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Introduction
Polyorganosiloxanes are a commercially important class of

compounds. They exhibit many important properties, including very low
glass transition temperatures, making them useful over a wide temperature
range. In practice, the polysiloxane polymer is often mixed with a filler
material to help improve its mechanical properties. An akmative method for
increasing polymer mechanical strength is through the incorporation of certain
substituents on the polymer backbone. “Hard” substituents such as carbonates
and imides generally result in improved mechanical properties of
polysiloxanes.’

In this paper, we present the preparation of novel polysiloxane
resins modified with “hard” maleirnide substituents. Protected ethoxysilyl-
substituted propyl- maleimides were prepared. The rnaleimide substituent was
protected with a furanyl group and the monomer polymerized under aqueous
acidic conditions. At elevated temperatures (>120”C), the poIyrncr undergoes
retro DieIs-Alder reaction with release of foran (Equation 1). The deprotected
polymer can then be selectively crosslinked by a forward DieIs-Alder reaction
(in the presence of a coreactant having two or more dime functionalities).

(1)

Retro DieIs-Alder Reaction. The protecting furanyl group on the
maleirnide substituent of the oolvmer can be readily removed at temr)eratures

t greater than 120 ‘C. This is”ob~erved by TGA (&we 2) qrd by ‘H NMR
spectroscopy (Figure 3) of the polymer (before and atlcr thermolysis). The
TGA reveals a 27 % weight loss beginning at about 120 “C corresponding to
essentially quantitative loss of the furan (calcuIatcd to be 26 “Aweight loss).
The ‘H NMR spectra show disappearance of the peaka centered at 5.7,5.0 and
2.3 ppm (loss of timm) and appearance of peaks at 5.9 ppm (vinylic
hydrogens of the deprotected maleimide).

Figure 1. X-Ray crystal structure showing exo geometry.

The materials were characterized by solution and solid state 2gSi
and ‘3CNMR spectroscopy, TGA and DSC.

ResuIts and Discussion
Monomer and Polymer Syntheses. The mcthyldiethoxysilyl

monomer was prepared by the reaction of rnaleic anhydride with 3-
aminopropylmethyldiethoxysilane .3 The rnaleimide was then protected as an
oxonorbomene (Equation 2) against Michael Addition which could occur
during the polymerization step.

The exo geometry depicted in Equation 2 for compound 2 was
based on an X-ray crystal structure of the triethoxysilyl- substituted version of
2 (Figure 1).

Compound 2 was polymerized by hydrolysis and condensation of
the ethoxysilyl- units (4 eq HzO, 0.1 N HCI). The resultant polymer was a
soluble white powder with a glass transition temperature of 30 “C. Solution
ZgsiNMR ana]ysjs showed complete consumption of the StS31’h3gmonomer.
Two peak maasifs were observed in the spectrum (centered at –20.6 and –22.8
ppm) probably corresponding to linear and cyclic components, respectively!’s

(2)

105
I 1

I ..

30 130 230 330 ““ 430

Temperature (“C)

Figure 2. TGA of maleimide-siloxane polymer.

Crossiinking of Polymer. The deprotccted polymer (Equation 1) was
crosslinked to an insoluble resin by forward Diels-Alder reaction with a bis-
diene (Equation 3). The initial dcprotcction step (loss of furan) and
subsequent crosslinking was earned out in a one pot process at 140 “C. The
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polymer and diene were heated at atmospheric pressure for 30 min. Excess
volatiles were then removed at reduced pressure leaving an insoluble clear
yellow resin. QSC analysis suggested that the material did not exhibit a glass
transition b610w]t’s retro DieIs-Alder temperature ( Determined by TGA to be
150 “d.
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F@re 3. ‘H NMR spectra of protected (top) and deprotected (bottom)
maleirnide functionalized siloxane polymers.
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Experimental Section.
N-(methyldiethoxysilylpropyl)maleimide (1).2 Compound 1 was

prepared according to Toru’s method for preparing other maleimides?
Because of the hydrolytic instability of the diethoxysilyl- groups, workup was
modified to avoid -the aqueous washing step. 3-aminopropylmethyl-
diethoxysilane (42 g, 0.22 mol) in benzene (100 mL) was added dropwise to a
solution of maleic anhydride (22 g, 0.22 mol) dissolved in benzene (900 mL).
The reaction was stirred for 2 hat room temperature. ZnCIZ(3o g, 0.22 mol)
was added in bulk, the mixture stirred for 30 rnin and then a solution of
hexamethyldisikzzane (HMDS, 53 g, 0.33 mol)’ in benzene (100 rnL) was
added dropwise. After complete addition of the HMDS, the reaction was
refluxed for 2 houra, cooled to room temperature and filtered. The volatiles
were removed under reduced pressure and the product flash distilled at
112 0C/500 mtorr (yield: 60 g, 78 %). The compound was purified by
crystallization from hexanes at O“C. ‘H NMR (CSDS)6 = 5.77 (s, 2H), 3.60
(q, 4H), 3.59 (t, 2H), 1.68 (mj 2H), 1.09 (~ 6H), 0.51 (~ 2H), 0.04 (S,3H).
‘3CNMR (C.@6) 5 = 170.5, 133.3, 58.1, 40.4,22.6, 18.6, 11.4, -4.8. 29Si
NMR (Neat): 8 = -6.7.

Dlels-Alder Adduct of 1 (2). Compound 1 (9.0 g, 0.033 mol) and
furan (6.8 g, 0.099 mol) were placed in a Carrius tube, fi-eeze-pump-thaw
degassed, sealed and then heated in an oil bath at 80 “C for 48 houra. The
reaction mixture was cooled to room temperature and the excess furan
removed in vacuo. The desired product formed in quantitative yield(11 g) but
contained trace amounts of the starting rndeirnide (l); probably due to the
reversibility of the reaction at the temperature used. ‘H NMR (C6D6>5 = 5.60

(d, 2H), 4.89 (d, 2H), 3.61 (q, 4H), 3.59 (t, 2H), 2.06 (s, 2H), 1.71 (m, 2H),
1.09 (t, 6H), 0.60 (m, 2H), 0.06 (s, 3H). (C6D6):8 = 175.9, 136.3, 81.0, 58.1,
47.4,41.5,21.7, 18.6, 11.2,-4.8. “Si NMR (Neat): 5 = -6.6.

Summary
An oxonorbomyl protected rnaleimide functionalized siloxane

polymer was prepared by aqueous condensation. Thermal analysis of the
polymer revealed that retro Diels-Alder reaction begins at 120 “C with
quantitative loss of the protecting group. The deprotected polymer was
crosslinked to an insoluble resin by reaction with a bis diene.

Future experiments will determine if the insolubili~ of the
crosslinked resin can be reversed by further retro reaction - resulting in
formation of the soluble uncrosslinked precursor.
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where co is the sound speed at O°C (331.6m/s), and T is the temperature in degrees Celsius. So at 30°C, the sound speed is
approximately 5% faster than at O“C. Such a small sound speed variation alone would result in a relatively small uncertainty
when estimating target locations by the time-of-flight method. However, additional atmospheric effects such as temperature
inversions, can cause significant refraction and reflection phenomena to occur, as illustrated in Figure lb. Such refraction
and reflection phenomena, if not properly accounted for, introduce a significant error in target location estimates.

2.2 Seismic ground sensing and phenomenology

The concept of seismic ground sensing is illustrated in Figure 2a. A seismic ground sensor system is used to detect, identify,
and locate sources of seismic emanations. Seismic emanations occur when vibrating components within the target are
mechanically coupled to the ground. Target vibrations that are coupled into the earth propagate within the ground as elastic
waves. These elastic waves propagate in a complex manner through the geologic medium, and potentially impinge upon the
seismic transducer at the ground sensor system. The seismic transducer measures the earth’s vibrations at a single point.
Two types of seismic transducers are commonly used within ground sensor systems. The first type, commonly referred to as
a geophone, is a moving-coil electro-dynamic device that produces a voltage proportional to the velocity of the ground
vibrations. Geophones exhibit both a low-frequency fundamental resonance and a high-frequent y spurious resonance. The
manufacturer meticulously specifies the resonant frequent y of commercial geophones, with common resonant frequencies
being 10 Hz, 14 Hz, 28 Hz, and 40 Hz. The spurious resonance nominally occurs at 25-times the fundamental resonance, and
is often specified by the manufacturer. Because of amplitude and phase distortions at the fundamental and spurious resonant
frequencies, ground sensor systems should generally exploit only those frequencies between the fundamental and spurious
resonances. For example, when using a 14 Hz geophone, the recommended seismic bandwidth is from 15 Hz to 340 Hz. For
wider bandwidth systems, accelerometers are often considered. Accelerometers are solid-state piezo-electric devices that
produce a voltage proportional to the acceleration of the ground vibrations. Accelerometers exhibit a high-frequency
resonant frequency and no low-frequency resonances. Typical seismic accelerometers have a resonant frequency in excess of
1000 Hz. Hence, accelerometers can be used over a bandwidth of O-Hz to 1000 Hz. Unfortunately, current seismic
accelerometers are fragile and exhibit excessive electronic noise at low frequencies, thereby limiting their usefulness. It has
been shown that geophones are preferred for sensing frequencies below approximately 100 Hz, while accelerometers are
preferred for sensing frequencies above 100 Hz [4]. In many ground sensor applications, the majority of propagated seismic
energy is below 100 Hz, and thus geophones suffice.

Both wind noise and cultural noise influence the performance of seismic ground sensors. Wind noise may couple into
seismic ground sensors by either direct or indirect means. Direct wind noise coupling results when some portion of the
ground sensor is in direct contact with the wind. For example, if the ground sensor is a rigid body with an antenna that
extends into the air, air motion across the antenna can couple into the transducer. Completely burying the sensor or
mechanically decoupling exposed elements from the transducer can minimize direct wind noise. Indirect wind noise
coupling occurs when the wind strikes the ground and/or vegetation in the vicinity of the ground sensor. Wind-induced
vibrations result from the reaction of the ground to the wind force and through root motions. As shown in a subsequent
section, burying the transducer at significant depths can reduce indirect wind noise.

Seismic wave propagation is highly dependent on the underlying geology. As illustrated in Figure 2b, seismic propagation
can include compression waves, shear waves, surface (Rayleigh) waves, reflected waves, and refracted waves. Whereas
acoustic waves propagate at a near-constant velocity, seismic wave speeds can range from 200 mkec (surface waves in loose,
dry sediments) to over 4000 m/s (compression waves in hard rock). As a result, localization of targets using seismic ground
sensors is a challenging problem. Fortunately, geology is not time-dependent, so advanced localization methods such as
travel-time-inversion and F-K beam-forming can be effective when combined with seismic propagation models and/or active
seismic calibrations.

Frequency-dependent and range-dependent propagation effects also influence seismic ground sensors [5]. Seismic
absorption, scattering, and spherical spreading result in a decrease in signal amplitude at both increasing ranges and
increasing frequencies. Because these effects are highly dependent on the geologic medium, the operating bandwidth and
required target-to-sensor range is highly variable. In practice, seismic ground sensor systems are designed for a nominal
bandwidth (e.g. 20 Hz -400 Hz), and then deployed at a target-to-sensor range appropriate for the presumed geology and
target strengths.
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Figure 2. a) Seismic ground sensing concept and b) Seismic phenomenology

2.3 Seismo-acoustic and acousto-seismic interactions

Acoustic and seismic phenomenologies were independently addressed in Se&ions 2.1 and 2.2 respectively. Under certain
circumstances, however, seismo-acoustic and acousto-seismic interactions need to be considered. An acousto-seismic
interaction is defined as an airborne acoustic wave that couples into the ground and/or the seismic transducer. When an air-
borne acoustic wave impinges on the earth’s surface, some portion of the energy is converted to seismic energy and
propagates into the ground. These seismo-acoustic waves generally propagate from source-to-sensor at the acoustic velocity
(33 1 rn/see) and can be measured by a surface geophone. The acousto-seismic wave is rapidly attenuated as it propagates into
the earth, and is usually observed only in seismic sensors at or near the surface. The acousto-seisrnic interaction can be
amplified if some portion of the seismic ground sensor system extends into the air, thereby creating a reflecting surface
reaction.

A seismo-acoustic interaction is defined as a ground-borne seismic wave that couples into the air and/or the acoustic
transducer. In general, seismo-acoustic mode conversion at the surface is very inefficient and usually not observed in air-
borne acoustic sensors. However, microphone elements that are mechanically coupled to the ground can produce a signal in
response to surface seismic motions. Placing the microphone in a vibration isolation mount can minimize this seismo-
acoustic interaction.

3. EXPERIMENTAL METHODS AND RESULTS

3.1. Sensor noise experiment

An experiment was undertaken to illustrate wind-induced seismic noise. For this experiment, a remote location in Nevada
was selected so as to minimize cultural seismic noise sources. At the site, three 10Hz geophones were buried at depths of
0.5m, 1.Om, and 2.Om respectively. Data was collected simultaneously on all three geophones under 25 km/hr nominal wind
conditions. At these wind speeds, the wind-induced noise dominated over the low seismic cultural noise background. Raw
time series data was collected for a period of 1 minute and the periodogram method was applied to produce a noise power
spectral density measurement. The power spectrum from the 0.5m sensor was used to normalize the deeper sensor data and
estimate the signal attenuation as a function of depth. The resulting attenuation of wind-induced noise measurements over
the frequency range of 10-70 Hz is plotted in Figure 3. Note that the wind-induced noise decreases as the geophone depth-of-
burial increases. Furthermore note that high frequency wind noise is more rapidly attenuated than lower frequency noise.
These depth and frequency dependencies are manifestations of the acousto-seismic nature of wind-noise. In particular, wind-
noise within seismic ground sensors can be considerably reduced by appropriately burying the sensor. Reduction of wind-
noise in this manner can significantly increase the detection performance of seismic unattended ground sensor systems.
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Figure 3. Attenuation of wind-induced seismic noise, referenced to a geophone at 0.5m depth, for depths-of-burial of
l.Om and 2.Om. Note that wind-induced seismic noise decreases as a function of both depth and frequency.

3.2. Surface detonation experiment

An experiment was undertaken to demonstrate coupling between acoustic and seismic propagation modes. In this
experiment, a 1501b explosive charge was detonated at the surface (local geology is dry alluvium), thereby simultaneously
generating an airborne acoustic pulse and a well-coupled seismic wave. A 28-Hz geophone was deployed at a range of 800m
from the detonation. The geophone was buried 0.5m below the surface to avoid any direct acoustic coupling. A broadband
microphone was also deployed at this 800m range. The microphone was placed in a vibration isolation stand at a height of
0.5m above the ground, thereby minimizing any direct seismic coupling. Figure 4a plots the simultaneous time series
recorded by the geophone and the microphone. Note that the microphone data primarily consists of an air-borne detonation
pulse. The first arrival on the microphone data occurs at 2.39 seconds after the detonation. For the 800m source-receiver
separation, this corresponds to a propagation speed of 333 tis, thus verifying the pure acoustic path of the microphone
signal.

Refernng to the seismic trace in Figure 4a, significant seismic propagation complexity was observed. An initial broadband
pulse arrives at the geophone at 0.6 seconds after the detonation. This corresponds to a propagation velocity of 1333 rids,
consistent with compressional seismic wave propagation in dry alluvium. Also note that the seismic sensor clearl y records the
acoustic arrival. This directly confiis the presence of an acousto-seismic interaction. Figure 4b shows an enlarged portion
of the acoustic arrivals. An acoustic reverberation from the detonation is observed in both the geophone and microphone
data. Furthermore, note that the only the geophone signal contains a low frequency wavelet prior to the acoustic arrival. This
wavelet travels slightly faster than the acoustic velocity and is the result of a surface seismic wave.

3.3. Idled vehicle experiment

To further illustrate acoustic and seismic ground sensor modalities, an idled vehicle experiment was undertaken. In this
experiment, a large diesel truck was idled at constant speed on a dirt road. In an idled mode, the truck emanates primarily
acoustic energy through its exhaust. Both a geophone (buried 0.5m) and a microphone (vibration isolated at 0.5m above
surface) were deployed at a range of 200m from the vehicle. A simultaneous 1-minute time series was acquired from the two
sensors. The periodiogram method was applied, and the resulting geophone and microphone spectra are provided in Figure
5. Note that many of the truck emanation tones appear in both the geophone and microphone data. However, at high
frequencies (above 100 Hz), the microphone data clearly shows tones not observed in the geophone data. The high frequency
attenuation of the geophone information may imply that the tones are propagated by acoustic paths and coupled to the
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geophone through an acousto-seismic interaction. On the other hand; the geophone exhibits several low-frequency tones (e.g.
20 and 30 Hz) that do not appear in the microphone spectra. These low-frequency tones suggest that some emanations from
the truck couple directly to the ground (e.g. through the wheels) and propagate seismically to the ground sensor. Further
study, such as velocity analysis with frequency-wavenumber methods [6] is required to ascertain the propagation paths of the
various tones. However, the fact that the geophone and microphone provide independent spectral information suggests that
the fusion of seismic and acoustic modalities may provide improved methods for detecting and identifying vehicles.
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Figure 4. a.) Geophone and microphone simultaneous recording of an explosive detonation at 800m range, and b.)
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Figure 5. Geophone and microphone simultaneous recording of a large diesel truck at 200m range
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4. DISCUSSION

4.1. Implications on target detection, identification, and localization

As illustrated in the previous sections, both acoustic and seismic modalities can provide important information on target
emanations. The selection of the appropriate methodology is dependent on a number of factors, as described in the next
section. However, it is important to outline first the implications that acoustic and seismic phenomenologies have on the
detection, identification, and localization performance of ground sensors. Table 1 provides a matrix of these implications for
seismic and acoustic modalities.

Table 1: Target Detection, Identification, and Localization Issues attributed with acoustic and seismic UGS

Issue Acoustic Modality Seismic Modality

“arget Detection
Detection decreases with range Yes, moderate Yes, significant in poor geology

Potential for ‘shadow zones’ Yes, significant Yes, if geology complex

Diurnal/seasonal effects Yes, significant Yes, minimal

Can detect air-borne emanations Yes Yes, via acousto-seisrnic interact

Can detect subsurface emanations Not likely Yes

urget Zdenti@ah”on
High-Frequency Harmonics Yes No

Low-Frequency Vibrations No Yes

wget Localization
Time-of-flight method Yes, very accurate Yes, requires velocity estimation

Array Bearing Method Yes, 4-6 clustered sensors Yes, more sensors, diverse spacings

4.2. Methodology for selecting appropriate modality

Having established the advantages and disadvantages of both acoustic and seismic ground sensors, we are now in a position
to establish a methodology for selecting the appropriate modality. The modality that is selected will primarily depend on two
factors: the source of the acousticlseismic emanations, and the intended ground sensor mission. For example, airborne
sources, such as aircraft, are best monitored with acoustic UGS. On the other hand, subsurface sources such as underground
mining are best monitored with seismic UGS. In many applications, both seismic and acoustic emanations coexist, and the
fusion of acoustic and seismic ground sensor data maybe synergistic. Hence, the methodology for selecting the appropriate
wound sensor modality is summarized in Figure 6.

4.3. Implications of selected modality on system architecture

Having identified the preferred modality (acoustic, seismic, or a combination), certain system architecture aspects need be
considered. These considerations relate to deployment means, data acquisition and telemetry requirements. For example,
since seismic UGS perform best when buried, they can be effectively deployed by airdrop, but would require excavation for
hand-delivery. On the other hand, acoustic UGS require a microphone appendage in the air and are thus more difficult to



deploy by airdrop. Also, acoustic UGS generally require larger data acquisition bandwidths, thereby impacting the data
acquisition, signal processing, data storage, and telemetry requirements. These issues, along with mission specific concept of
operations must be considered when selecting acoustic, seismic, or mixed modalities.

Source Misswn Acoustic Semmc
. .

Airborne Detect
Mcntify —

Locate
~

Subsurface

Detect
Identify
Locate I

Figure 6. Methodology for selecting acoustic or seismic modalities. Some applications would benefit from a fusion of
these two modalities.

5. SUMMARY

In this paper, we have presented the relative advantages and complementary aspects of acoustic and seismic ground sensors.
A detailed description of both acoustic and seismic ground sensing methods has been provided. Acoustic and seismic
phenomenology including source mechanisms, propagation paths, attenuation, and sensing have been discussed in detail.
The effects of seismo-acoustic and acousto-seismic interactions as well as recommendations for minimizing seismic/acoustic
cross talk have been highlighted. We have shown representative acoustic and seismic ground sensor data to illustrate the
advantages and complementary aspects of the two modalities. The data illustrate that seismic transducers often respond to
acoustic excitation through acousto-seismic coupling. Based on these results, we discussed the implications of this
phenomenology on the detection, identification, and localization objectives of unattended ground sensors. We have
concluded with a methodology for selecting the preferred modality (acoustic and/or seismic) for a particular application.
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