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Abstract
Impact testing has always been an attractive method when exciting all types of structures to estimate fre-
quency response functions (FRFs). For most structures, the option of using single or multiple input excita-
tion with shakers is also a reasonable possibility. Lightweight structures made of carbon fiber construction,
thin metal panels or plastics pose problems for both excitation methodologies. For these lightweight struc-
tures, the use of shaker excitation, even with very small shakers, is often undesirable since the attachment of
the shaker(s) may result in constraining or altering the structure. While impact testing does not have these
constraints, using very small excitation hammers create practical problems as well. Some of these are well
known (like multiple impacts) and some are less well known (high energy signal distortion in the delta-sigma
ADCs). This paper reviews some of these problems, shows examples of data collected demonstrating these
problems and suggests ways that these problems can be minimized once the problems are understood.

1 Introduction

The validation of models for lightweight structures raises several practical problems that, while similar to
past testing situations, raise new concerns with respect to the excitation of these structures. Lightweight
structures are those made of carbon fiber or fiberglass construction, thin metal panels or plastics which have
high stiffness to mass ratios with very low weight. These types of structures are used more frequently in
various current products and need to be experimentally tested in order to validate an associated dynamics
model. The experimental testing is critical since there is more uncertainty in these models due to the evolving
nature of the materials and associated material properties. In any fiber based materials, the orientation of the
fiber ply material in multiple layers, with different potential orientations of the fiber ply material, together
with the fiber density and the amount of resin impregnation means that these materials, even in a simple
validation coupon structure (for example, flat rectangular plates), are difficult to model accurately. Examples
of these types of structures are shown in Figure 1 and Figure 2. Structures that have been recently tested
include the structures in Figures 1 and 2 along with the blade for an aero-drone and military aircraft helmet.

Experimental testing of these lightweight structures is mostly conducted in a free-free environment to match
an associated modeling boundary condition. Due to the lightweight structure, great care must be taken to
minimize the effect of instrumentation on the dynamics of the structure. Small lightweight accelerometers
are most often used to measure response. Non-contacting sensors like laser velocimeters are desirable but
the amount of rigid body motion in a free-free test configuration frequently will cause the laser to fall out of
registration. The small mass of an accelerometer can be added to the associated model as a small lumped
mass for most validation exercises. As long as the mass is accurately located and not moved during the
testing, small accelerometers are quite acceptable. Excitation is quite another concern. Small shakers are
a possibility but the structural impedance associate with attaching the shaker, stinger and load cell is a
significant problem. With free-free testing, the constraint that a small shaker adds to the test is notable and
not easy to model. All in all, impact testing provides minimum issues when compared to small shakers.
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Figure 1: Validation Coupon Structure Example

Figure 2: Small Engine Intake Plenum Example
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2 Impact testing (pulse testing, tap testing)

Impact testing has been used for structural dynamics testing since the late 1960s when the FFT was starting to
be available in stand-alone testing equipment [2]. The seminal reference reviewing many of the advantages
and limitations of impact testing is the paper by Halvorsen and Brown [5]. Since those early days, many
references have appeared that discuss many aspects and nuances of impact testing applied to various test
situations (see references [1]).

A recent paper [1] summarized the particular issues associated with impact testing and various digital signal
processing hardware, particularly delta-sigma ADCs. This information is reviewed in the following sub-
sections.

3 Data acquisition issues

Data acquisition concepts/issues related to impact testing and, particularly, modern delta-sigma ADCs need
to be reviewed. While these modern ADCs effectively involve the same sampling-quantization result, the
mechanisms that are used are a little different. This causes some particular concerns with respect to impact
testing. Some of the subtle differences include anti-aliasing filters (both analog and digital), the location and
purpose of the anti-aliasing filters, the number of bits in the ADC that are available to quantify the amplitude
of the time domain signal, the detection of signals that are too large for the input gain chosen (overloads),
the location of the detection of the overloads and the number of simultaneous channels. The year 1980 is
chosen as the crossover point where the hardware began moving toward fewer sampling frequencies with
fewer analog filters to the design of the current delta sigma (or sigma delta) ADC technology with only one
sampling frequency and one analog anti-aliasing filter, relying increasingly on digital filtering. By 1980,
most hardware systems had added the ability to pre- and post-trigger, the last piece of hardware and software
technology that is commonly used in impact testing today. Note that most of the current impact testing
guidelines and techniques were developed long before the introduction of current ADC hardware/software
in the time period of 1970 to 1990.

3.1 Historical ADC hardware/software (pre-1980)

Figure 3 gives a block diagram of the typical hardware that was used prior to 1980 for each channel of the
data acquisition. It is important to note that there were generally not more than four channels of simultaneous
data acquisition in the Fourier transform analyzers of this time period. From the first commercial Fourier
transform analyzers, the traditional frontend hardware input utilized a user selectable, low-pass filter (LPF)
that was placed before the analog gain portion of the ADC to protect against the aliasing error (noted by
location A in Figure 3). This filter was not generally part of the Fourier analyzer during this time period
and the user had to choose the LPF based upon the Nyquist frequency that would be used in the ADC. The
general rule was to choose the cutoff frequency of the LPF around 80 percent of the Nyquist frequency to
eliminate the frequency information above the Nyquist frequency, thus avoiding the aliasing error.

Several design issues are important to note. The analog, anti-aliasing LPF needs to have significant roll-off
to prevent the aliasing error based upon the 80 percent, Nyquist frequency rule and the same filter must be
applied to all channels of data acquisition to prevent phase mismatch between channels. This requires an
instrumentation quality filter to be both adjustable and to have the desirable pass band characteristics. The
overload detection was generally a visual indicator on each channel (LED) but the software interface with
the hardware rarely provided any feedback to the user. The overload detection circuitry that triggered the
visual indicator was in the output of the analog gain section of the ADC or in the input of the digital section
of the ADC (location B in Figure 3). The ADC typically had only 10-12 bits together with numerous input
gain settings to allow for optimization of the analog signal to the ADC. The optional digital filter (noted by
location C in Figure 3) was limited by the computer performance of the mini-computers available in these
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Figure 3: Historical ADC Design

data acquisition systems (computer speed, computer word size, computer memory, etc.). For this reason,
the digital filter was only used to perform banded frequency analysis within the chosen Nyquist frequency
bandwidth. With respect to impact testing, it is important to note that the analog, anti-aliasing LPF performed
a secondary function that is distinctly different in the current ADC design. Since the cutoff frequency of the
LPF filter was always set at 50-80 percent of the desired Nyquist frequency, this filter removed the frequency
information (energy) above the Nyquist frequency on every signal before the signal entered the analog gain
section of the ADC (at location B). This allowed the input gain to be set according to the signal frequency
content that was in the users frequency band of interest. Note that in the mid 1980s, when DSA manufacturers
first integrated the LPF into the frontend, it was not uncommon for the manufacturer to choose a maximum
frequency (cutoff frequency equal to 50-80 percent of the Nyquist frequency) to protect the quality of the
users data through an additional frequency guard-band (frequency band from maximum frequency to Nyquist
frequency). The high cost of this ADC design had a significant cost per channel that made multiple channel
analyzer designs cost prohibitive. The high cost was a function of both the design of the ADC itself and the
requirement for an instrumentation quality filter for each ADC channel.

3.2 Current ADC hardware/software (post-1995)

Figure 4 gives a block diagram of the typical hardware that is now used for each channel of the data acquisi-
tion. The delta-sigma design currently used allows for a digital signal analyzer to have a much lower cost per
channel since this design takes advantage of the delta-sigma ADC/DAC design that is widely used through-
out many consumer electronics devices (CD and DVD players, HD-TV systems, etc.). The delta-sigma ADC
design uses a different process that takes advantage of the bundling of the operations into a single electronics
chip along with increased computer speed, computer word size and computer memory to give a superior final
result (24 bits) at a much lower cost. This means that more channels can be made available at a lower and
lower cost per channel. The changes in the design concept give the same final result but the operation is a bit
different. In Figure 4, the significant difference in the delta-sigma design is the single sampling rate that is
utilized. The ADC is a one-bit ADC with a sampling rate at a very high frequency when compared to struc-
tural testing, or even acoustic testing, requirements. The actual sampling rate is often in the 5-10 MHz region,
(noted by location B in Figure 4) and is generally chosen at 128 times the effective sampling rate associated
with the highest effective Nyquist frequency. Note that other oversampling rates are used in specialized
application areas when the decimated frequency may be chosen to match a particular application need; for
example in audio applications where the effective sampling rate is chosen to match the CD audio data rate.
As an example, if the highest desired Nyquist frequency is 25 kHz, then the highest effective sampling rate
would be 50 kHz. The actual sampling rate would then be 6.4 MHz. The 24 effective bits of the delta-sigma
ADC, at the highest effective sampling rate, comes via the digital filtering and down-sampling that occurs
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Figure 4: Current ADC Design

in the delta-sigma ADC chip beginning with the one bit sampling that occurs at 6.4 MHz. The user selected
Nyquist frequency is determined by the digital filter characteristics (noted by location C in Figure 4). The
difference in the delta-sigma ADC design that affects experimental testing, and particularly impact testing,
comes from the analog, anti-aliasing LPF that is utilized (noted by location A in Figure 4). Note that the
analog, anti-aliasing LPF (at location A) is positioned early in the signal processing and separated from the
digital filter that is set by the user selected Nyquist frequency (at location C). In the example cited above,
the cutoff frequency of the LPF can be chosen anywhere between 80 percent of the highest effective Nyquist
frequency (25 kHz) up to 80 percent of the actual Nyquist frequency (3.2 MHz). Since the digital filter (at
location C) removes the high frequency energy in the signal after the input gain and quantization, the input
gain cannot be optimized as in the historical ADC design. In order to make sure that the characteristics of
the LPF do not affect the magnitude and phase characteristics of any data in the frequency range up to the
effective Nyquist frequency, vendors will often choose a less aggressive anti-aliasing filter design set at a
frequency that is well above the effective Nyquist frequency. This gives an effective anti-aliasing design at a
minimum cost per channel.

Regardless of the oversampling rate, the type of anti-aliasing filter that is used and/or the cutoff frequency
chosen by the vendor in a delta-sigma design, the anti-aliasing filter no longer limits the higher frequency
energy that may be present in impact testing. At a minimum, this cutoff frequency would be at 80 percent of
the highest Nyquist frequency (25 kHz) in a digital signal analyzer. Most structural testing involving impact
testing is at 5 kHz or below. While there are no issues involving the aliasing error, the anti-aliasing LPF now
allows this high frequency energy from the impact input or response to reach the ADC.

The overload detection in a delta-sigma ADC design occurs at the same location as in the historical ADC
design. The overload is detected at the output of the analog gain section of the ADC or in the input of the
digital section of the ADC. The problem for impact testing is that the data signals now have energy in the
frequency range well above the actual Nyquist frequency desired (100-500 Hz). This means that the analog,
input gain on each channel will be set using the higher energy level of the frequency range up to the analog,
anti-aliasing LPF. This is distinctly different from the historical ADC design. As an example, the delta-
sigma ADC may require that the input gain be set to a plus/minus 10 volt range to satisfy the high frequency
characteristics in the data (25 KHz or above) but the final time waveforms may be only a volt or less once
the digital filter reduces the data to the desired Nyquist frequency (100 Hz). This means that the choice of
the hammer and hammer tip, to limit the frequency content above the desired Nyquist frequency, is critical.
This will be discussed further in a later section concerning auto-ranging, overloads and overload detection.

3.3 Other data acquisition hardware/software issues

There are a number of other issues concerning the delta-sigma ADC design that affect impact testing. With
the move to a delta-sigma ADC design with 24 effective bits (more dynamic range than previous designs),
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Figure 5: Typical Mini Hammers

most manufacturers have reduced the number of input gain settings as the number of effective bits in the
ADC have increased.

While the need for fewer input ranges may be true for most steady state testing situations, it is another
complication for impact testing since there are fewer input ranges to choose from to avoid the overload
problem.

Other changes that are common in current ADC designs involve a number of trends. Most systems have more
channels than previously with 8 to 16 channels very common. More channels means that visual checking
of each channel for overload or undesirable characteristics is often overlooked or compromised. To reduce
this problem, most overload detection is now integrated with the software so that a hardware overload is
communicated to the data acquisition software. This allows for a software auto-ranging algorithm to assist
the user in detecting overloads. Current data acquisition designs also offer the ability to pre- and/or post-
trigger to make sure that the initial portion of transient signals, like those involved in impact testing, is not
missed.

4 Data acquisition sensors

When testing lightweight structures the size and mass of the sensors needs to be very small as well. The
hammers are nothing more than the tiniest load cell mounted on the end of a small plastic tube (see Figure
5). This configuration means that the hammer will be tapped on the structure to input the force (truly the
meaning of a tap test). Alternatively, since the handle is now a small plastic tube, the input force can be
achieved by bending or pre-loading the plastic tube and releasing the hammer head in a flicking motion. This
gives a much higher force input.

While it is desirable to use non contacting response sensors, this is often not possible since free-free boundary
conditions are most often used. Even the small force input will cause sufficient rigid body motion in the
structure. This will often cause a non-contacting sensor like a laser vibrometer to lose registration with
respect to the structure.

Generally, very small accelerometers like those in Figure 6 are used. These accelerometers must be very
small with low mass in order to avoid alteration of the modal parameters, particularly modal frequencies,
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Figure 6: Typical Small Accelerometers

of the structure. It is very difficult to find small sensors with reasonable sensitivity (0.1V/g or greater).
Normally very small accelerometers have very minimal sensitivity as they are used in shock environments.
Low sensitivity is complicated by the small amplitude impacts (taps) as well as the limited number of input
gains available in delta sigma ADCs.

5 Impact testing guidelines - revisited

Impact testing lightweight structures requires that all of the guidelines for traditional impact testing need to
be reconsidered due the challenging characteristics of the testing environment. Figure 7 is representative of
a typical test environment with a lightweight structure. Impact testing is normally performed with several
response sensors held at fixed locations with the impact force moved to each degree of freedom (DOF) of
interest. This form of impact testing is single-input, multiple output (SIMO) and is referred to as a multiple
reference impact test. Since most modern data acquisition systems can be configured with four, eight or
sixteen data acquisition channels, it is easy and efficient to utilize three, seven or fifteen references for each
input DOF. This SIMO data, repeated at each input DOF is an excellent test method that acquires FRF data
needed for multiple reference (polyreference) modal parameter estimation. The lightweight structure, an
engine intake plenum in this example is supported on foam to approximate a free-free boundary condition.

Several impact testing guidelines are reviewed in the following subsections. These are not new guidelines
but many are even more difficult to achieve, and may need to be redefined, when impact testing lightweight
structures.

5.1 High frequency energy

Many of the problems associated with impact testing in delta sigma ADCs are a function of the analog
to digital conversion process that occurs well above the user’s frequency range of interest along with the
summation and down-sampling that occurs when the digital signal is processed into the final frequency range
of interest. The high frequency energy (from the user’s desired maximum frequency to the analog aliasing
filter’s frequency cutoff) arises from the nature of the small hammer and resulting impact force spectrum.
Due to the small physical nature of the impact hammer, it is difficult to adjust the force spectrum of the
impact hammer. The only possible frequency spectrum adjustment may be utilization of a viscoelastic tip
cover. The possible force spectrum versus frequency achievable in such a small hammer is shown in Figures
9 and 10.
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Figure 7: Typical Test Setup

Figure 8: Typical Test Object, Engine Intake Plenum
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Figure 9: Impact With Tip Cover

Figure 10: Impact Without Tip Cover
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Figure 11: Overload Indication GUI

It is imperative that frequency range analysis be initially conducted at 5-10 times the user’s desired maximum
frequency in order to fully understand the nature of the force spectrum. This is particularly important in order
to understand the overload characteristics of both the input and the response.

5.2 Overloads

Overloads can occur due to the voltage signal in the input and/or response for two different reasons. First,
the measured voltage can too large with respect to the analog nature of the signal limited by the analog
anti-aliasing filter frequency cutoff (above the input gain setting). This frequency is fixed as a function of
the fixed sampling rate of the delta sigma ADC and may be as high as 3.2 MHz. This is often a quite
high frequency relative to the frequency range of interest. Overload detection hardware/software can easily
detect this situation but the clipping of the time domain signal is not normally visually observed due to the
delta-sigma processing (digital filtering and summation) from one bit to 24 bits of dynamic range.

The second reason for which an overload can occur is due to the level of the high frequency energy associated
with the magnitude of the frequency spectrum in the frequency region from the desired maximum frequency
(approximately at the digital anti-aliasing filter cutoff) up to the analog anti-aliasing cutoff frequency. Over-
load detection hardware/software has a more difficult time detecting this situation. Likewise, if this sort of
overload occurs at one of the downsampling/processing stages of the delta-sigma ADC, it will be hard to
detect visually in the time domain signal.

For both overload cases, the user must trust the overload detection hardware/software. Sometimes this is
a single overload indicator (red LED) that does not delineate the nature of the problem. Frequently, there
may be more than one overload indicator as shown in Figure 11. In this example, there is a series of colored
indicators that indicate the status of the voltage level for each channel.

The meaning of the colors of the status of the voltage signal, based upon the current input gain setting are
shown in Table 1.

5.3 Dynamic range optimization

In general, for steady state data acquisition, it is desirable to optimize the input gain setting on each data
acquisition channel to be above, but as close as possible, to the maximum voltage level of the signal on each
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Color Data signal meaning
black Low data signal (below 10 percent)
yellow Minimum data signal (below 50 percent)
green Good data signal (50 - 100 percent)
orange High data signal (above input range but below overload)
red Analog overload
pink Common mode ground signal overload
dark red Digital overload (high frequency energy)

Table 1: Meaning of Overload Indicators
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Figure 12: Time Domain Signal, No Filtering

channel. With fewer analog gain settings on each channel (no more than 5-10), this is more complicated
than in historical data acquisition systems that had as many as 32 analog voltage gain settings. A further
complication is that the time domain voltage signal is only observable after the delta-sigma processing has
been completed. In the case of impact testing, the maximum level of the transient signal will often appear to
be quite low when compared to the input gain setting for that channel. This occurs due to the high frequency
energy that is above the maximum frequency of interest.

Unfortunately, the true levels of the analog signal cannot be observed in modern data acquisition systems. It
is difficult if not impossible for the average user to turn off the digital and/or analog anti-aliasing filters to see
what is going on. One way to check for the associated filtering problems is to ”tee” the input analog signal
to a high frequency scope to observe the actual signal. This is not practical for the average data acquisition
situation but can be instructive in order to understand what is really happening. Sometimes, this will be
observable by viewing the data at an increased sampling rate as shown in Figure 12.

The green curves are the signals with a proper input gain setting. The blue curves exhibit an overload
situation that should be captured by the hardware/software overload detection. The important observation is
that at an improper input gain situation, there is little visual difference in the green and blue curves at the
lower (digital) anti-alias setting associated with the lower maximum frequency (200 Hz) even for severely
clipped data. Note that all data for Figure 12 was taken from the same two input/output analog signals.
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Figure 13: Double Impact Signal- Single Ensemble

For the above reason, it is very important to trust the analog input gain setting from the auto-ranging process
(and very important to auto-range with each new input DOF location/direction). Frequently, this will mean
using an input gain setting that gives a visual time domain signal that seems very small compared to the
channel gain setting. This is also indicated in Figure 12 when the magnitudes of the acquired signals are
compared, from the higher frequency sampling rate to the lower frequency sampling rate. The actual voltage
levels (associated with the high frequency energy) require a gain setting four to ten times greater than the
apparent voltage level at the lower digital anti-aliasing filter cutoff frequency associated with lower maximum
frequency. This is detailed further in [1].

This situation means that the input gain setting will often be higher than what is apparently necessary. With
the limited gain settings available, it is advisable to utilize the overhead or headroom feature associated with
each channel of data acquisition during auto-ranging. This feature allows the user to set a percentage (above
100 percent) of the observed maximum voltage witnessed during auto-ranging to be used in the choice of
the available input gain. This prevents getting into the voltage level region that is not easily detected by the
hardware/software overload detection process. It is much better to give an gain setting that is larger than
necessary rather than to risk the distortion caused by an undetected overload condition.

5.4 Multiple impacts

The general rule in impact testing is to avoid double or multiple impacts. With lightweight structures and
small hammers, it is very difficult to not have multiple impacts. However, there is no theoretical reason
that double or multiple impact data cannot be utilized. The fundamental rule is that the observed input
and response must be totally observed. This is not a problem for the hammer input signal but for very
lightly damped systems, having double or multiple inputs will extend the response signal in time and may
cause leakage (time domain truncation) issues. In both cases, though, the conventional force and response
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Figure 14: Poor Impact Signal - Single Ensemble

windows may need to be altered so that the windows do not remove portions of the signals that are valid.
Figure 13 is a typical example of a double impact input signal.

If the spacing between the double impacts is not the same for each ensemble, the oscillation in the magnitude
of the force frequency spectrum will be different for each ensemble. The average will then be a smoother
auto power spectrum. As long as really poor impacts are not included, as in Figure 14, the result can be
acceptable.

Figure 15 shows the result with three averages. Some evidence of the double impact data is observable but
overall, this result is not unreasonable. With more averages, the result can become quite smooth. Impact data
with ten ensembles normally smooths the low level oscillation in the FRF data. However, with the difficulty
obtaining clean impact data on a lightweight structure, moving to more ensembles is sometimes not easy.
The focus should be on taking clean data (low noise) with a reduced focus on avoiding double impacts.

5.5 Digital aliasing filter

Frequently, the digital anti-aliasing filter may be observed in the time domain signals, particularly on the
input. The oscillation that is observed in the time domain signal in Figures 16 and 17 is the convolution of
the transient data with the digital anti-aliasing characteristics. This is normal and should not be construed as
a multiple impact signal.

5.6 Impact location issues

In addition to all the previously mentioned measurement challenges, the very nature of the test article affects
the process of acquiring quality data. For structural objects made of layered materials, as can be seen in
Figure 8, the surface variations can include surface roughness issues. Because of the very small size of
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Figure 15: FRF: 3 Averages Including Double Impacts

Figure 16: Impact with noticeable aliasing filter artifact
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Figure 17: Impact with noticeable aliasing filter artifact

the impact hammer tip, it can become difficult to impact the structure to a desired force level or in the
same location/direction consistently. A tip cover (viscoelastic) can widen the impact hammer contact and,
in addition to altering the frequency content of the force spectrum, can make effects due to the surface
roughness less noticeable.

The small size of these lightweight test structures also makes it very difficult to tap at the same location
and in the same direction. Even small shifts in the impact location from ensemble to ensemble, which
can be exacerbated by the limited manual dexterity of the tester, results in significant distortions in the
computed FRFs. This distortion is generally accompanied by a loss of coherence and an obviously bad FRF
measurement.

6 Conclusions and future work

In this paper, it has been shown that impact testing techniques on light weight structures can, just as in larger
structures, be used successfully. However, the dynamic characteristics of these types of structures, often of
small size, high stiffness, low mass and associated small sensors means that greater care must be used in these
situations. Just getting consistent impact and response data, that satisfies known impact testing guidelines, is
much more difficult. Good quality FRF measurement results can be obtained with great patience. However,
the nature of these structures increases the need for careful testing techniques.
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