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Abstract

In the “ coin tap test”, an operator taps with a coin-like
light tool on the structure to be inspeded, feding the subtle
difference of impact force and hearing the resulting sound to
discriminate defedive regions from normal ones. The test
remains largely subjedive, and there has been considerable
uncertainty about the physical principles behind it. Analyzing
and comparing the force measured by an accd erometer in the
hammer and the resulting sound recorded with amicrophone,
this paper seels an urderstanding o the fundamental
principles underlying the individual measurement techniques.
It gives a paradigm for sensor fusion via using the data from
one modality to seled the optimal time window for signal
analysis of another modality.

[. INTRODUCTION

The*“coin tap test” is avenerable means for manually veri-
fying the integrity of objeds and structures, particularly
shed-like and layered materials that are subjed to cradking
and delamination. An operator taps with asmall hammer (or a
screwdriver handle or some other light-weight objed, like a
coin) the structure to be inspeded, meawhile feding the
rebound d the hammer and listening to the resulting sound
radiated by the impad. Hedthy examples typicdly reverber-
ate deanly (they sound “live”), whereas damaged examples
yield asoundthat is dull (“dead”). The operator can discrimi-
nate defedive examples from good ones by discerning the dif-
ferences.

The classicd theory of impad, which assumes that the
kinetic energy transformed into the body’s vibration is negli-
gible, isincapable of describing the transient forces, stress, or
the deformations produced; thus it cannat explain the interac
tion force profile and the “ring” we hea. The anaysis of
impad and vibration requires including elasticity and plastic-
ity, which generally does not yield a dosed-form solution.

Foll owing the wave motion theory of elastic solids articu-
lated by Goldsmith in the 1950s [4], Cawley numericdly sim-
ulated afew impact cases between alight hammer and afree
freebeam [5]. Figure 1 illustrates a typicdly cdculated inter-
adion force profil e (the solid curve) with this method.

The asymmetry in the expeded waveform is due to non-
lineaity associated with non-rigid body behavior. Severe
nortlineaity comes from the change in the number of modes
excited (as $rown in Cawley’s analysis), and also from the
dependence of energy dispersion and attenuation on the
impad force magnitude.
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FIGURE 1. Expeded forcetime aurve

All currently reported coin-tap research avoids these math-
ematicaly enormous difficulties by approximating the ham-
mer impad processhby a half-cycle sinusoidal vibration. The

contad time T, is then just a half cycle of the mass-spring
oscill ation:

I1. AVAILABLE PRODUCTS AND OUR EXPERIMENTS

(EO 1)

A. Comnercially Avail able Products

The Mitsui “Woodpedker” [1] (advocaed by Airbus for
nondestructive testing of composite laminated aircraft skin
components) and the WichiTech “RD3" instrumented ham-
mer [2] (a ommercial version of apparatus developed by
Georgeson et a at Boeing [3]) are two avail able products. The
Mitsui product uses a solenoid-driven hammer and the
WichiTech product uses a hand-wielded hammer; both instru-
ments measure essentially the output of an accéerometer
embedded in the hammer head. Basicdly both instruments
base their judgements on just the cntad time duration refer-
enced to a normal sample; however in Mitsui’'s patent docu-
ment [6] a method o using the force/accéeration-time
history asymmetry measurement was also mentioned. Rolls-
Royce's “MetEval Tapometer” is similar, but it makes some
use of the accéeration frequency spedrum in additi on to con-
tad time.

An alternative way of implementing the traditional coin-
tap test is to analyze the impad-generated sound dhta instead
of the force data. Bruce Pfund of SP Surveys developed the
“Smart Hammer System”, which employs a pneumaticaly
driven hammer, a microphone coupled to the hammer impad
through the dr, and graphicd display of the aoustic Fourier
spedrum to help the inspedor dedpher the awil’s condition
[7] in the ship-buil ding industry. Pfund argues that in complex
red world environments, with surfaces in arbitrary orienta-
tions and states of contamination, the sound per se, propa-
gated through the ar, is the best indicator of subsurface
condition.



To investigate whether one gproach is better than the
other in terms of sensitivity and reliability under similar con-
ditions, we did sound data analyses and compared the results
with those of force analysis.

B. Experiments

1). Equipment. The gparatus we use includes: an SGI Indy
multimedia workstation with dual-channel audio sampling
cgpability; a Tektronics 2232 dual-channel digital sampling
oscill oscope; a small hammer with various material and head
weights, inside eat of which we mount a Kistler 811AD
acceerometer; microphones.

2). Test Samples. To initially evaluate the dfediveness of
coin-tap methods and to seek possible improvements, we
compare the test results on patched versus normal airplane
skin, with different under-skin structure cnditions. We iden-
tify two typical types of under-skin structure conditions: sup-
ported, as those points close to some supporting joists, and
unsupported, as those points relatively far away from any
supporting components.

3). Data Colledion. We simultaneoudly record the accéera-
tion and corresponding sound data on typicd normal airplane
skin and typicd patched skin, with urder-skin structure sup-
ported and ursupported respedively. The sampling rate is 48
kHz. To keep our experiments consistent with Cawley’s and
the Mitsui work, we retain frequency components only up to
8 kHz intheinitial data analysis. A typicd complete accéera-
tion event lasts for lessthan 10 ms. To safely avoid losing use-
ful information, for ead tap we wllea 512 points (10.67 ms,
frequency analysis granularity ~94 Hz). The data file begins
with aquiet lead (36 points, or 0.075 ms). The mrresponding
radiated sound lasts about 150~200 ms. We take 2048 sound
amplitude samples (~43 ms, frequency analysis granularity
23.4 Hz) for analysis.

4). Basic Data Analysis Algorithm. We first measure the con-
tad time duration T, between the hammer and the skin. To

investigate the force and sound spedrum distributions, we
then cdculate Cawley’s [5] 1/3 power acaumulation ratio fac

tor R, ;, defined as:
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where the Pxx(f;) is the spedral component at frequency
f; , and M isthe number of retained frequency components.

II1. Data Analysis

A. Accderation Data Analysis

A typicd acceeration-time history curve is asymmetric in
shape with notable noise, as $own in the upper part of
Figure 2. For ead of the four cases, we lled about 10

impads, manually measure mntad duration time T,, do fre-

quency analysis and cdculate R, ;. The mean and standard
deviation o of T, and R,,; are shown inTable 1
TABLE 1. CONTACT DURATION T, AND SPECTRALR, 5

Normal skin Patched skin
mean 0.6114ms 0.3282 ms
supported
i o 0.0152ms 0.0253 ms
! mean 0.3856 ms 0.3055 ms
unsupported
o 0.0170ms 0.0314 ms
mean 0.3615 0.3595
supported
g 0.0025 0.0024
R1/3
mean 0.3653 0.3526
unsupported
g 0.0019 0.0013

In contradiction to the single-spring model, where in the
unsupported case k should be smaller, and so the mntad time
should be longer, we observe ashorter contad time in the
unsupported case. We speaulate that this happens because in
the supported case the impad is coupled to high frequency
modes of the stiff under-structure.

B. Saund Data Analysis

Using theidenticd impadswe used in force analysis, R,,5

for sound frequency components from 23.4 Hz up to 8 kHz
(close to Pfund's pradice, 10 kHz as shown in [8]) are cdcu-

lated. The mean and standard deviation o are shown in
Table 2.

TABLE 2. SOUND POWER SFECTRAL R;y,3

Ry 3 Normal skin Patched skin
mean 0.3664 0.3703
supported
o 0.0029 0.0045
mean 0.3735 0.3719
unsupported
o 0.0019 0.0015

C. Surface dynamics and sound re-examination

From Table 1 and Table 2 we know that the R;,; distribu-

tions of normal skin and patched skin have alarge overlap for
supported under-skin condition in both force spedrum analy-
sis and sound spedrum analysis, and a very similar situation
exists in sound spedrum analysis for the unsupported urder-
skin condition. This means that the win-tap test method,
either with force measurement only or with sound measure-
ment only, cannot always distinguish different airplane skin
conditions for some given under-skin supporting structure
conditions, and their discrimination capabili ties are very sim-
ilar.

As the interesting part of the force-time history is much
shorter than the sound duration, there may be some alditional
potentially useful information in sound data. On the other
hand, it is difficult to use the sound signal to deduce the
impad nature, so the forcetime history profile shape is till
the best indicator both to the under-structure complexity and



to the impad amplitude.

Coin-tap test reliability might be further improved if we
could fuse these two modalities. For example, a mmmon
problem is that there ae multiple interadions between the
hammer and the tested surfacein anominaly single tap. The
force-time history is too sensitive to be areliable measure-
ment in this case, but the sound data ae nevertheless more
consistent here. Figure 2 shows this situation.
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FIGURE 2. Force profile and sound amplitude showing the multiple
Interaction case.

Clealy, the sound pattern changes after the interadion
ends completely. In Figure 3, the power spedraof 6 taps (3 on
a typicd normal skin point with well-supported infrastruc-
ture, 3 on atypicd normal skin pant far away from any sup-
porting under-skin infrastructures) are overlaid. It is obvious
that although the frequency spedra of force (a) and whole-
sound waves (b) show definite distribution patterns, the fre-
guency spedrum distribution of the freevibration sound part
(c) isrelatively unique.
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FIGURE 3. Frequency analysis of (&) force-time history (512
samples); (b) whole sound amplitude history; (c) freevibration part
of the sound amplitude history

To further investigate the properties of the freevibration
part of the sound waveform, for the same recorded sound

I?1/ 3

TABLE 3. R;,3 FROM FREE-VIBRATION

Ri/3 Normal skin Patched skin
mean 0.3795 0.3905
supported
o 0.0035 0.0045
mean 0.3777 0.3892
unsupported
o 0.0027 0.0013

A comparison of Tables 1, 2 and 3 isill ustrated in Figure 4,
where the heights of bars stand for the mean R,,; value and

the lengths of the I-bars stands for the standard deviations o
in that group of ~10 impad measurements. It is clea that for
these recorded test data sets, the freevibration part of the
sound data provides the deaest indicator of skin status (nor-
mal versus patched condition) independent of the under-skin
supporting infrastructures.
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FIGURE 4. The R, ; distribution of force, sound as awhole, and
freevibration part of the sound signal.

This suggests that we adopt a paradigm in which the force-
time history data ae used to dedde whether the particular
impad is good one for deteding a particular type of defed,
and if it is, then to deted when the interadion between the
hammer and surface @ds, at which pant the freevibration
part begins. Thislast part of the sound history is the most use-
ful clue for surfaceshall ow defedion.

IV. CONCLUSION AND FUTURE RESEARCH

The literature of coin tap test technology, the commercial
products now on the market, the instruments being used in
key applicaions (aircraft skins, boat hulls), and ou own
experimental results, al support our working hypothesis that
both microphones and accéerometers have their separate
valid roles as instrumentation suitable for automating defed
detedion. Furthermore, our reseach results dow that by
fusion of force and sound sensor measurement — by using
one sensor’s data to validate the other's — it is possible to
make “the whole greder than the sum of the parts’. Our
experiments leal us toward these @mnclusions:

* Itishardto say in any universa sense whether force-only
or sound-only methods are more useful.

*  When the surfacebeing tested isthin, espedally when the



under-surfacesupporting structure is also complex, multi-
ple interadions between the hammer and the surfacefre-
quently make the simple single-spring linea model
inappropriate.

¢ Theforcetime history isagood indicator of whether a
particular impad was of appropriate strength, andit serves
to locate the start of freevibration in the sound amplitude
record.

¢ Thefreevibration part of the sound amplituderecord is
more useful than either the whole record of sound ampli-
tude or the force-time history data for deteding surface
defeds or under-surfacestructure differences.

* Based on limited data (e.g. Table 3), it seems that we can
conclusively discriminate patched vs. unpatched regions,
and we may be able to discriminate, within ead of these
classes, supported vs. un-supported regions. Sincethe
presence of supporting structure is generally known from
design drawings, etc., but the locdion of patchesisrarely
well documented, the gproach seemsto be of pradicd
value even at its present ealy stage.

This paper reports our initial experiments, in which we
have investigated patched and unpatched, supported and
unsupported samples. We pose these extreme caes as
archtypicd of the continuum of states of lamination condition
and substructure solidity that we will encounter with red-
world samples. We ae now developing pradicd methods for
performing the tap test on a predse regular grid, and for dis-
playing the results in response-map format. These maps are
conducive to both human and computer interpretation and
understanding.

Because the impad energy deposited by a @in-tap urder-
goes dispersion and attenuation via excitation and propaga-
tion of multiple frequency modes, the relationship between
the impad magnitude and the forcetime history or the sound
amplitude-time history is quite nonlinea. This makes it diffi-
cult or impossible to normalize eab forcetime or sound
amplitude-time history against tap-to-tap variations. To over-
come this fundamenta difficulty, another future research
diredion isto examine leaning methods that utili ze atraining
set representative of the pradicd range of sample types, ham-
mer types, and impad delivery strategies.
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