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ABSTRACT

The need for instrunentation to gather seisnic-acoustic signatures under
unusual conditions requires the use of |ow cost, sinmple design, and robust
sensors. In sone instances, the sensors nust adapt and nmold to the
environnental nmediumto provide proper coupling for data collection

pur poses. This paper explains how the idea of a hybrid seismc-acoustic
sensor originated and initially inplenented. Testing shows the device
perforns as a seisnic and acoustic signature-gathering sensor. The data
product fromthe hybrid sensor is simlar to those sensors avail able

t hrough commerci al sources. Further evolution of the hybrid sensor and
addi ti onal conmmercial applications for the device are di scussed.

SECTI ON
I NTRODUCTI ON

The seism c-acoustic hybrid sensor addressed the need of a | ow cost, sinmple
desi gn and robust capability. The sensor was considered hybrid because it
reacted to seismc and seisnic phenonena. The sensor was deployed in the
field in one of two ways. One nethod crested the sensor on top of the
ground. The second nmethod required burying the sensor in the soil. Once
depl oyed, the hybrid sensor operated for |ong periods of tine, nonmnally
for nonths.

Earlier designs of the hybrid sensor appeared in the mid-1970s. The basic
desi gn consisted of 20 AWG Teflon insulated wire placed inside a copper
tube. Variations of design included different |engths, and di aneters of
copper tubing to capitalize on signal detection. Coupled with detection was
anal yzing the data. Prelimnary findings, striking a plate with a

sl edgehamer and generating sound from speakers, showed detection possible
and conventional signal processing techni ques useful

Fol | ow-on testing involved sensor detection of different vehicles. One
significant observation regarding soil characteristics was noted.

Nei ghboring soil behaved simlar to a |lowpass filter. Since nmost vehicul ar
traffic of interest operated in the sane frequency range, the observation
did not affect the collected data. Signatures from people wal king or
running also fall within the sane bandw dth naking the device useful for
perimeter security purposes.

SECTI ON 11
DESI GN AND OPERATI ON OF THE SEI SM C- ACOUSTI C HYBRI D SENSOR

The nmechanically flexible hybrid sensor easily adapts to various
environnents. The devi ce has inherent high noise characteristics sinlar to
t hose found in noise coaxial cables. Triboelectricity, current generated by
friction, is the chief cause of electrical noise in coaxial cables. Using a
standard | ength of RG 58 coaxial cable produces erratic bursts of noise
when acted upon by an external force. These bursts of erratic noise are
unmanageabl e and non-reproduci bl e using basic signal processing techniques.
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A single wire in a tube verified earlier experinents. Findings confirmthat
the sensor was too |arge and cunbersone and produced an excessive nunber of
harmoni cs. To minimze size and obtain a manageabl e si gnal output a new
desi gn was necessary. Looping the wire added nore wire to the interior of
the copper tube while mnimzing the length of the tube. The problem of a

| ong and cunbersonme copper tube still existed. (Figure 2-1) Coiling the
tube conpacted the sensor. (Figure 2-2) Tests conpared other types of wires
to find insulating materials, which exhibited better capacitive charges
than those observed in Teflon. Through enpirical experinents, Kynar

di spl ayed better capacitive and dielectric properties than Teflon. Kynar
insulated wire is used for wire-wap applications and it was easily
avai |l abl e on the market. The size of Kynar wire used in wire-wap
applications is typically 26 AWG

Figure 2-1 Earlier Design of a Single Wre in a Straight Tube Term nated
with a BNC Connect or



Figure 2-2. Hybrid Sensor Shows G ound Cable Attached to the Skin of the
Copper Tubi ng

2-2 THEORY OF OPERATI ON

The seism c-acoustic hybrid sensor consists of Kynar coated tightly | ooped,
laid inside a coiled piece of copper tubing. (Figure 2-2)It acts as a
distributed |Iine capacitor in which the relative nmovenents of the | ooped
wire and its points of contact with respect to the interior side of the
tube cause proportional changes in capacitance. These capacitance changes
are converted into voltage changes by neans of the electret action of the
Kynar insul ation.

Fi gure 2-3. Looping of Kynar Wre



The hybrid sensor requires a special anplifier because of its |ow voltage
output (mllivolts) and its infinite inpedance characteristics. A P-Channe
field effect transistor is recommended for the initial anplification stage.
Figure 2-4 shows the circuit for the Hybrid Sensor

Figure 2-4. Anplifier Made From Di screte Components

2-3 HYBRI D SENSOR - S| TE PREPARATI ON AND PLACEMENT

Ground Surface Placenent. Arelatively flat area on the ground surface
enough to accomopdate the sensor is needed. Renbve any intrusive vegetation
to insure better coupling with the soil. The sensor is placed flat on the
ground and slightly bel ow the ground surface. The device is buried two

i nches below the surface to afford good coupling with the neighboring area.
Figure 2-5 shows the device placed on the ground surface.

Subsurface Placement. Burial below the surface is considered to be six
inches or nore. The device is typically placed in a simlar manner as
di scussed above. Burial of the amplifier is recommended to mninize the
connection between the anplifier and the sensor



Figure 2-5. Sensor Placenent on the G ound Surface for Seism c-Acoustic
Dat a Gat heri ng Purposes

SECTION 111
S| GNATURES COLLECTED USI NG THE SEI SM C- ACOUSTI C HYBRI D SENSOR

Up until now the sensor has been used in nunerous tests. Anbng these are
mlitary vehicle detection. Vehicle detection was acconplished with good
results in various types of terrain. Despite soil variations, the hybrid
sensor provided good quality signature data. Sanples of these data are now
present ed

3-1 Seismic Activity Detected by the Seism c-Acoustic Hybrid Sensor

Al mlitary vehicle track systens closely resenble a chain driven by a
sprocket and running over idler wheels. The pitch of the chain or track is
equal to the Ilength of each chain Ilink or track block. This length is also
the di stance between the sprocket tooth centers nmeasured at the sprocket
pitch diameter. As the vehicle travels over the ground, each track bl ock
passes over the sprocket and is laid on the ground with a frequency

det erm ned by vehicul ar speed. Seismic track frequencies vary with

vehi cul ar speed resulting in signatures that occur in the 10 Hz to 100 Hz
range. Hi gher frequencies are produced in the formof squeaks when the
track passes over the drive sprockets and wheels. These squeaks occur in a
range centered at 2000 hertz. The hi gher frequencies produced by the track
are acoustic in nature and are easily detected by mcrophones at noni na

di stances. Figure 3-1 shows the track of a mlitary vehicle powered by a
12-cyl i nder diesel engine.



The hybrid sensor detected seismic signatures fromvehicles of mlitary
interest at varying distances, 0.5 to 1.0 kilonmeter. Seismc spectra
products show substantial harnmonic detail in the data. Figure 3-2 is an
exanpl e of the track seisnmic data
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Figure 3-2. Seismic Data Sanple Fromthe Hybrid Sensor. Data Sanple Shows
Track Frequency of the Vehicle Mouving at 7 Kilometers Per Hour

A study of Figure 3-2 shows the track frequency to have a value of 13
hertz. This is generated as a result of the repetitive ground sl apping by
the vehicle track. Thus, if the track vehicle increases speed, it can be



expected that the track slapping frequency will increase in value. Figure
3-3 shows the seismc spectral product as vehicul ar speed increases.
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Figure 3-3. Seisnmic Data Sanple Fromthe Hybrid Sensor. Data Sanpl e Shows
Track Frequency of the Vehicle Mving at 12 Kil oneters Per Hour

G ven the size and weight (40 tons) of a nmilitary track vehicle it is
under st andabl e that the signatures were of good quality. Under the sane
circunst ances, a |aboratory grade geophone woul d generate second and third
har moni cs of the fundamental track frequency. Typically, second and third
har noni cs can be associated with vehicular proxinmty to the sensor

3-2 Application of the Distance Fornula to the Seism c Data

The nost prom nent seismic feature froma track vehicle is the pad sl apping
frequency. The follow ng equation, a variation of the distance fornula, is
used to deternine the size of the pad of a track vehicle in notion. Use of
the seismic data in Figure 3-2, the followi ng equation is derived to verify
t he di stance between the track pads.

S = vehicul ar speed (7 kmhr or 4.35 m | es/hour)
P = size of the pad or distance between track pins
F. = track frequency in hertz (13 hertz)

F, = (12 in/ft) (S miles/hr) (5280 ft/nile)
(P in) (60%sec/hr)

Solve for P in inches and centineters

Pin= (12 in/ft) (5280 ft/nmile) (S mlelhr)
(F. Hz/sec) (60%sec/hr)




Pin = (12) (5280) (4.35)
(13) (60)2

P =5.89" or 14.6 cm

The measured value for the track is 5.7 or 14.2 cm

3-3 Comparisons of Acoustic Data Sanpl es between the Hybrid Sensor and
Commer ci al M crophones

The conbustion of the fuel/air mxture in the engine cylinders is the
greatest source vehicle sound emn ssion. Vehicular engi ne noise, which is
periodic in nature, is emtted chiefly fromthe walls of the engine bl ock
pan, head, engine surfaces, and exits through the exhaust systemw th the
conbusti on gases.

A sanpl e of acoustic background noise is depicted in Figure 3-4. The
acoustic sanple is used to determ ne the presence of those sound sources,
which may conflict with the data. Typically a value of 40 dB SPL is the
maxi mum background noi se i s recommended when col |l ecting acoustic
neasurenents. Figure 3-4 shows 35.16 dB to be the val ue of the background
noi se.
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Figure 3-4 (U) Acoustic Background Noise at the Test Site

3-3-1 Acoustic Data Sanples fromthe Engi ne Exhaust

The stationary node of vehicul ar operation the engine is operated w thout
the | oad of the vehicle. Acoustic harnonics generated under this condition
have val ues that are lower in frequency than those coll ected when the
vehi cl e beconmes nobile. The engine firing frequency is the |argest spectra
peak in the spectra. During the engine idle condition this is shown to be
the 9'" harnonic with a 71.00-hertz frequency and its anplitude was 77.79
dB. The engine rpmwas cal cul ated fromthese values and found to be 946. 66
revol uti ons per second. See Figure 3-5.
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Figure 3-5 (U) Acoustic Signature Collected Using the Hybrid Sensor

A look at the acoustic spectra fromthe sensor shows a crowded spectral

wi ndow. Several proninent harnonics share a bandwidth from40 to 124 hertz.
These are directly attributed to the engine. Using the same rpm value from
before it is calculated that the five dom nant harnonics are the 39 6'",
gth  12th  14th 15" These are shown in Figure 3-5.

3-3-2 Acoustic Data Sanple froma Commrercial M crophone Collocated with the
Hybrid Sensor

The col | ocated conmerci al m crophone gathers acoustic signatures fromthe
ground slightly bel ow the ground surface. Vehicular emtted engi ne sound
propagates upward, laterally, and it couples into the soil. The comrercia
nm crophone data is of good quality and easily depicts the engi ne harnonics.
The 9'" harnonic is shown to have a value of 74 hertz. Very little
calculating is needed to determ ne the placenent of the harnonics. These
can be easily identified in the spectra. The dom nant harnonics are the
3rd eth, oth ~12th 15'"  This is shown in Figure 3-6
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Figure 3-6. (U) Acoustic Signature Collected Using a Mcrophone fromthe
Stationary vehicle at the CPA

SECTION 1V
RECOVIVENDATI ONS

M litary applications have nonopolized the content of this paper. Many

ot her hybrid sensor applications, which cone to mind, are an intrusion
device, a range scoring system wildlife and insect nonitoring, etc. Insect
nonitoring is a subject worthy of discussion

Insect nmonitoring offers many possibilities for the hybrid sensor. The idea
of using the seismc-acoustic hybrid sensor for insect detection resulted
froma | ab experinent. An aquariumwas filled halfway with play sand and
the hybrid sensor buried to a depth of two inches. Instrunentation was
attached to the sensor to nonitor sensor activity. To induce signals, snall
obj ects were dropped inside of the aquarium Sensor sensitivity proved to
be better than expected due to the coupling between the sand and the
sensor. An insect was placed on the surface of the sand and nmade to wal k
The insect footsteps were easily nonitored and detected by the hybrid
sensor.

4-1 Instrunenting the Wall Plate with the Hybrid Sensor

The seism c-acoustic sensor is designed to play a role in the housing
industry as a termte detector. Taking advantage of the sensor's
flexibility to nold to its environnment, the device is used in its extended
node for termte detection. Wich neans that the copper tubing is built
into the part of the wall known as the plate. The plate is the bottom end
of the wall that comes into contact with a concrete pad, blocks, etc. Using
t he extended node, the sensor is built into the perineter of the house. The
instrumented plate is the first |Iine of defense when termites invade a
structure fromtheir commute between the neighboring soil and their next
neal . Figure 4-1 shows the sensor placenent in the board known as the

pl at e.



Figure 4-1 Sensor Placenent in the Plate, Tube Term nated Wth a BNC
Connect or

4-2 Termte Noise

Most evi dence shows that termtes communicate prinmarily by secreting
chem cal s cal |l ed pheronones. Each col ony devel ops its own characteristic
odor. Odor recognition is primarily used for intruder detection and
establishing trails to food sources. Since the seism c-acoustic sensor
cannot exploit odor-emtting comruni cati ons a source of generated termte
sound | ooks nore prom sing.

The US Department of Agriculture found that, under ideal conditions, a
ternmte colony of 60,000 workers m ght consunme a one-foot length of 2" X 4"
pine in 118 to 157 days. Although ternmites are soft-bodied insects, their
hard, sawtoothed jaws work |i ke shears and are able to bite off snal
fragnments of wood a piece at a tinme. Another form of sound conmunications
takes place when the soldiers and workers bang their heads agai nst the
tunnel s creating vibrations to nobilize the colony. These later forms of
termite noise are fertile areas to exploit using the hybrid sensor



SECTI ON V
SUMVARY

Conmmer ci al seismc and acoustic sensors are frequently used for the
detection of military vehicles. Advances of new signal processing nethods
with the data product have proved that these | ow cost devices have a place
in the battlefield. These passive sensors are frequently used to nonitor
front line activity and gather intelligence regarding a vehicular threat.

The seism c-acoustic hybrid sensor was not designed to replace present
conmer ci al seisnic and acoustic sensors. The hybrid sensor was devel oped
for those instances where commonly used devices cannot be depl oyed. New
advances in insulating materials |ike Kynar significantly contribute to the
new desi gn and i nprove sensitivity of the hybrid sensor. M niaturizing

el ectroni c conponents allow for the sensor and el ectronics to be packaged
as one devi ce.

Col | ected seismc and acoustic data sanples show nuch pronise for this
device in sone nilitary applications. Qher applications use the hybrid
sensor for insect nonitoring. However, its nobst inportant feature is its
flexible resiliency to nold to various shapes for the purpose of data
collection. Mire testing is required to enhance calibration of the device.
Col l ocation with calibrated seismc and acoustic sensors is recomrended.
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