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How much time do you spend going back and correcting or
re-acquiring your data because either a sensor was oriented
incorrectly, switched with another sensor channel, or simply
not working when you acquired the data? How many times has
the instrumentation phase of your modal test (including the
time required to get all sensors working properly and entered
accurately into the data acquisition system) required more
time and effort than actually conducting the modal test itself?
With all the advances in modal test instrumentation, why are
sensors and cables very often the weakest link in the modal
test process? Have so-called smart sensors really improved
modal testing? This article addresses these questions and ex-
plores the authors’ experience with various types of sensors,
methods of instrumenting test articles, advances over the
years, successes and failures, and some best practices in the
use of modal test instrumentation, especially for ‘large’ (100-
500) channel count tests.

Instrumentation is a critical element of any test. On many
modal tests, the instrumentation setup phase requires more
effort and time than the actual testing portion. When there are
problems with malfunctioning or incorrectly located transduc-
ers, data processing time increases and some of the tests may
need to be repeated. As the number of measurement locations
grows, the opportunities for mistakes and the probability of
errors can grow even faster. In recent years, there have been
advances in so-called “smart sensors” that have the ability to
electronically store and transmit serial number, calibration
value, and location in a standardized format defined within the
IEEE-P1451.4 standard. These sensors, utilizing what is now
commonly called TEDS (Transducer Electronic Data Sheets),
can reduce the errors associated with entering this information
by hand, where mistakes can be easily made during data en-
try. However, there remain many other opportunities for prob-
lems associated with instrumentation. In this article, the au-
thors offer their experience, insights and recommendations
associated with the topic of test instrumentation.

The Basics of Modal Test Instrumentation
There are many elements to modal test instrumentation, only

one of which is the sensor/transducer. As depicted in Figure
1, other physical components include the cable, power supply/
signal conditioning, the analog-to-digital converter (commonly
known as the “front end”), and even the mounting block and
adhesive (often used for attaching accelerometers). There are
also a number of non-physical elements such as the calibration
or transducer sensitivity, useful frequency range, measurement
range, units of measurement, and amplifier gain. And there are
other less obvious elements such as the attenuation of the ad-
hesive and impedance of the cable. Although the data acquisi-
tion system can also be considered part of the instrumentation,
where factors such as dynamic range, filtering, and coupling
will affect the measurement, we will not address it in this ar-
ticle. While there are a number of types of transducers that are
used in modal testing, we will focus solely on accelerometers.

Accelerometer Selection. The choice of accelerometers is
critical to making good measurements. This selection must be
based on the requirements of the test to be conducted. There
are a wide variety of models and manufacturers to choose from,
and this choice will often dictate the type of cable and power

supply/signal conditioning that will be employed. Perhaps the
most common accelerometers in use today for modal testing are
of the piezoelectric ‘voltage’ mode type, meaning they require
only a DC constant current power supply. These accelerometers
contain internal circuitry,1 which produces a low impedance
voltage signal compatible with most equipment (oscilloscopes,
front ends, etc.). Thirty years ago, most piezoelectric acceler-
ometers were ‘charge’ mode type, requiring an external charge
mode amplifier to both power the transducer and convert its
signal to voltage. Of course, every transducer type has certain
advantages and disadvantages. While still used today in cer-
tain applications, charge mode accelerometers have several
drawbacks when used in modal testing that have made them
less desirable than voltage mode accelerometers. They require
more tedious setup handling to prevent damage, typically re-
quire more complex and expensive signal conditioning, can be
more expensive, should be used with low noise cables (which
are also more expensive), their high impedance signals are more
susceptible to environmental influences such as cable move-
ment (triboelectric effects), electro-magnetic signals and radio
frequency interference, and they can have problems when
transmitting the signal over large distances.

Piezoelectric accelerometers rely on the piezoelectric effect
of quartz or ceramic crystals to generate an electrical charge
output that is proportional to applied acceleration. This charge
signal is converted to a voltage either through a separate charge
converter, or using electronics embedded in the transducer
casing. (Sensors containing built-in signal conditioners are
classified as Integrated Electronics Piezoelectric (IEPE) or volt-
age mode). Piezoelectric sensors typically have a dynamic
amplitude range (i.e., a maximum measurement range to noise
ratio) on the order of 120 dB. This means that a single acceler-
ometer can measure acceleration levels as low as 0.0001 g to
as high as 100 g, assuming one is using the proper type of sig-
nal conditioning. Other factors which affect the choice of ac-
celerometer include size and weight, cabling, TEDS capabil-
ity, and mounting method. The weight of an individual
accelerometer, and sometimes the total weight of ALL acceler-
ometers, mounting blocks, cables, tape, etc., should be consid-
ered with respect to the potential to influence the modal pa-
rameters of the test article.

In general, over the years, IEPE voltage mode piezoelectric
accelerometers have gained favor and become the transducer
of choice, due to their robust design, high sensitivity, and ease
of installation. Manufacturers of these accelerometers have
optimized their performance and configurations to make instru-
mentation even easier. Further, data acquisition manufactur-
ers have incorporated the constant current supplies needed to
power the sensors making the overall test configuration sim-
pler. Since most modal tests are performed under modest tem-
perature ranges, the voltage mode piezoelectric accelerometer
tends to be selected more often than the charge piezoelectric
accelerometer, which does provide better performance over a
wider temperature range. This makes the selection of the modal
accelerometer simpler and can often be based on the test ar-
ticle size, and the frequency range of interest.

Accelerometer Attachment. The attachment of the acceler-
ometer can have an effect on the measurement for a number of
reasons. The adhesive will attenuate the signal, most notably
at higher frequencies. Double-backed tape, wax or putty, hot
glue, epoxy, and other bonding materials all have an upper fre-
quency limit beyond which they act as a mechanical low pass
filter. With more complex test article geometries, the chance
for misalignment of the accelerometer increases. Figure 2
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shows a typical accelerometer attachment which includes a
non-residue tape, hot glue attachment of a mounting block, and
three accelerometers with associated cables. Identifying bar
codes for both the accelerometers and node location are also
shown.

Selection of the proper attachment method is again a func-
tion of the test being conducted. The size of the transducers
being used affects the appropriate technique. Where the sen-
sor is to be placed should also be considered. It is a real disad-
vantage to have a sensor signal be lost in a test due to de-bond-
ing when there is no way to access the transducer. And, of
course, the frequency range of interest should guide the method
of sensor attachment just as it does the original selection of the
sensor.

Accelerometer Cables. Accelerometer cables are often the
weakest link in the entire modal test setup, especially when
cables are used in one test after another. There are a number of
cable types that can be used in modal tests, as shown in Fig-
ure 3. Coaxial cables with microdot connectors have histori-
cally been a traditional cable used in test instrumentation with
charge type accelerometers and older style voltage type accel-
erometers. These may be low noise (if used with charge trans-
ducers) or standard cables. These are the most expensive of
cable types and may be easily broken if they are bent into sharp
angles nearing 90 degrees. They also have small connectors
which must be turned several times to tighten properly. Dirt
and other foreign materials can often find their way into these
connectors when they are installed and lead to problematic

electrical connections to the transducers.
Coaxial cables with BNC connectors have also been com-

monly used in modal tests. These are a more rugged type of
cable, less expensive than microdot cables, and with connec-
tors that are easier to attach and less fragile than microdot con-
nectors. However, there are few if any accelerometers that have
BNC connectors, yet another cable is required to go between
the BNC cable and the microdot. This cable is often a microdot-
to-BNC cable (also shown in Figure 3), which has the same fra-
gility and connector issue as a regular microdot cable. Addi-
tionally, the larger coaxial cable used is much heavier than
other cabling and leads to substantial weight if there are nu-
merous transducers.

In more recent years, ribbon cables have been developed,
some of which have one end that is hard-wired into the accel-
erometer socket. These cables can accommodate three or four
accelerometers (see Figure 2) and have a connector at the other
end which connects to a “gather box” (see Figure 4). This gather
box can accommodate 16 accelerometer channels and be lo-
cated close to the accelerometers. A multi-pin cable then car-
ries the 16 channels back to the signal conditioning/power
supply. At this end of the instrumentation we have 15 fewer
cables than with the other types of cables. For applications
where there are hundreds of accelerometers, we end up with a
manageable number of cables instead of what sometimes looks
like a rat’s nest! The ribbon cables provide a substantial im-
provement in weight savings and ease of installation over pre-
vious cable types.

Instrumentation Management. When making measurements,

Figure 1. Primary components of the accelerometer instrumentation and
data collection.

Figure 2. Typical accelerometer attachment using hot glue and a mount-
ing block.

Figure 3. Four types of accelerometer cables.

Figure 4. The “gather box” simplifies the instrumentation cabling sys-
tem.
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the test engineer (and by extension, the data collection soft-
ware) needs to know, for each front end channel, the node lo-
cation or number and sensing direction of each transducer and
the calibration and gain of the transducer. It may be helpful to
have a text label associated with each transducer (e.g., “left
wing tip leading edge”) so that the engineer can better inter-
pret the data when it is displayed together with the text infor-
mation. For proper record keeping and traceability, it is useful
to record the accelerometer serial number. Again, for tests with
100 or more accelerometers, some automated system of record-
ing this information is invaluable, which is addressed in the
remainder of this article.

Examples of What to Avoid
In our experience, there are two types of instrumentation

problems to avoid. One is where the chance for erroneous data
is high. The other is where problems or certain instrumenta-
tion choices will cause delays in the test. Of course, errone-
ous data, when discovered, often leads to delays in testing due
to the time required to correct the error.

Measurement errors related to instrumentation include er-
roneous calibration or gain factor, incorrect identification of
the measurement location, accelerometers not oriented prop-
erly, and improper bonding of the transducer and/or mount-
ing block to the test article. Many of these errors are easily
overlooked and never discovered. For example, if the calibra-
tion factor is entered by hand, it is very easy to enter a wrong
value because these numbers are rarely integers. Small errors
may not be detected. An accelerometer that is misaligned by
10° to 45° will produce a magnitude error of 1.5 to 29.3%, re-
spectively, which may go unnoticed. When the accelerometer
is not well bonded, it may appear that the transducer is work-
ing properly, yet there may be amplitude errors, especially as
the frequency range increases.

There are a number of factors which affect the time required
to install, troubleshoot, and easily remove the instrumentation.
These factors include the bonding method, the type of accel-
erometer and cable utilized, and very importantly, how all of
the setup information is entered into the data acquisition sys-
tem. Manual data entry, even when mistakes are not made, is
very time consuming. Bonding methods such as epoxy and
dental cement take a lot of time and are often not needed when
the frequency range of interest is below several hundred or even
1000 Hz. Having to use individual cables between the acceler-
ometer and the front end may result in long cable runs and the
conglomeration of cables referred to previously. The next sec-
tion looks at approaches to mitigate these potential problems.

Examples of Instrumentation Successes
In the early 1980s, the authors were involved in several

modal tests involving hundreds of accelerometers for each test.
In most of those tests, the instrumentation was provided and
installed by the organization responsible for the test article,
while our company (then SDRC) had responsibility for data
collection and analysis. The instrumentation method included
a single, long microdot cable for each accelerometer and the
instrumentation phase took a very long time. Since we were
performing more and more tests for customers where they

wanted us to supply the instrumentation, we decided to de-
velop our own system that simplified the cabling and reduced
the time required for the setup phase.

Our main objective was to eliminate the need for long
microdot cables. These cables were expensive and also tended
to have a short life – they could not be re-used on test after test
without incurring a significant failure rate. Our solution,
shown in Figure 5, incorporated the use of a home-made
“gather box” that would allow us to connect 12 microdot cables
and then run one long multi-pin cable back to the signal con-
ditioning amplifier. (This 12 channel gather box became the
prototype for the subsequent development by PCB Piezotronics
for the gather box described previously.) With this gather box
approach we could use short microdot cables that were less ex-
pensive and easier to manage. The long, multi-pin cables were
more rugged and lasted longer. By modifying the 12 channel
signal conditioner to accept the multi-pin cable, we now had
a system that could be installed more rapidly and at less over-
all hardware cost.

Our next focus was data management, where we had two
goals. The first was to simplify the entry of setup information
(calibration, channel identification, etc.) into the data collec-
tion system while minimizing the chance of errors. Second, we
wanted to document the setup to have a record of which ac-
celerometer was at every location in case there were questions
later where we might need this information. We developed a
software program that allowed us to enter the location, chan-
nel number, and serial number of every accelerometer. The
program also read a data base of serial number versus calibra-
tion that was created in our lab when the accelerometers were
calibrated. Another input file contained an identification text
for each node on the structure where we would place an ac-
celerometer. The output of this program was two universal
ASCII data set files that were in the proper format for our data
acquisition system – one was the calibration file and the other
the channel table file. We were able to print out the setup from
either the setup program or our data acquisition software, I-
DEAS Test.

In the 1990s this program was replaced with a more modern
Microsoft Excel based system using bar codes and a laser scan-
ning Palm Pilot™ personal data organizer.2 Implementation of
a barcode enhancement to the modal test setup process was first
observed by the authors at McDonnell Douglas Aircraft in St.
Louis. This method of tracking the transducer and cable instal-
lation led to improved ideas for this setup process. This newer
system not only further streamlined the bookkeeping process,
it further minimized the opportunity for errors, since we could
now electronically record (scan) the accelerometer serial num-
ber and location, as shown in Figure 6.

At the same time we were working on these two improve-
ments, we were also looking for ways to make accelerometer
installation easier. On one airplane modal test we noticed that
technicians were using hot glue to attach accelerometer mount-
ing blocks. The process was very fast because the adhesive

Figure 5. Prototype system of gather box and integrated cabling system.

Figure 6. Using a Palm Pilot to scan the setup information reduces er-
rors and improves efficiency.



35SOUND AND VIBRATION/APRIL 2005

dried so quickly and required no preparation (unlike epoxy and
other similar bonding materials). In addition, the hot glue re-
sulted in a very strong connection (unlike double-back tape).
Over time, we even began to use hot glue for the exciter block
attachment and found it would hold for forces of 20 lbs rms or
greater using a random input.

We were still faced with one time consuming step – attach-
ment of the accelerometer. Most of the accelerometers we used
in the 1980s had a 10/32 threaded hole that required the ac-
celerometer to be screwed into a mounting block and then the
microdot cable screwed into the accelerometer. To complicate
matters, where we attached three accelerometers to one block
(in order to make a triaxial measurement), we would encoun-
ter connectors that interfered with each other, causing us to
have to change accelerometers until we found an arrangement
that would work. If we had to replace an accelerometer, we
might have to disconnect or adjust the adjacent acceler-
ometer(s).

PCB Piezotronics continued to be involved in how we were
conducting tests. They also worked closely with the Univer-
sity of Cincinnati. Through these collaborations they began de-
veloping accelerometers and cabling that both reduced over-
all cost and made the installation easier. In 1982 they
introduced the Structcel® accelerometer system that included
a mounting pad and integrated cable and a separate accelerom-
eter that plugged into the mounting pad. The corresponding
system included a signal conditioning system with a light for
each channel indicating whether it was connected properly.
Over time, these features were incorporated into the PCB Model
T333B accelerometer (shown previously in Figure 2), a 100 mv/
g transducer with TEDS technology and the same type of
mounting/attachment as the Structcel.

The result of all of these developments is an accelerometer
instrumentation system3 that can be installed, connected, veri-
fied, and easily integrated with the data acquisition software.
Our current experience on modal tests indicates we can per-
form all of these tasks at a rate of 15 minutes per accelerom-
eter channel, even for large test articles such as aircraft, where
we have to run cables up to 100 feet. This means a crew of three
people can complete the installation of 300 accelerometers in
just two 12-hour days. By devoting a 4th person to the team
who sets up the other equipment and works on positioning the
exciters, we can be ready to test in two days.

Recommended Best Practices
By combining these best practices for instrumentation with

appropriate commercially available products and providing
proper training, any organization should be able to see im-
provements in their modal testing work. We list here the ele-
ments we use in our testing group.

Accelerometer Calibration. Have your calibrations per-
formed by a laboratory that follows NIST standards (ISO 10012-
1). This ensures that questions about accelerometer response
levels can be traced back to the calibration data. We have in-
vested the time and equipment to do these ourselves. The cali-
bration results should be stored in a data base or file such as
Excel that lists, for every transducer, the make and model, se-
rial number, calibration, calibration date, and date the calibra-
tion expires. Set up a regular calibration schedule.

Accelerometer Selection. Have a bar code on every acceler-
ometer corresponding to its serial number. Over time, replace
your non-TEDS accelerometers with TEDS type (with inte-
grated cabling) and acquire signal conditioning that will read
the TEDS information, which at a minimum should be the
channel number and serial number. Some labs may choose to
write the calibration into each accelerometer’s TEDS memory.

Accelerometer Installation. Before installing anything, mark
all measurement locations using non-residue tape and include
a bar code associated with the location that includes the node
number and which directions (X, Y, Z) are to be measured.
When the engineer or technician is ready to attach the block
and accelerometer, they can quickly see what is called for at

each location (Figure 7). In addition to using hot glue, it can
be helpful to use a small bubble level that you can orient on
top of the accelerometer block as you attach it to ensure it is
properly aligned.

Instrumentation Data Management. The use of a bar code
based system has been the key to reducing the time required
to have the instrumentation set up correctly with little chance
of having the types of undiscovered errors that were described
earlier. The data management system we developed in the
1990s was further improved with the inclusion of TEDS capable
sensors and is now available commercially.4 By tying the ac-
celerometer serial number to the calibration (using the calibra-
tion file), measurement location (using a laser scan as shown
in Figure 6), and to a data acquisition front end channel using
TEDS, we can know everything we need about what is con-
nected to every data channel. And we have avoided entering
any of the information manually.

Training. It is not enough to provide tools to the test team.
They must be properly trained in order to realize and appreci-
ate the same benefits that the authors have seen in our organi-
zation. A key element of this training is having newer mem-
bers of the team work with others who are proficient in all
elements of a modal test, including the instrumentation phase.
This way the test gets performed to the high standards required
while everyone gains experience.

Summary
It has become commonplace to conduct modal tests with 100

to 500 accelerometers. Installation and management of the in-
strumentation is a critical element of the test, both in terms of
data quality and time required. In the past 25 years, there have
been many advances in transducers, cabling, installation and
data management. TEDS capable accelerometers (also known
as “smart sensors”) with a mounting block and integrated cable,
have been one significant advance. By utilizing all of the avail-
able technology, the best practices described here and an ex-
perienced test team, the instrumentation phase of a modal test
can be accomplished in as little as one or two days based upon
a rate of 15 minutes per accelerometer. And you can avoid or
minimize those crossed signals!
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Figure 7. The use of bar codes, non-residue tape and hot glue enhance
the accelerometer installation.
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