S&V Questions and Answers

Do Mode Shapes Determined from Two Different Impact
Testing Techniques Contain the Same Information?

David Formenti , Sage Technologies, Morgan Hill, California

This month’s column is about analyz-
ing the mode shapes2 of a structure us-
ing two different impact testing tech-
niques to collect Frequency Response
Functions (FRFs). One technique uses a
fixed reference triaxial accelerometer
while impacting various points of inter-
est in only the z-direction (see Figure 1).
The other technique involves impacting
the same point on the structure in the z-
direction while moving a roving triaxial
accelerometer (see Figure 2).

Question: Do the measurements from
these two testing techniques contain the
same mode shape information?

Answer: NO! The testing technique
used in Figure 1 will yield mode shapes
that only contain mode shape compo-
nents in the z-direction except at point 3
which will have x, y, and z components.
Whereas, the test setup in Figure 2 will
yield mode shapes that have mode shape
components in the x, y, and z directions
for all 9 points of interest on the struc-
ture.

Now let’s look at both of these test set-
ups in detail. In Figure 1 we input a force
in the z-direction while measuring the
response due to that force in three direc-
tions at point 3. This allows us to mea-
sure three Frequency Response Func-
tions (FRFs). Note that we would average
several measurements while computing
the FRFs. If a 4-channel analyzer is used,
all three FRFs would be measured simul-
taneously. With a 2-channel analyzer the
FRFs would be measured in a serial fash-
ion. Thus, independent of how many
channels your spectrum analyzer has,
you could still make the measurements
illustrated in both test setups. In Figure
1 as we rove the input force from one
point to the next, we measure three FRFs.
This would give us a total of 27 FRF mea-
surements as the input is moved over the
9 points of interest.

The test setup in Figure 2 is similar to
Figure 1 but definitely not the same. Here
we always input the force at point 3 in
the z-direction as we rove a triaxial accel-
erometer around to the points of interest.
As mentioned above this set of FRF mea-
surements could be made with either a 2
or 4 channel analyzer. For the test setup
in Figure 1 we measure 3 FRFs at every
point as we move the triaxial accelerom-
eter around to the points of interest. This
test also yields a total of 27 FRF measure-
ments.

The differences between measure-
ments taken from setups shown in Fig-
ures 1 and 2 can be explained from sev-
eral points of view. Perhaps the best and

least mathematical explanation is: In
making FRF measurements, only infor-
mation about the motions at the two
points in the measurement directions is
obtained. Remember that a frequency re-
sponse function measurement is made
between an excitation point and direc-
tion and a response point and direction.
These are generally referred to as de-
grees-of-freedom (DOF) motions. Thus, in
Figure 1 we see that we never made any
measurements that were in the x and y di-
rections except at point 3, where we
made measurements in all three direc-
tions. The mode shapes analyzed from
this set of measurements will show only
motion in the z direction except for point
3 where (in general) it will have motion
in all three directions. In Figure 2 we
move a triaxial roving accelerometer and
make measurements involving all three
directions at each point. The mode
shapes from this test will then (in gen-
eral) have motion in all three directions
at every point.

Another way of looking at the differ-
ences in these two testing situations is to
use Maxwell’s Reciprocity Relationship.
To illustrate this, let’s use the first three
measurements we would make and then
use Maxwell’s relationship to better un-
derstand the motion we actually mea-
sured. From Figure 1 we would make the
following three FRF measurements:

h3x,lz I']C%y,lz h32,lZ

where h;, ,, was measured by impacting
at 1z and measuring the response at 3x.
Now if we apply Maxwell’s Reciprocity
Relationship (interchange excitation and
response DOFs) involving the same three
measurements we would then measure:

h1z,3x h1z,3y hlz 3z

In other words, we now impact at point
3x and measure the response at 1z and
then the next measurement would be
with an impact at point 3y and again the
response at 1z, etc. For each of these mea-
surements we are always measuring the
response in the 1z direction only and
none of our measurements will contain
information about 1x or 1y. This will con-
tinue to be the case for this test situation
as we move around the structure which
has motion only in the z direction.

Finally, we can show the differences in
Figures 1 and 2 more mathematically. To
do this we must first understand the re-
lationship between what is called a resi-
due and the mode shape components
(amplitudes). The residue is a constant
that is determined during the parameter

estimation (curve-fitting) step of a modal
analysis. The residue is part of a set of
constants that is generally referred to as
the modal parameters. The modal param-
eters for a particular mode of vibration
consist of the mode’s frequency, damping
and residue. For the purpose of this dis-
cussion we can think of the residue as
being related to the strength of a mode be-
tween two DOFs where the measurement
was made for a particular mode of vibra-
tion.

It can be shown mathematically that a
residue is proportional to the mode shape
amplitude at the response DOF multi-
plied by the mode shape amplitude at the
excitation DOF for a particular mode of
vibration.

RUO = 0
where:
R{) = the residue for mode k and DOF
iandj

u%k) = the mode shape amplitude for
mode k at DOF i
u}") = the mode shape amplitude for
mode k at DOF j
When we have completed a modal
analysis and are viewing the results in
animation, we are really looking at the set
of all analyzed mode shape components
(u) that make up the mode shape.
From Figure 1 we see we would esti-
mate the following residues for a particu-
lar mode of vibration:

R3x,1z = u3x DLI1z
RBy.lz = u3y IjLIlz

R32,1z = u3z Dulz

R3x,32 = Uy DLI3z
R3y,3‘z = u3y |]‘I3Z

Raz,3; = Uz, [,

R3x,92 = Ugy Du&)z
RBy,Qz = l-*'3y |]‘|92
Raz,02 = Uz, [llg,

To determine u from the residues we
use the driving point residue R

_ 1/2
Uz, =(Raz37)

Now that we have calculated ug,,, its
value can be back substituted using the
other residues to determine the other u
values. However, when we inspect the u
values that were calculated, we see that
they are in the z-direction except for
point 3 where they’re in all three direc-
tions.

Now we take a look at Figure 2 and go
through the same process as above. The
residues for a particular mode in this case
are:

3z,3z
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Rlx,az = LI1x ‘j"ISZ
R1y,3z = u1y DLISZ

R12,32 =Ug; mSZ

R3x,3z = Uzy |]J32
R3y,32 = lJSy ma‘z
Raz,37 = Uz, [lia,

R9x,32 = Ugx |],I32
R9y,3z = lJQy DUSZ
Roz,3; = Ug, iz,

Again we take the square root of the
driving point residue to, in this case,
determine ug,. Once we know ug, it is
substituted back to determine the rest of
the u values. When we inspect the result-
ing mode shape components, we now see
that we have mode shape amplitudes in
all three directions at all of the points.

In summary, the main difference be-
tween the two testing techniques is that
from Figure 1 only motion in the z-direc-
tion is measured (excluding point 3).
Whereas, in Figure 2 our mode shapes
would contain motion in all three direc-
tions. Also one might ask, “what did all
those measurements in the first situation
buy us.” The same number of FRF mea-
surements were made in both test setups
and it seems that we got more informa-
tion for the same number of measure-
ments (27). If we go back and look at the
u values that we calculated in the two
setups, we see that in the first setup we
have three different estimates of u in the
z-direction at all the points, whereas in
Figure 2 we only have one estimate in
each of the three directions at all the
points.

The testing technique illustrated in
Figure 1 is the MRIT (Multiple Reference
Impact Testing) technique. This method
should be used whenever impact testing
is performed with an analyzer that has
more than 2 channels since the extra FRF
measurements can be made without any
penalties of time. These extra redundant
measurements can be used by some
modal analysis systems to better estimate
the modal parameters. If you use the
MRIT technique, it is not required that
the extra reference transducers be at any
particular points and/or directions. You
should distribute the extra references
around the structure in various direc-
tions. And, remember, that as you rove
the input, it should in general be in all
three directions.

Next month’s Q&A column question:
When making an impact type of FRF
measurement with several averages, is it
important to hit the same point in the
same direction for each average? If so,
why?

Send your questions or comments to:

Dave Formenti

Sage Technologies

16675 Buckskin Court

Morgan Hill, CA 95037

Phone: (408) 776-1106

DYNAMIC TESTING REFERENCE ISSUE

Fax: (408) 776-1107
Email: dformenti@thesagesite.com
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Figure 1. Fixed triaxial reference with roving
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Figure 2. Roving triaxial response with fixed Z-
direction input.




