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Simple models representing a shaker and a test object are used to illustrate changes in 
test object response due to shaker dynamics and differences between the test and service 
environment. The degree of coupling is quantified in terms of ratios of the natural fre
quencies and the masses. Regions of overstress can depend on reproducing absolute rather 
than relative motion in a test. Shaker tests reprodusing output spectra observed in service, 
when shakerlji.xture impedance is higher than the impedance in service, is shown to cause 
overtest at frequencies below natural frequencies of the service environment. 

INTRODUCTION 

For many years vibration shakers have been used for 
dynamic environmental testing of structures before 
they are put into service. Military and aerospace struc
tures, where failures are especially expensive, are thor
oughly tested before being cleared for use. Virtually 
all shaker testing is based upon the underlying as
sumption that dynamic (modal) properties of the test 
object are unchanged between service and testing. If 
the process of testing introduces significant changes 
in the dynamic properties, the test may become mean
ingless. Because attaching the test object to a shaker 
rather than to its service environment always intro
duces some changes, the important question is when 
these changes are significant and when they are in
significant. 

We examine the energetic interactions between the 
test object and its environment to determine the de
gree to which the dynamic properties of the test ob
ject are altered by a change in its environment. The 
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impedances at the locations (ports) where energy is 
exchanged between the object and its environment de
termine how much coupling occurs. Coupling is tanta
mount to changing the dynamic properties of the test 
article. Therefore, the impedances at these ports are 
the focal points of our attention in determining the 
significance of changes. If the impedances at all ports 
are unchanged, then the dynamic (modal) properties of 
the test object are unchanged. Because impedance is a 
function of frequency, it is only necessary (in an engi
neering sense) to require that the impedances remain 
unchanged over frequency ranges where significant 
energetic interaction is likely to occur. Any particular 
mode is relatively unaffected by changes in impedance 
at frequencies far removed from the natural frequency 
of the mode. 

We note in passing that a mode of the test object 
far removed spatially from a port is also unaffected by 
changes in boundary conditions at the port. The test 
object in such a case could be redefined as a com
ponent part of the object mounted on a shaker, hav-
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ing its ports near the new test object with unchanged 
impedances. In general, heavily damped structures 
will allow boundary changes in a "far field" ·without 
creating significant local changes, because energy is 
dissipated before reaching the "near field" after reflec
tion or emission at the far field. In general, however, 
changes at boundaries of lesser damped structures can 
cause significant changes at points far removed from 
the location of the changed boundary conditions. 

New shakers of increasing capability are being 
placed into service (Bausch and Good, 1992, 1995; 
Chang and Frydman, 1990; Hershfield, 1995). Multi
axis shakers are being developed, and control systems 
are being designed to control multiple axes simulta
neously to produce more realistic environmental test
ing. Sometimes the specifications for the controllers 
for these shakers include control over ranges that far 
exceed the range over which shaker dynamics are neg
ligible. This raises some of the questions discussed in 
this article: over what ranges can the impedance be
tween the shaker and test object be considered "sim
ilar" to that between the test object and its environ
ment during service? Additionally, current considera
tions for revision of MIL-STD-81 0 and MIL-STD-33I 
raise issues of how carefully boundary conditions must 
be reproduced in testing to insure test validity. The 
possible advantages of using multiaxis shakers may be 
negated by the inability to control the boundary condi
tions. 

The incorrect definition of boundary conditions 
has long been a concern to finite element modelers. 
The differences between finite element model predic
tions and actual tests can be improved by the iden
tification of boundary conditions or joint parameters 
through measured frequency response functions (Yang 
and Park, 1993). Just as boundary condition variation 
significantly affects the validity of finite element mod
els, it al~ affects the validity of hardware models used 
in shaker tests. 

Recent studies (Scharton, 1990, 1991, 1993a) have 
focused upon limiting the forces at the excitation 
points in a structure to control overtest because large 
stresses typically occur in testing when the interface 
impedances are not the same during testing as during 
service. This approach has the potential of controlling 
the impedances to more closely resemble the service 
environment. If force limiting is necessary, however, 
it is obvious that the interface impedance changes are 
significant; thus, the dynamic properties of the test ob
ject have been significantly changed, as have the forces 
(stresses) in the test object. Force limiting potentially 
controls these stresses from getting too high (relative 
to in-service conditions) in one location (near the in
terface). But if the mode shapes have changed, critical 

stresses may occur at other locations or be reduced at 
in-service critical locations. Changing the impedance 
at an interface changes the natural frequencies of the 
system and moves the nodes and antinodes of the cor
responding mode shapes. Thus, the test system is not 
dynamically the same as the system in service, and dy
namic failures will not replicate in-service failures. 

The following discussion, after introducing sim
ple oscillator models that mention bond graphs and 
causality, illustrates and quantifies effects of coupling 
and differing boundary conditions between service 
and testing. Results are calculated for several combi
nations of infinite impedance or coupling on the shaker 
with infinite impedance or coupling in the service en
vironment. 

MODELS 

To examine mechanical interactions, consider the fol
lowing simple models. The three passive phenomena 
that exist in all mechanical structures are inertia, com
pliance, and dissipation. The simplest mechanical two
port element that contains all of these phenomena is 
the two-port oscillator illustrated in Fig. 1, where the 
three passive phenomena are indicated by m, k, and b. 
It may be called an oscillator because it will show nat
ural oscillatory behavior if the damping is low enough, 
because it has both inertia and compliance that store 
kinetic and potential energy. It is a two-port oscilla
tor because it can interact with its environment at two 
interfaces where power may be transferred between it 
and its environment. These interfaces are thus called 
power ports. Each port has a pair of power variables 
associated with it, one of the pair being a force and 
the other being a velocity. The product of the force 
transmitted at the interface and the velocity at the in
terface is power; thus, force and velocity are called 
power variables. Therefore fa and Va define the power 
at port a while fb and Vb define the power at port b. 

A bond graph provides a convenient means of as
suring proper modeling, including causality (Karnopp 
and Rosenberg, 1975). Figure 2 is bond graph for the 
simple mechanical oscillator of Fig. 1. Power at ports 
a and b are considered positive when power flows into 
the oscillator at port a and out of the oscillator at port 
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FIGURE 1 Simple mechanical two-port oscillator. 
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FIGURE 2 Bond graph for two-port oscillator. 

b, respectively. This positive power convention is de
noted by the half arrowheads on the respective bonds. 
The causal stroke (line at one end of the bond perpen
dicular to the bond) at bond a denotes that Va (flow 
or motion variable) will be considered an input to the 
oscillator. Thus, Va is defined by the external environ
ment that interacts with the oscillator through bond a, 
whereas fa (effort variable) is an output defined by 
the oscillator dynamics. Similarly, the causal stroke on 
bond b indicates that fb is considered an input to the 
oscillator while Vb is considered an output. Causality 
refers to the definition of inputs and outputs, because 
inputs cause outputs. Note that at each port at which 
the oscillator interacts with its environment, one and 
only one power variable can be an input to the oscilla
tor whereas the other is an output from the oscillator. 
Of course, the input and output roles of these variables 
are reversed with respect to the external environment 
at each port. 

The transfer functions relating the inputs and out
puts for the simple oscillator in the given causal ar
rangement of Fig. I can be written as 

(1) 

where f3i = 2~iWiS + wf, £:"i = s2 + f3i and while 
Wi = .Jk;/mi and ~i = b;/2Jkimi. 

Suppose that a structure that we wish to test on 
a shaker can be modeled within the frequency range 
of interest by this simple model. As described in de
tail in another article (Smith and Staffanson, 1996), 
the dynamic characteristics of a structure can be mod
eled in frequency regions by the mode(s) that domi
nate at those frequencies. Thus, the simple modal os
cillator model will yield general results when properly 
applied. 

Assume, for example, that in service the structure at 
port a is fixed, so that Va = 0, and that the input excita
tion is a force applied at port b (perhaps acoustic exci
tation). The only input then is fb. Assume further that 
because we cannot measure fb in service, we instead 
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FIGURE 3 Two degree of freedom model. 
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FIGURE 4 Two degree of freedom bond graph. 

measure the velocity Vb (or equivalently the accelera
tion at b). This measurement is typically represented 
by an auto spectral density Ab of the acceleration at lo
cation b. Let us assume that the structure fails when 
the force fa exceeds some level (stress at some point 
in the structure gets too large) and that the objective of 
the test is to produce with a shaker a force It; that is 
statistically the same as fd experienced in service. 

Suppose in testing, instead of trying to duplicate the 
input fb', we attach a shaker at port a and provide input 
V;l such that the resulting force It; is statistically the 
same as f;~·. As in a similar case discussed in a latter 
section, the desired result can be achieved if the rela
tive velocity (Vb - Va) is statistically the same as that in 
service. Controlling the shaker such that the input Va 

results in an autospectrum of (Vb - Va), which is the 
same as in service, will produce an autospectral den
sity at port a the same as that in service. (Note Va = 0 
in service, so [Ab + Aa - Cab - Cba]test = [Ab]service, 

where Ai denotes the autospectrum at i and Cij de
notes the cross spectrum between i and i.) Thus, struc
tural failure in testing would imply failure in service. 
Because there is not coupling with the environment in 
service or in testing, the dynamic properties (eigenval
ues) of the structure are unchanged and proper exci
tation by the shaker can faithfully reproduce the dy
namic response that would occur in service. 

Now let us consider the more general case in which 
the dynamics of the supporting structure must be taken 
into account. A 2-degree of freedom model can be 
constructed by cascading two I-degree of freedom 
two-port elements as shown in Figs. 3 and 4, where 
each of the elements interacts via a single bond i, 
with power variables fi and Vi. The other ports will 
be labeled g and 0 with power variables (fg, vg) and 
(fa, Va), respectively. Note that the parameters of one 
oscillator are denoted by the subscript s (supporting 
structure in service or on the shaker); those of the other 
are denoted by the subscript 0 (test object). 
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Using Eq. (1) with appropriately permuted sub
scripts to represent both elements in Fig. 4, the transfer 
functions below are determined, relating the inputs to 
the 2-degree of freedom model to the outputs: 

.I' R - m; fJO 13.1' 1'10 
1'11'1 2 moR io +1'11'1 2 moR Vg, 

.I' 0 + s m.l. fJO .I' 0 + s ms fJO 

(2) 

(3) 

(4) 

Normalizing the terms by dividing all frequencies by 
- - 2 the natural frequency wo , let s = s j W O , t3i = 13;/ wo ' 

and iii = l'1i j w~, the transfer functions in Eqs. (2)-(4) 
can be written in nondimensional form: 

(5) 

(6) 

(7) 

where 

- -2 -
130 = 2l;"s + 1, 1'10 = s + 130, 
i3s = 2l;sws S+W.;, iis =s2+i3.", 

and 
M - mo - , 

_ Ws 
Ws = -. 

ms Wo 

To convert the above equations to the frequency do
main, we substitute s = jw so that s = j(wjwo ) = 
jw, where w = wjwo. Thus, the above equations be
come 

Vi 

(8) 

(9) 
- -

- jw(I'1." + M 130) - 13013.1' _ 
---=---=----=-2--=-io + 2 Vg . 
I'1s 1'1(} - w M 13" 1'1.1.1'1 0 - w M 130 

(10) 

FREQUENCY UNCOUPLING OF MODES 

One of the important tenets of shaker testing is the idea 
of frequency uncoupling. That is, as modal dynamics 
become separated in frequency, they become uncou
pled. Thus, excitation in one frequency band excites 
modes (natural frequencies) within that band, but not 
those modes outside that band. We thus shape the ex
citation according to frequency to excite the modes of 
interest. Here we will use the same concept to deter
mine the effect of the coupling between the two oscil
lators above as a function of the ratio of their natural 
frequencies. We will then examine the effects of this 
coupling (or uncoupling) in practical shaker situations. 

To locate the resonances of the shaker test object 
system, we look at the roots of the denominator of the 
transfer functions [Eqs. (5)-(7)]. Letting 

- - -2-
1'1.1,1'1 0 + s M 130 = 0, (11) 

we can solve for the values of s that satisfy this char
acteristic equation. For the present we consider the 
undamped case where l;.I' = l;o = O. For this case, 
- - -2 - -2 -2 130 = 1,1'1" = s + 1, and 1'1.1' = s + w.P so Eq. (11) 
can be written as 

-4 (1 -2 M)-2 -2 0 
S + + Ws + s + w.1' = . 

Substituting z = -s2 = iii, 

2 (1 -2 ) -2 0 Z - + Ws + M z + Ws = , 

(1 +w.; + M) 
Z= 2 

± s _ w2 . (
(1 + w2 + M)2 _) 1/2 

4 s 

Thus, 

± s _ w~ (
(1 + w2 + M)2 _) 1/2) 1/2 

4 .1 

(12) 

(13) 

(14) 

(15) 

Equation (15) defines the two natural frequencies of 
the combined 2-degree of freedom system. One of 
these will always be less than the natural frequency 
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FIGURE 5 Natural frequency ratios as a function of frequency ratio for various mass ratios. 

of the test object, wo , because 

WI = [(1 + w~ + M) 

_ s _ wZ ~ 1 (
1 + wZ + M)z _) I/Z] I/Z . 

4 s ~ , (16) 

while the other will always be greater than Wo and 
greater than ws , because 

_ [(1 +w;+ M) 
l~wz= 

2 

+ s _ wZ (17a) (
1 + wZ + M)z _) I/Z]I/Z 

4 s 

and 

The natural frequency ratios WI and Wz are plotted 
in Fig. 5 as functions of the frequency ratio Ws for 
various mass ratios M. Although M = 0 does not 
represent a realistic case, because it would require a 
massless test object, it represents a limiting case and 
defines asymptotes that are approached in the other 
cases as Ws increases. As M increases, these asymp
totes are approached only for larger values of ws. For 
larger values of ws, the natural frequency ratio repre
sented by Eq. (16) approaches unity while the natural 

frequency ratio represented by Eq. (17) approaches ws, 
indicating that the two oscillators become dynamically 
uncoupled and the system natural frequencies become 
those of the original natural frequencies of the two os
cillators before they were connected to each other. The 
difference between each of the coupled system natural 
frequencies and their respective original values (wo or 
ws , respectively) before coupling is plotted in Fig. 6. 
From Fig. 6, for example, we see that for M = 1 the 
differences between the coupled and uncoupled natu
ral frequencies is near zero for Ws > 8, indicating near 
uncoupling of the resonances by frequency separation. 

If the compliance of supporting structure s is neg
ligible then Vi = Vg so the velocity at port g is trans
ferred directly to port i, and using Eqs. (1) the follow
ing transfer functions are defined 

V' 
-.:. - 1 (18) 
Vg - , 

f30 mof3os 
fi = --;:- fo + -A-Vg, (19) 

u(} Ll.() 

s f30 
Vo = -----fo + -Vg' (20) 

mof...o f...o 

Converting Eqs. (18)-(20) to nondimensional fre
quency form as before, 

Vi = v g , (21) 

- flo - jwflo -Ii = -=- fo + ---Vg, 
f...o f...o 

(22) 

- jw - flo _ 
Vo = ---fo + -=-vg . 

f...o f...o 
(23) 
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FIGURE 6 Natural frequency ratio shift as a function of frequency ratio for various mass ratios. 

The denominators then indicate resonance only at the 
natural frequency of the test object, that is, there is 
no coupling between the two oscillators. Notice that 
when Ws » 1 and W « ws, then w2 M ~o « ~s "" ~s 
and Eqs. (8)-(10) reduce to Eqs. (21)-(23), again il
lustrating the uncoupling that occurs as Ws gets large. 
Another way to look at frequency uncoupling is to 
compare the response functions Eqs. (8)-(10), versus 
Eqs. (21)-(23) in the frequency range of interest indi
cated by Eqs. (8)-(10). 

Let us now use the 2-degree of freedom model 
above to consider some practical problems in shaker 
test design. 

INFINITE SERVICE IMPEDANCE AND LOW 
SHAKER IMPEDANCE 

Suppose again the test object and shaker each can be 
modeled by a single degree of freedom within the fre
quency range of interest. First we see that if the sup
porting structure in service and in testing present in
finite impedance to the test article, then Vi = Vg in 
Eqs. (22) and (23). And if we assume that Vi = 0 in 
service and that the object is excited in service by the 
force 10 and in testing by a velocity Vi such that the 
relative velocity (vo - Vi) is the same as that in service, 
then we have the same circumstance discussed under 
the single degree of freedom model above, wherein Ii 
in the test is representative of Ii during service. 

If, on the other hand, the shaker cannot produce the 
desired input Vi, but rather produces the input Vg -=I- Vi 

because the dynamics of the shaker are not success
fully uncoupled from the dynamics if the test object, 

then Eqs. (8)-(10) can be used to determine the re
sponse created by the input vg . The dynamics of the 
shaker will change the response of the test object such 
that the frequency response function relating Vi and Vg 
in Eq. (8) will typically exhibit two resonances that ap
pear on either side of the natural frequency of the test 
object, with an antiresonance between. 

One of the objectives of a shaker controller is to 
compensate for the shaker dynamics. This is typically 
done by feeding back the shaker motion, Vi, in the 
above model, Eqs. (8)-(10), and adjusting the input 
Vg to make Vi equal to the desired motion, in effect 
increasing the shaker natural frequency so Ws » 1. 
Thus, after feedback compensation, Vi = vg , at least 
within the ability of the controller to maintain that 
objective. Physical limitations make this impossible 
for all frequencies without infinite power and infi
nite strength shaker components, but a well designed 
shaker will be capable of maintaining the shaker mo
tion, Vi, within the frequency range over which it is 
to be used. If the controller can extend the bandwidth 
of the shaker to make the lowest natural frequency of 
the controlled shaker high enough to uncouple its dy
namics and make the shaker impedance relatively high 
over the frequency range of interest, then Eqs. (21)
(23) effectively model the test dynamics. 

INFINITE SHAKER IMPEDANCE AND LOW 
SERVICE IMPEDANCE 

We considered the case where the shaker impedance 
is not effectively infinite over the frequency range of 



the test and have noted the effect of dynamic interac
tions of the test object with the shaker. Another case 
that can be considered using the same model is that in 
which the shaker impedance is effectively infinite but 
the impedance of the supporting structure in service is 
not infinite, allowing dynamic interactions in service 
that are not the same as in testing. Figures 5 and 6 can 
be used to estimate the degree of coupling for this case 
as well by appropriate determination of the important 
frequency and mass ratios. 

USING OUTPUT AUTOSPECTRA TO 
CONTROL TESTS 

We turn now to represent the cases considered above 
in terms of autospectra and calculate F: relative to F; 
as functions of frequency for various cases of damp
ing and mass and frequency ratios. First is the case in 
which the test object sees infinite impedance at port i 
from a supporting structure both in service and in test
ing as modeled by Eqs. (21)-(23). Substituting Vi from 
Eq. (21) into Eqs. (22) and (23), 

Vo = 
- iii; - f30 ----fo + ---Vi, 

f':..o f':.." 
(24) 

~o i + - iii;~o -. 
- J" - VI· 

f':...o f':...o 
(25) 

Again assuming that excitation during service comes 
from 1" while the excitation during the shaker test 
comes from Vi, and defining the input autospectrum 
during service as Fo, we determine the output au
tospectra for V" and j; during service to be, respec
tively, 

( -iii;) (-iii;)*-_ _ Fo 
f':..o f':..o 

(26) 

(27) 

Letting fo = 0 and input excitation be Vi, in testing as 
before, the output spectra during testing are found as 

-t 
V" 

-( 

Fi 

(28) 

(29) 
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where Viis the auto spectrum of the shaker input vi. If 
- -( -,. 

we control Vi during the test such that Vo = Va, then 

Vi 

which when substituted into Eq. (29) results in 

or 

(30) 

Thus, if we duplicate the velocity spectrum V:, = V~ 
by the test, the forces are not duplicated. Similarly, if 
we conduct the test by controlling Vi such that we du
plicate the force in the object, fi, then we find that the 
output velocity spectra will be different, having the re
lationship 

Therefore, creating a paricular output during testing by 
excitation at an input other than the one that created 
the particular output in service does not in general cre
ate other outputs the same as in service. For this par
ticular single degree of freedom model, the same force 
spectrum is created in testing as was seen in service 
-t -,. 

(Fi = Fi) when the spectrum of the relative velocity 
(Vi - vo ) created during testing is the same as in ser
vice. This, of course, does not imply that the creation 
of the relative motion between two points on a struc
ture duplicates the internal forces (stresses) elsewhere 
in the structure. 

Because the output velocities given in Eq. (31) have 
the same relationship as the output accelerations, the 
ratio of A~,/ A~; given in Eq. (31) is plotted in Fig. 7. 
Here we see that, if we wish to match the force spectra 
(by matching relative velocity or acceleration spectra), 
the test output absolute acceleration should be higher 
than the service outpuf absolute acceleration at fre
quencies below the natural frequency and lower at fre
quencies above the natural frequency. 
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RATIOS OF FORCE SPECTRA, 
INFINITE SHAKER IMPEDANCE, AND 
LOW SERVICE IMPEDANCE 

Now suppose the test object is to be tested on an in
finite impedance shaker as in the preceding case, but 
in service does not see infinite impedance. Assume 
that in service the system is fixed at port g such that 
Vg = 0, and the system is excited by the input 10' Ap
plying Eqs. (8)-(10) and defining for convenience the 
denominator as D = i:J.si:J.o - (j;2M{Jo, we determine 
the output autospectrum of Vo during service as 

(32) 

and the output auto spectrum of Ii during service as 

(33) 

Combining Eqs. (32) and (33), 

{Jo{J~i:J.si:J.; DD* -s 
---=----,;:---"- ---=----=------=--=----=-- Y 

D D* (j;2(lls + Mf3o)(ll; + Mf3;) 0 

{Jo{J~ i:J.si:J.; yoi' 

(j;2(lls + M f3(J)(ll.~ + M f3~) (J 

or 

If the test object is now removed from the service 
structure and mounted upon a shaker table with infi
nite impedance, then Eqs. (24) and (25) apply, which 
when combined yield 

F~ = -2yt 
I W o' (35) 

Thus, 

Now if the test is conducted to make the spectrum 
of the absolute velocity Vo during testing equal to its 
spectrum during service, then 

and the ratio of the force spectra at port i is immedi
ately seen in Eq. (36). If, on the other hand, the test is 



conducted so that the spectrum of the relative veloc
ity (Vo - Vi) during testing matches the spectrum of 
the relative velocity (Vo - v g) during service, the input 
spectra will be chosen such that 

so that 

(37) 
In this case the internal force(s) in the test object will 
be different during testing than they were during ser
vice because the object was interfaced with a lower 
impedance structure than the high impedance of the 
shaker. In a frequency range where these simple mod
els apply, we can predict the change in the spectrum 
of the force during testing as compared to the force in 
serVIce. 

Substituting into Eq. (37) the relations 

-2 -2 '2 - -8..1' = Ws - W + ] ~swsw, 
f3s = w.; + j2~swsw, 
fio = I + j2~ow, 

results in 

Ft 

F':' = 1 
I 

M2(l + 4~(;w2) + 2M(w; - w2{l- 4~o~sws}) 
+------~~~--~~~~~~-------

(w; - ( 2)2 + 4~lw;w2 
(38) 

By plotting F: / F;' as a function of w for various val
ues of ws , M, ~s, and ~o, we can examine the effect of 
the changes in interface impedance upon the spectrum 
of the internal force. 

Figure 8 shows this spectra ratio for M = 1, 
~o = 0.1, and ~s = 0.01 for two different values of 
Ws (ws = 1 and 4). The general effect is to increase 
the spectrum of Ii during testing as compared to that 
in service below and near the natural frequency of the 
service structure. This leads to overtesting of the struc
ture. Recently, force limiting at the shaker-test ob
ject interface has been proposed as a way to reduce 
the sharp rise in force at these frequencies. Although 
force limiting may reduce the amount of overtesting, 
it cannot totally compensate for this change in bound
ary conditions. A sharp peak occurs at the natural 
frequency of the service structure (denoted by ws ). 
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The overtesting at low frequencies decreases as Ws in
creases. 

With Figs. 8-11, three parameters, A norm , R rms , and 
P, are determined from the data plotted in the figure. 
Anorm represents the area under the curve divided by 
the area that would be under the curve if its amplitude 
were lover the bandwidth plotted. In other words, it 
represents the ratio of the mean squared value of the 
internal force, Ii, during testing and the mean squared 
value it would have had in service. Rrms is the square 
root of A norm , thus making it a ratio similar to that of 
root mean square forces. P is simply the peak value of 
the plot, as found during the plotting process. P may 
vary somewhat with the resolution of plotting, espe
cially for lightly damped systems and sharp peaks, but 
the tabulated values were all calculated using a fre
quency resolution of 0.05 Hz. In any case, these pa
rameters provide an additional quantitative measure 
of the errors in testing created by boundary condition 
changes. 

Figure 9 illustrates the effect of damping in the test 
object. The more heavily damped the test object, the 
broader the frequency range and the more significant 
the overtesting in the frequency range near the natural 
frequency of the service structure. 

In Fig. 10, we consider the effect of damping in the 
service structure. The more heavily damped the ser
vice structure, the less severe the overtesting in the 
frequency region near the service structural resonance. 
The most reliable test condition (most easily allowing 
reproduction of service conditions via shaker testing) 
occurs when the service structure is heavily damped 
and has a high natural frequency relative to the fre
quencies of interest in the test object. 

Examining Fig. 11 we note that a lower mass ratio 
(lighter test object relative to service structure) reduces 
the severity of overtesting, especially at frequencies 
below the service structural resonance. 

SUMMARY AND CONCLUSIONS 

Reproducing absolute motions in testing rather than 
relative motions in general understresses each mode 
of the test object at frequencies below its natural fre
quency and overstresses each mode at frequencies 
above its natural frequency. 

The dynamics of the shaker (actuators, table, etc.) 
interact with the dynamic properties of the test ob
ject, thus contaminating the test unless they are ef
fectively uncoupled from the dynamics of the test ob
ject. The most effective way to provide this uncoupling 
is to design the shaker-controller system so that its 
(unloaded) natural frequencies are high relative to the 
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frequencies over which the test(s) will be conducted. 
These shaker natural frequencies must be higher as the 
mass of the test object increases. Frequency and mass 
ratios are defined that can be used to quantify the de
gree of this dynamic coupling and determine the range 
over which a given shaker can be used to conduct reli
able tests. 

Because the shaker must have high impedance over 
the range of frequencies for which it will be used in 
order to minimize shaker-test object dynamic inter
actions, the impedance of the structure to which the 
test object is attached in service must also be high 
so boundary conditions in testing match those in ser
vice. When the impedance of the service structure 
from which the test object is attached in service is 
low relative to the shaker fixturing, reproduction of 
output spectra causes overtesting at frequencies up to 
the natural frequencies of the service structure. This 
overtest is particularly severe near the natural frequen
cies of the service structure. This problem is reduced 
for higher natural frequencies of the service structure 
and a smaller mass of the test object. Greater damping 
of the service structure reduces the severity near the 
natural frequencies of the service structure, whereas 
greater damping in the test object increases the sever
ity of overtesting near the natural frequency of the 
service structure. The severity of the effects of these 
boundary condition changes can be characterized by 
frequency, mass, and damping ratios. 
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