m)!'/?, is associated with
the familiar open peak at «,/« = 1 on the con-
ventional plots of transmissibility vs frequency
ratio. With significant damping, the natural
frequency

wog = [k/m = (c/2m?]'?,
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Fig. 3 - Impedance plots of
parallel-connected elements

is the row of now closed, lower peaks at values
of w,/o < 1. Then there is the thecretical
"frequency of maximum response amplitude,”
known as the ''resonant'" frequency, which is
very close to «,_4 in value. The significant
point here is that for systems with any degree
of damping (0 < ¢ < c_), the change of phase
angle occurs at the same frequency, which is
the value of « in « /@ = 1, and not at the fre-
quency of the transmissibility peak. Condition
2 above is also to be expanded tc mean that the
rate of change of impedance with frequency is
zero at «_,, the damped natural frequency, i.e.,

dedw]w g 2 0.

Although the rate of change of the phase angle
is maximum in this region, the plot of ¢ vs
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Fig. 4 - Impedance plots of series-
parallel connected elements

for damped systems goes through the 90 degree
point only at - . The effect of increasing the
damping is thus seen to be a reduction in trans-
missibility and in the natural frequency. The
values dz/d» = 0 and d/dw = max, (2 is the
angle between the Z-vector and the real axis)
occur coincidentally with the intersection of the
locus and real axis only for ideal systems. The
loci from many impedance tests show non-
normal intersections with the real axis, thus
condition 2 is not only the more accurate, but
the basically correct manner of determining the
popularly known ''resonant" frequency, actually
‘nd-

As an example of impedance analysis and
plotting, the Relay spacecraft (Fig. 5) is used.
This structure was of four riveted aluminum
trusses in a cruciform arrangement, with the
components shear mounted as discrete loads.

A plot of the data taken at the driving point, near
the separation plane in this case, is shown in
Fig. 5.

The major loop has a first crossing of the
real axis at 102 cps: the sharpness of the reso-
nance is indicated by the large angular incre-
ment of the Z-vector. The accuracy of the in-
strumentation was insufficient to provide any
information on possible deviation of the maxi-
mum angular increment from coincidence with
the real-axis crossing. In the absence of such
information it may be assumed that the behavior
is close to that of a series-connected system.
Following the locus to higher frequencies,
smaller loops are noted, with real-axis cross-
ings of 120, 130, 140 and 150 cps, all nonhar-
monic multiples of 102 cps. These loops are
taken to represent action of sybsystems (local

Fig. 5 - Photo of Relay spacecraft structure

spring-mass dampers) resonating by themselves.

The loop at 175 cps is markedly offset from the
origin, indicating the behavior of series-parallel
connections. The loop with real-axis crossings
of 198 and 205 cps is of particular note for it
includes resonance of a subsystem at the first
harmonic of the overall system. Such combina-
tion action would drive the subsystem very hard
and would increase both its input levels and
amplification factors. While the system shows
other coincident resonances, as at 300 and 600
cps, the inputs are sufficiently lower to relieve
the poteniial hazard of reinforcement of vibra-
tion among the parts of the system. Wher such
coincidences occur at fundamentals or at first
harmonics, adjustment of the subsystem reso-
nance by altering the support stiffness and/or
damping is indicated as a means of detuning.
Identification of the offending subsystem can be
made from the frequencies found during the
general vibration survey, or from a frequency
survey of the subsystem as a single item in a
separate test.

A major benefit derived from impedance
measurements is data with which to calculate
the effective weight of the load presented to the
vibrator as a function of frequency. The effec-
tive weight is a complex and generally inverse
function of frequency, peaking at the resonances.
The presence of this type of function means
that the force reaction of the structure at the
higher frequencics becomes rather iow, irre-
spective of the g level output of the vibrator.
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Fig. 6 - Impedance plot of Relay spacecraft structure

The force into the structure (and its reaction)
at a given frequency is the product of the effec-
tive weight at that frequency and the g level
output of the vibrator. This weight is required
to ascertain the force which a given vibration
machine (being characteristically limited in
force output) is capable of imparting to the
given body.

The structure used should be fabricated
according to latest design as to geometry and
materials and should be loaded with actual
components. Since this latter condition is
sometimes difficult to obtain, loads simulated
by plates or blocks of proper weight, stiftness
and c.g., location will usually not alter the
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structural response sigrificantly. Simulation
of component damping would be advantageous,
but the difficulties involved and, particularly,
the lack of knowledge as to the degree of damp-
ing simulation attained make this additional
vrocedure questionable.

The instrumentation includes a strain gage
and an integrating accelerometfer {or measuring
force and velocity, respectively. These are to
be located on the structure as close as possible
to the separation plane, for their location de-
fines the driving point. Since most structures
are neither symmetrical in all planes nor iso-
tropic in their response to force inputs in var-
ious directions, the choice of driving point




must, in general, be carefully made and the in-
put applied in more than one direction. Space-
craft structures form a somewhat special class
in that they are cantilever mounted with the
driving point (plane) given as the separation
plane. The only significant directions are the
longitudinal, for steady state accelieration,
shock and vibration inputs, plus such lateral
directions'as are sigunificant to the particular
structure, for the lateral components of these
inputs. If, for any reason, the sensors are
placed on the mounting fixture, the character-
istics of that portion of the fixture between them
and the separation vlane are included in the re-
sponse of the structure. Practically, this con-
dition has the effect of shifting the position of
the real axis vertically in the impedance plot.
A major item in the test equipment, the Re-
solved Components Indicator, consists of a
push-pull amplifier and phase detector to indi-
cate the resolved magnitudes oi the two input
signals. The constant input velocity is taken as
the reference component for phasing from the
accelerometer, whose signal is also fed back to
the servo controlling the vibrator. The strain
gage signal is ihe force component and, as the
frequency changes, it progresses through var-
ious phasal relationships with the velocity, be-
coming 180 degrees out of phase at resonance.

Calibration is performed by vibrating a
known weight whose impedance varies only
slightly with frequency, i.e., a lead block. The
frequency used is very low, helow any possible
resonance of the weight or f «ture, and the input
is also low {0.5 to 1 g). The test is run by im-
pressing a sine wave vibration of constant input
velocity and sweeping slowly through the fre-
quency range (1/4 octave per minute), record-
ing the magnitudes of the velocity and force
components at the driving point. Typical data
appear in Table 1 together with a calculation
scheme for finding the impedance and effective
weight. The impedance is found by using the
general expression, Eq. (4), simplified to
|Z| = A+ jB, or

|z = [c? + (2nfm - karn2] T, (1)

in which the two component readings are sub-
stituted after conversion from millivolts to
Ib-sec/in. by use of the calibration factor.

The expression for the loading or effective
weight (W), ., is derived from F = ma, V = a/w
and Z = F/V by setting

Izl = (ma)/(a/w) = wm,
TABLE 1
Data and Calculation Scheme for Impedance and Effective Weight
Freq Driving Point Impedance Components
f . ]
Velocity Force Ka . . o
(cps) (mv) (mv) (1b/in. /mv) Velocity Force z (®) oy
(1) (2) (3) (4) (2)/(4) (3/4)
0 0 0 1.9 0 0 - 125 (static)
20 15 75 1.9 7.9 40 40 128
30 20 200 1.9 10.5 105 106 216
50 30 340 15.8 179 185 226
75 150 850 79.0 520 545 330
102 l 2300 1100 1210 580 1342 805
105 2000 0 1050 3 1050 610
110 | 1200 -1050 630 550 840 467
205 420 0 226 0 226 67.1
210 470 -120 248 63 255 73.5
220 60 -210 | 32 1;0 116 32.2
£50 80 -150 42 -79 89.5 10.0
575 70 -80 36.8 -42 55.8 5.9
600 100 -40 | 52.5 -21 56.5 6.0
625 120 0 + 63.9 0 63.2 6.2
650 50 5] 26.3 2.6 25.4 2.5
R R I . |

aCalibration facior.
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from which
Woep = (1Zhy/ant. (15)

The value of impedance from Eq. (14) is then
used in Eq. (15) for the effective weight at the
selected frequency.

An illustrative example is formed using
impedance, effective loading and resonance
measurements made on the Relay spacecraft
structure, Fig. 5. The calculations have been
carried through the first two resonances, at
102 and 210 ¢ps; and the peaking at resonance,
followed by the general decrease in both im-
pedance and effective weight, may be noted.
The local peaks at each resonance are quite
pronounced, indicating a sharp response. The
fact that the fundamental frequency was 102
¢ps and the first harmonic came in at 210, not
exactly twice 102, shows some experimental
error present, but more significantly, that the
response is not purely harmonic. The weight

Fig.
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at zero frequency is included for comparison
with the effective weight at some very low fre-
quency, such as 20 cps, and the small diffe:r-
ence, 128 pounds vs 125 pounds, was taken as
adequate check on the accuracy of the test
ariangements.

The low value of the effective loading in the
higher frequency range is especially important.
Certain rockets are known to impart forces as
nigh as 600 pounds to the spacecraft in the
frequency range of 550 to 659 cps. This condi-
tion, together with the fact that the g level outi-
put of many available vibrators is limited to
about 50 g, may create a mismatch between
tost requirements and test equipment capacity.
For this example, proper simulation requires
a force of some 600 pounds, but only (6 1b) x
(50 g} = 300 Ib are available. Thus, if test
specifications include complete simulation of
the true physical situation, a vibrator output of
100 g would be required.

7 - Photo ot Tiros spacecraft structure



The impedaince characteristic of this cru-
ciform arrangement of riveted trusses carrying
chear-mounted loads was shown in Fig. 6. A
general comparison is now formed using the
Tiros structure (Fig. 7), basically a circular
tension sheet to which radial ribs are riveted.
This baseplate carries a cylindrical solar ar-
ray that loads the plate rim but provides no
stiffness. The majority of the component lcads
are compression mounted. An impedance plot
for the Tiros baseplate is shown as Fig. 8 and
several parameters of interest are given in
Table 2.

It will be noted that the first three harmon-
1cs of the base ‘ate are relativeiy distinct while
the cruciform has shown a subassembly reso-
nance between the fundamentsl and first har-
monic. Further, the baseplate shows no well-
defined subassembly resonances until the
frequency reaches :bout 550 cps; the action
between 340 and 550 cps is difficult to identify
but is thought to be st.11 that of the plate itself.
Up to its first harmor.ic, the cruciform plot
loops three times, indicating subassembly

resonances or modes other than the longitudinal.

Gver the same total frequency range, the
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TABLE 2
Impedance Comparison of Baseplate and Cruciform Truss

Parameters

1st two
Stiffness impedance
Damping impedance

Mass impedance

Lower, Z

z
Mass effect, or (velocity)-! = = Z%g

Cruciform Truss Baseplate
Static wt, W (lb) 125 275
Natural frequencies, 162, 198 57, 105

Lower, Z, = 550, max

c

Lower, Z = 750, max

Higher, Z, = 880, max

900, max Higher, z_ = 1,320, max

Higher, Z = 879, max

Z, _ 870 _
6.00 + = o5 = 3.16

cruciform shows about seven more loops.
These conditions are in line with the higher
stiffness noted in the baseplate, and mean that
there are fewer portions (spring-mass-damper
subsystems) resonating by themselves. The
baseplate thus tends to act as the more rigid
body. As another check on the accuracy of this
type of data, the first natural frequesicy of the
plate was calculated by the STCDGLA method
as 59 cps, with which 57 cps compares quite
well.

The degree of mass dominauce at the iow
end of the frequency range is greater for the
cruciform, as is indicated by the greater slope
of the locus. The cruciform has the sharper
resonance, shown by a lesser number of cycles
from that point where the spring and damping
terms begin to take on significance to the real-
axis crossing, approximately (102-100) vs (57-
52). This condition is also borne out qualita-
tively by the lower rate at which dz/dw ap-
proaches zero.

As a further comparison, Fig. 9 is the plot
for a plate very similar to that for Tiros, but
smaller, 28 inches in diameter and carrying
150 pounds load. The fabrication was identical:
radial flanged ribs riveted to a tension skin,
all of 2024-T3 aluminum. As in Tiros, this
plate carried a uniformly distributed load plus
the rim load. The center of gravity here is
much higher above the plate, accentuating the
rocking modes. The plot indicates that the de-

gree of mass dominance, at the low frejuencies,

is lower, and the resonance is more blunt,
there being about 56 cycles vs 7 cycles be-

tween the end of mass dominance and resonance.

The end of mass dcminance is not a definitive
point but is taken here at 80 cps and Z equal
to 150 1b-sec/in. The most noticeable feature
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of this plot is that the first real-axis crossing
is off-normal and that the zero point for dz/dw
is below the rezl axis, in the spring-dominance
region of frequency. Thes« conditions indicate
departure from ideal ‘behavior, thought to be
due to complex coupling between the first, or
"umbrella,” mode and a rocking mode. The
first mode fundamental is undoubtedly the 136
cps, with the harmonic of 272 cps at another
point where dZ/dw = 0, not the axis crossing at
280 cps.

The massive nature of the load together
with the large moment from the high c.g. leads
to the conclusion that the loop from 140 to 155
cps indicates the first rocking mode rather than
a subsystem fundamental in axial translation.

A subsequent survey with accelerometers lo-
cated on the load to determine its modal axes
confirmed the conclusion. Owing to its offset,
the lcop from 180 to 200 cps is most probably
the fundamental of a subsystem of complex
series-parallel connections, fortunately at a
nonharmonic value of the spacecrait fundamen-
tal. The two crossings at 375 and 450 cps
bracket the theoretical value of the second har-
monic, 408 cps. By sequence, the values should
be the second and third harmonics, respectively,
but the numericai deviation ic rather large,
making the analysis somewhat inconclusive.
About all that can be said is that these cross-
irrs represent peaks in the response curve of
whatever mode is present ot these frequencies.
There is some indication that had the measure-
ments been made at smaller increments of fre-
quency, the plots for these systems would have
shown more departure from ideal behavior.

As an inherent characteristic, impedance
measurement is highly sensitive due to the
manner in which the change of phase angle is
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Fig. 9 - Impedance plot of circular plate structure

portrayed, which also follows the sequence of
dominance of the spring, mass and damper
elements. Further, the increase in the angular
increment of the rotating impedance vector is
greatest in the resonance regions. These accu-
rate and essentially unmistakable inrdications of
the resonance cf an existing structure provide
information by which to justify prior calcula-
tions, or on which to base detuning operations.
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The principal reason for obtaining such data
was to discover any subsystem which may be
inadvertently tuned to the fundamental frequency
of the spacecraft. Other methods are available,
but the measurement of impedance and its plot-
ting in the complex plane form a most sensiiive
and comprehensive view of a spacecrait's
dynamic response.




PRELIMINARY STUDY OF AN EXPERIMENTAL METHOD IN
MULTIDIMENSIONAL MECHANICAL IMPEDANCE DETERMINATION

Frank J. On
Goddard Space Flight Center
Greenbelt, Maryland

an evaluation of the method.

This paper presents a preliminary study of a method of resolving the
driving point impedance at a terminal of a multidimensional structure
into its six component impedances with respect to an orthogonal system
of axes (i.e., three rectilineal and three rotational impedances). This
problem exists in certain situations requiring combined driving point
force and moment impedance measurements. A seemingly feasible
method was studied thecretically, and a three-dimensional cross-shaped
mr.chanical fixture was designed to be ured with this method.

When the fixture is attached to a test specimen and forces are sensed

at the cross extremities, the forces, moments, and velocities vccurring
at the attachment terminal can be obtained. Hence, under steady-state
sinusoidal motions the appropriate ratios of net sinusoidal forces and
moments, and their corresponding sinusoidal velocities at this terminal,
define the components of driving point impedance of the test specimen.
Some associated problems and experimental results are discussed in

INTRODUCTION

One of the most vexing problems confront-
ing an environmental engineer in his effort to
raeasure mechanical impedance of realistic
engineering structures is the effect of points
of structures having motion in more than one
direction. The frequent practice of measuring
point impedance by simply force exciting the
system at a point in a prescribed direction
and measuring tae velocity response at the
same point in the same direction may lead to
erroneous results. The tacit assumption that
the system is one-dimensional is sometimes
wrong. A description of the translational and
rotational impedance at the terminal is needed.
Three translational and three rotational im-
pedances are required to describe completely
the dynamic characteristic performance of the
system.

In Fig. 1, applied forces F, and F, caused
motion in directions 1 and 7 Accordingly, the
performance equations are

Fpo= Z Vi + 2V,

v}
B
[o}

(1)
Fo = 20V 4 2,,V,.
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Specimen

Fig. 1 - Example of multi-dimensional
motion at a terminal

where Z,, and Z,, are point impedances, z ,
and Z,, are transfer impedances, and v, and
v, are velocities, respectively, in Directions 1
and 2. Clearly the ratio of F, and v, defines
the point impedance in Direction 1 only if Vv, is
zero. This condition should not be assumed
without substantiation.

The purpose of this paper is to present a
preliminary study of an experimental method
presently under way to determine impedance
at a terminal possessing multidimensional
motions.




GENERAL THEORY

The determination of mechanical impedance
involving motions at one terminal in more than
one direction requires the use of somewhat
more coimplicated expressions and measure-
ment techniques than the commonnly assumed
one-dimensional case. I a system of many
masses, springs and dampers with fully defined
reaciions or constraints is linear, the vibration
response to any one sinusoidal vibratory fcrce
is sinusoidal, of the same frequency, and pro-
portional to the force. The amplitude of any
one coordinate ig, in general different from

that of any other so that

Fio= Z,V,.
Fi = Z,,V,. (2)
F, = Z,V,;, ctc.

In these equations, 2,,, Z,,, Z,,, eic.,
are complex numbers giving the ratio of the
vibratory force at Coordinate 1 to the vibraiory
velocity at Coordinates 1, 2, 3, etc. They are
functions of frequency and may be called im-
pedance parameters; z , is called point im-
pedance and z , or Z , is called transfer im-
pedance. If a force operates ¢ . Coordinate 2
alone, and none on Coordinate 1,

F, = Z,v,.
Fp = Z,,¥y (3)
F, = Z,,V,. etc.

1f additional forces act at other coordinates at
the same time and with the same frequency, the
total amplitude of force required will be the
sum of these:

Fip = Zy Vi v Z Vo + 20V + o
Fy = Z,V, + Z,V, + Z,,V, + ..., ()
3 = L,V + ZV, 4 2,V + L etc.
or in the shorthand matrix notation,
{F;} = [z;;14v;), )

where Z;; is the force at Point i due to a unit
velocity of Point j when all other velocities
corresponding to forces being considered are
held zero; that is, all other forces must be re-
placed by rigid constraints. Under these con-
ditions the recipirocity theorem 2z, = Z.. still

i) i

holds. In general, the values of the z's will
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depend o how many forces are bving con-
sidered.

As these conditions are seldom achieved
physically during measurement, schemes must
be devised whereby the impedance matrix (z;;]
can be obtained experimentally. One such
scheme is based on the fact that if Eq. {5) is to
describe truly the dynamic performance of a
complex system, the complex coefficient matriv
(z;;] must be compatibie with the set of velon-
ities {v;} and forces {F;} measured on the
system at the specified points. In general, this
requires force and moment measurements along
with translational and rotational velocities.

There are several pcssible combinations
of experimental data sufficient for evaluating
the coefficient matrix at a given frequency.
Since these combinations are similar to one
another, only one combination is presented here.
The greatest difference is in the type of excita-
tion to be employed, i.e., vhether steady sinus-
oidal, transient, or random noise and whether
the system is assumed to be active or passive.
For convenience it will be assumed that steady
sinusoidal excitation is applied to a passive
system. Accordingly, if there are n coordi-
nates of interest, n tests are generally required
at each frequency to evaluate all elements of the
coefficient matrix.

With the coordinates coupled to ground by
connections of finite but not necessarily known
stiffness, a force of a constant frequency is
applied at some convenient terminal, possibly
by an electrodynamic chaker. The resulting
force phasors F(!) and the velccity phasors
v(1) at these coordinates are then measured.
Repeating Test 1, n number of times, each time
using a different combination of external stiff-
ness and denoting these measured force phasors
by F(") and velocity phasors by v("), the result-
ing matrix equation

[z ) {v“‘)< } = {F“‘)(w)} k=1.2....n (6)
may be solved simultaneously for the elements
of (Z].

In this study a single terminal having six
possible directions of motion was considered.
To reference the force and moment impedances,
an orthogonai system of Axes 1, 2, 3 may be
established at the point of attachment. In ac-
cordance with this system of axes, a three-
dimensional, cross-shaped mechanical fixture
(Fig. 2) was studied. The fixture attachment to
the specimen is at the origin O. When the spec-
imen is excited at a convenient point, forces




Fig. 2 - Three-dimensional cross-shaped
mechanical fixture

are then sensed at the extremities by compli-

ance elements appropriately oriented and cou-
pled to ground. if these forces are designated
Fyis» Fxyy Fy, Fy,, Fz,, and F, as shown, by

inspection the net forces and moments R, (i =1,
2,...,6) at the attachment Terminal O may be
expressed in terms of the F's as

Rl = Fxl + Fx2,
R, = Fyl + l-‘?‘,2
R, = F, +F, . (M
R, = -2}-‘125..
Ry = (F, - F,)d,
and
Ry = (Fy, + Fy, +Fy - Fy)d.

For assumed smali displacements, the corre-
sponding velocities at Terminal O are

1
Vi o= 3 (Vg + Vi)
v, = %(Vy‘ +Vy)
(8)
1 Cout.)
V3 =E(vzl+vz:\ (
v, = l(v -V )
4 2d Zl 22 '
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(Vx, = Vx )

and

(®)

6 24 (vyx

- Vy) -

Since six coordinates are involved at this
terminal, six tecsts are reguired, cach witha
different combination of external compliance.
By introducing a superscript to denote the test
number, the matrix equation

[z(«)) {V(k)(w)} = {R,'k)(w)} k =

can be solved for the elements of the matrix

{z] . If the effect of the cross-shaped fixture is
appreciable, it may be subtracted frcin the [Zz]
of Eq. (9), provided its characteristic imped-
ance is known.

1,2,...6 (8)

EXPERIMENTAL REQUIREMENTS

To validate the method experimentally, cer-
tain requirements must be met. In designing a
cross-shaped mecnanical fixture, a material of
sufficiently high elastic modulus and density
must be selected so that fixture resonances oc-
cur sufficiently above the maximum frequency
of interest. Accordingly, the physical dimen-
sion of the crossarm length should be suffi-
ciently short, yet long enoughto provide suitable




rotational impedance sensitivity, i.e., sufficient
signal-to-noise ratios.

In this preliminary study, a cross-shaped
fixture of aluminum alloy 2024-T4 with a cross-
arm length of 5-1/2 inches was considered. At
the extremities, 33/64-inch diameter holes with
centers 1/2 inch from the ends are tapped and
appropriately oriented (Fig. 2). The holes are

used for mounting impedance heads or external
compliance elements. The cross sections of
the arms are 1 inch square. The first resonant
mode of the fixture calculated was a crossarm

cantilever mode at nnnrnv:mofo]v 2500 ¢ns
e CVeTr mMmoege at approximat cps.

Although it is desirable to have a higher funda-
mental mode freauency, the dimensions were
limited to obtain sufficient rctational sensitivity
within the force capability of the shakers em-
ployed.

DETERMINING CHARACTERISTIC
IMPEDANCE OF MECHANICAL
CROSS-SIHIAPED FIXTURE

To determine the imp.dance of a specimen,
it is usually necessary to determine the loading
effects of the fixture on the specimen. Figure 3
shows a typical experimental setup for meas-
uring the characteristic impedance of the cross-
shaped fixture. This setup was specificaliy

414/ Y77,

Shaker B\-./‘ /‘W

Impedarce
ead B

N

employed to obtain the characteristic rectilin-
eal impedance in direction 1 and the character-

istic rotational impedance in direction 5. This
wag accomplished by suspending the fixture at
O with a cable, sinus:>idally shaking the two ex-

tremities in the direction i as shown, and ob-
taining the force and acceleration phasors by
the impedance heads and a suitable electrical
measuring circuit shown in Fig. 4. The magni-

tude of the force applied was such that sufficient

rectilineal aud rotational impedance measure-
ment sensitivities were cbtainable. The phase
angle relatioaship of each measured signal was

taken with reference to the output of the signal
generator. Accordingly, the substitution of E
these phasors was made in the following ex-

pressions defining the appropriate ratios of the

quantities of Eqs. (7) and (8) for the point rec-

tilineal and rotation impedances, respectively:

R (Q,Q; - Q,0) +1(Q,Q, +Q,Q)
Zg, =71 =20 l: = 2 Qs _]
' Q; + Q4
where
o} -szcos (3 +17)—“ cns (B +ﬂ)
1~ sz ~a2 2 sz ( 12 2
Fy LAY x 3 i
Q2 A sin ( a9 ) - sin (, an = E) R
*2 2
774
/Suspension

impedonce Head A

Shaoker A

>3

-
o

Fig. 3 - Typical experimental setup for measurement of

characteristic

rectilineal impedance

in direction 1 and

rotational impedance in direction 5 of cross-shaped fixture
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and

Z =

where

——— = ——
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Fig. 4 - Typical electrical measuring circuit for
experimental setup (Fig. 3)
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Q4 = A sxnylz,

X
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2
R3

2
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A"l
R3:1+A CeS Vg
23g)
and
A
X
R, = sin vy, -

Ax1 and sz are, respectively, the acceleration

response at extremities X, and X,; 3,, is the
phase angle between signals F, and A, , 7,
2 2
is that between F, and A, , and y,, is that be-
q 2

tween A,(1 and A,‘z. If the input forces F, and

1
sz are equal, Eq. {10) for the determination of
rectilineal impedance hecomes insensitive, and
only the rotational impedance given by Eq. (11)
can be obtained. Therefore, care shculd be
exercised in using Eqgs. (10) and (11) when only
one experimental run is avaiiable.




As shown in Fig. 4, shaker B was wired in
electrical series with shaker A to minimize
unwarranted phase shifts between them. This
was probably unnecessary as the common phase
reference of the oscillator output provided a
means of correcting for these shifts when used
in Eqs. (10) and (11). The magnitudes of the
forces and accelerations were measured by the
VTVM, and the phase angles by an oscilloscope
and a phasemeter. The bandpass filter was
used to filter out harmonics and the additional
oscilloscope to observe phase shift through the
filter.

Equations (10) and (11) were computed by
a digital computer program using these meas-
ured force and acceleration phasors. Figure
5(a) shows a plot of the experimental results
compared to the theoretically calculated results
for the characteristic rotational impedance
magnitude. Figure (5b) i& a plot of phase angle
for this rotational impedance. Qualitatively,
the magnitudes are in gocd agreement. The
almost constant deviation will probably be
lessened with improved calibration. As can be
seen in Fig. 5(b), some of the phase angies

Rotatianol Stitiness,
in-ib/rad

differ from the others by approximately 180 de-
grees. On the basis of Fig. 5(a), these differ-
ences in phase angle are believed to be caused
by the peculiarity of the computer program usad
in determining phase angles. No results for the
rectilineal impedance were obtained because the
particular set of forces applied resuited in in-
sensitivity, as previcusly explained.

ADDITIONAL REQUIREMEZNT FCR
EVALUATION OF THECRY

After the characteristic impedance of the
cross-shaped fixture is determined, the fixture
must be used to measure impedance of a sym-
metrical specimen whose characteristic imped-
ance can be calculated with reasonably good
accuracies. Figure 6 shows a typical experi-
mental setup with the cross-shaped fixture. In
this preliminary study, the specimen is a lami-
nated cube of maple wood. Each laminate lies
in a plane parallel to the top face. The lami-
nates are arranged with cross-grain directions
so that an isotropic condition of the material
can be obtained. The specimen is suspended

Mass Moment af Inertia,

P a2
fb-In<

10’,//

>§
/
i

Theoretical

/N
X

~~

©

2 3

< 10

g \</ 10
o

L

= -

£ - — - /).‘ y Y. 107
s / Expcy.menlo!

b=l < AN /
a &~ \\

iE 10

7

] -

< -~

o

-3

]

<

g

°

°

o

\ /
.

>/

20 100

1000

5000

Frequency (cps)

Fig. 5(a) - Characteristic rotational impedance at
terminal O in direction 5--magnitude
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at the center of the top face from an A-frame
by a cable, thus proyiding a low-frequency
suspension for the system. The attachment
point O of the cross-shaped fixture is rigidly
mounted to the center of the bottom face. At
the extremities, compliance elements are cou-
pled to ground in the directions as shown, and
accelerometers are mounted on the other side
of the exiremities. Forces are then applied at
points on the top fz-2. The number of force
appiication points and directions is arbitrary
8o long as there is sufficient response at each
of the extremities to provide sufficient sensi-
tivities for ihe impedance determinations by
using Eq. (9).

Repesting this test six times, each time
using a different combination of compliance
elements, results in o set of measured force
and acceleration phasors which, on substitution
in Eq. (9), yields a set of simuitaneous matrix
equations. With the aid of a computer program,
the complex impedance parameters of the co-
efficient matrix can be obtained. Because of
symmetry of the specimen and the particular
system of axes chosen, only the diagonal pa-
rameters will be non -zero. The indirectly
determined complex impedances can then be

compared to the calculated imnedances

Z = Z = Z = iwM,
Ry R, Ry
Z = iwl,,
R, &g
. 12)
Zg = iel,, bl
s
and
Z = iwl,,
R(7 3

where M, I,, I,,and I, are, respectively, the
mass of the cube and mass moment of inertia
about the respective axis through the point O.

CONCLUDING REMARKS

In this paper, a preliminary study of a
method which seems to possess some merits in
determining mechanical impedances at a point
with motions in more than one direction is pre-
sented. Altnough the conditions assumed here
are highly idealized, it is believed that this study
can provide valuable guidelines in the treatment
of more realistic complex systems. It was orig-
inally hoped that much experimental data could
ve presented. Unfortunately, duc to equipment

difficultiee and thqnqnnnf pnmpn,‘.uv nrogrram
cilllculties ang suhgequent compuier pregr
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Fig. 5(b) - Characteristic rotational impedance at
terminal O in direction 5--phase angle
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Fig. 6 - Typical experimental setup with cross-
shaped fixture for impedance measurements of a
symmetrical specimen

problems beyond our control, this is not now ACKNOWLEDGMENTS

possible. Additional experimental results,

R o T e P N A S T e

when obtained, will be made available to those
interested.

In general, the method presented appears
theoretically feasible, and the preliminary ex-
perimental results secm to substantiate this.
Future plans include the use of this meihod on
more complicated specimens, with subsequent
optimization of the experimental and computa-
tional procedures.

The 2uthor is greatly indebted to T. G.
Butler of the Goddard Space Flight Center for
his most helpful suggestions during the prepa-
ration of this paper. He is also grateful to D.
J. Hershield, J. F. Sutton, and A. J. Villasenor
for their valuable assistance throughout this
study.

DISCUSSION

F. Schloss {(DTMB): You were mentioning
that on a fixture the Young's moduius should be
high. also the density should be high. Didn't
you mean to say that the ratio of the Young's
modulus to the density should be high or that

something like bervllium. Secondly, I thirk you
have the same possibility of running into trouble

as you would have in measuring driving point
impedances on known masses because of locai
deformation, especially at the higher frequen-

cies. When you measure rotational impedances
on a known structure, depending on the spacing

the velocity of sound of the fixture material
should be high, which means vou should uze
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of your rotational impedance head, you can get
different answers. This shouldn't happen un-
less it is due to local deformation of the struc-
iure,

Mr. On: With respect to the first question,
that's correct. We used aluminum at first and

found later on that wave effects were present in
this fixture. You are right on the second point.
That is why we decided to use the maple wood
specimen. We tock the laminated sections al-
ternately in different grain directions hoping
that we would get some near isotropic condi-
tions of material properties.
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Washington, D. C.

Resuilts of a recent "Round Robin'' mechanical impedance measurement
comparison (initiated by the ASA Shock and Vibration Committee} have
shown that much improvement can be made in the reliability of data by
better understanding the effects of and paying detailed attention to meas-
urement procedures and techniques.

Variations reported by 19 organizations which measured the same test
structures is discussed. Specific example: are related to experimental
practices, many of which have shortcomings.
creased attention to increase reliability and repeatability are listed.

Factors requiring in-

During the past six or seven years many
authors have discussed mechanical impedance
as a useful concept in solving complex problems
of structural dynamics. A rough indication of
the growing interest in the increasing number
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measurements of mechanical impedance?"

This is obviously a question which can be an-
sweredonly in a relative sense since the ""exact"
impedance of an aciual structure is generally
unknown. Thus, a paraphrase form of the ques-
tion might be, '"if several investigators measure
the same structure, how well will their meas-
urements compare?' To answer this question,
the Shock and Vibration Committee of the Acous-
tical Society of America (ASA) asked the senior
author to plan and conduct a series of "Round
Robin' measurements cn gome ''representative"
siructures. The plan wzs to circulate these
structures among impadance experimental i<,
have each make similar measurements, and cor-
relate the results. This plan was carried out
successfully, due largeiy to the cooperaticn of
the 19 interested experimentalisis. The results
have been reported in preliminary fachicn to the
ASA Shock and Vibration Committee and were
discussed at the Fall ASA meeting {1], as well
as in a forthcoming NRL Report {2]. The pur-
pose of this paper is to discuss sorme of the
"Round Robin" results, with particular empha-
sis on the effects of measurement technique.

DESCRIPTION CF ROUND ROBIN

QEDITATMITDEC AXNTY TMAMA _MNAY Y
WAAVU W L UIMLGD QUYL AT UL L 1N

PROCEDURES
Cornsziderabie thought and computation pre-

ceded the selection of three structures as useful
for collection of driving point data. Figure 2

NOTE: References appear on page 57.

shows the structures as finally constructed.
These can be briefly described as iollows:

Structure 1 - This is a solid aluminum cyl-
inder, 7 inches in diameter and 7 inches long,
weighing 24 pounds. The driving point imped-
ance looking into ore end of this cylinder is
known at low frequencies and thus provides a
relativeiy direct assessment of measurement
capability.

Structure 2 - This is a symmetrical set of
doulle-C shaped steel beams with low damping
and a weight of 31 pounds. The several sharp
system freqrencies and high dynamic range of
this structure within the frequency range
brourht out certain oroblems in the electronics

dolaann

of recoruing gysiems.

Jreueture Z - This is an unsymmetrical
pair of cantilevered aluminum beams weighing
15 pounds and having one beam constructed of
high-damping sandwich material. During
measurement of the driving point impedance at
the tip of the undamped beam, problems were
imposed by the nonsymmetry, the relatively
large damping, and the presence of several
system frequencies within the measurement

ranoe
=255

A common adantor plug screws 1ito each
structure. Enough adaptor plugs were supplied
so that each participant could attach the im-
pedance transducer in his preferred manner
without modifying the basic test structure

Letters were sent to potential participants,
asking if they would make a setof measurements,

Fig. 2 - Round Rcbin test structures and adaptor plug




and 19 indicated interest. To reduce overall
time for the program, two nominally identical
sets of structures, labeled A and B (West Coast

and East Coast, respectively) were manufactured.

Reference [2] contains the information and in-
structions sent to each participant. To preserve
anonymity the results were given a code desig-
nation even though this sometimes lost a useful
resuit, such as identification of inadequate
equipment. The ccllection of data has been
compared in several ways [1], [2]; results of
some of these are given in the following section.

OVERALL VARIATION IN ROUND
ROBIN DATA

A general picture of how the data of the
various groups compared with one another is
hest se2en by examining a composite graph on
which all curves for a structure are plotted.

[ e |
] 0

Figure 3 is the composite plot of impedance
magnitude for Structure 1 of set B. All data
stays within an envelope about 3 db wide up to
about 1 ke, after which the individual curves
tend to peak at about 2 kc or above. This is the
expected behavior. The frequency at which the
peak occurs marks the point where the charac-
teristic of the driving surface on the weight
changes from predominantly mass-like to pre-
dominantly spring-like. The peak frequency
measured is a function of the rigidity of the
impedance head and of the structure being ex-
amined the contact
stiffness of the impedance head-structure com-
bination.

FPom

and is directly related to

A composite graph of the phase angle curves
for Structure 1B is shown in Fig. 4. Good agree-
ment exists up to the lowest peak frequency,
after which the envelope tends to diverge widely.
Hence, its variation is directly comparable to
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the variations seen in the magnitude data for
1B.

Figure 5 shows the magnitude envelope of
the weight of Structure 1A. The individual
curves do not appear here; extremes of the dif-
ference in curves are much greater than in the
corresponding plot for 1B. However, omission
of two curves gives an envelope of 1A results
with about the same general character as the
1B envelope.

Table 1 contains the range of frequencies
reperted for the peak generally found in the
magnitude curve of the weight. The 4500-cps
peak was cetected wiith an external accelerom-
eter. The range ui irequencies corresponds to
the contact stiffness, which varies from 8.7 x
105 to 2.0 x 107 pounds per inch. A high con-
tact stifiness indicates a high quality measure-
ment in this sense. However, the contact

TABLE 1
Various Peak Frequencies
Measured for Structure 1

Frejgueacies {(cps) !

Set A | Set B
17002 ‘ 1901
1403 2615
584 45002
2300 1611
802 1826
1474 2473
2815 b
1750 1950
1802 2412
20692 -

2Frequency determined from O-degree phase
angle only, magnitade peak not clearly defined.
No peak de.ected, externalaccelerometerused.
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Fig. 5 - Envelope of impedance magnitude for Structure 1A

stiffness of an impedance head depends to a
great extent on the area of contact; hence, vari-
ations can be expected with the usc of different
sizes of impedance heads. A calculated value,
assuming a 1.5-inch diameter contact area, is
roughly 4 x 10 pounds per inch; this stiffness
correspords to a peak at 3000 cps [3].

The contact stiffness is easily read from
the log-log impedance plot, if the structure is
mass-like, by extending the line of constant
weight (corresponding to the dead weight of the
structure) to where it intersects with the ordi-
nate at the frequency of the peak. The line of
constant stiffness passing through this intersec-
tion point corresponds to the contact stiffness.

A composite graph of the magnitude data
reported for Structure 2B appears in Fig. 6.
The impedance of this structure has seven
peaks and seven notches over the frequency
range measured, and seven peaks and notches
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were reported by most investigators. The very
high dynamic range of the magnitude is seen in
Fig. 6. The data rau off this graph in many
cases, but chis is not shown in the composite
plot. The maximum dynamic range reported
for 2B is 138 db. The average of the measure-
ments on 2B is 120 db.

The spread of the envelope between the
peaks and notches is considerable, but the values
of magnitude reported for the peaks and notches
are spread over a 25 to 35 db range. This is an
astronomical error; however, the large dynamic
range of this structure stretches the limits of
even the most refined equipment.

Before we consider the causes of this dif-
ference in reported values, let us look at the
envelope graph of Structure 3B. Magnitude,
shown in Fig. 7, has a great deal of variation at
frequencies below 100 cps (a factor of 10 or
greater) and somewhat smaller variation at

.__...__——n_-n-_—_-'m
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higher frequencies (roughly a factor of 3). This
is to be expected for nonsymmetrical structures.
In tact, this structure was designed to have
large coupling with the driver and impedance
head. Also magnifying the discrepancies is the
small efiective weight, which in turn is dimin-
ished somewhat by the large amount of damnping
present. Therefore, the attachment of an im-
pedance head and shaker alters the boundary
conditions of the structure and at least as many
different results can be expected as there are
driver-head combinations. This is also borne
out in Fig. 8, since the phase envelope of 3B
exhibits the same wild variations as the magni-
tude envelope.

It is interesting to note that the phase of
3B has a general tendency to shift past 0 degrees
at only ‘wo pairs of frequencies. This is ap-
parently due to the very large amount of damp-
ing present in the structure.
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SPECIFIC EXAMPLES OF VARIATIONS
RELATED TO RESPECTIVE PRAC-
TICES AND TECHNIQUES

The repeatability of this relatively new
tield of measurement, as revealed by this
""Round Robin, is not as good as had been hoped
for; however, with few exceptions this state-of-
the-art had been expected by most active ex-
perimentalists. The source of much of this
lack of reliability is found by examining the
techniques and practices of measurement and
noting their shortcomirgs.

Introducing fixturing — as depicted in Fig.
9 — between the face of the head and the test
structure often has an adverse effect on the
data. This conical adaptor reduces the inherent
rigidity of the impedance head by introducing
both a spring and extra mass. While the effect
of a simple mass is easily canceled electronically,
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Fig. 7 - Envelope of impedance magnitude for Structure 3B

the effect of the spring-iike character of fiving
generally cannot be corrected.

Conical adaptors are supplied by impedance
head manufaciurers for measurenents o Spec-
imens which require small contact area and,
hence, are nct extremely rigid specimens. In
that case it is preferable to use a smalier im-
pedance transducer. In general, conical adap-
tors should not be used for specimens like the
Round Robin structures.

Figure 10 shows another example of un-
necessary fixturing. This impedance head could
have been attached to the adaptor plug directly.
Blank plugs were provided for that purpose. Of
secondary importance is the fact that this head
is "'medium sized," i.e., has a lowe. contact
stiffness than that required for accurate meas-
urements of a 25 pound structure over the
frequency range considered in this project. One
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of the measurements made on the mass struc-
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