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ABSTRACT 

Scuba divers are exposed to potentially harmful temperatures and noise 

intensities while operating underwater. Standard neoprene wetsuits modified with 

glass-microsphere composite panels have been shown to improve the thermal capabilities 

of the suit and retain more of the diver’s body heat. While neoprene is an effective sound 

absorber itself, the acoustic properties and sound-proofing capabilities of the created 

composite panels were investigated. Several composite panels were used to shield a 

hydrophone receiver from a source signal over a range of frequencies from 10 Hz to 20 

kHz and compared to a 7 mm neoprene sample. Results indicate a variable dB reduction 

in sound pressure over this range, with the measured intensity transmission coefficients 

of the composites being comparable to neoprene past a frequency of approximately 13 

kHz. When used in tandem with neoprene, the material further reduces the measured 

pressure of the source signal. While not as effective as neoprene itself, the composite 

material shows potential for underwater soundproofing uses. Further experimentation 

with panel composition may yield a more effective sound absorbing material. 
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I. INTRODUCTION 

A. BACKGROUND 

Scuba diving is an extremely popular activity, allowing people to explore an 

entirely different world beneath the surface of the water. Many dive simply for recreation 

or sport, while others dive commercially in the field of salvage and recovery or while 

conducting military operations. While common, diving is not without its dangers, as divers 

are presented with a limited supply of breathable oxygen and are often exposed to fairly 

extreme temperatures, especially at great depths. Even warm water can produce 

hypothermic conditions, which occur when the core body temperature falls below 95℉ [1]. 

This risk is reduced by wearing wetsuits made of neoprene material.  

Neoprene is an effective insulator of body heat due to air bubbles trapped in it, as 

it contains this heat within the wetsuit. Water within the suit is warmed by the body itself, 

and any water flow in and out of the suit should be minimized to mitigate heat transfer. As 

pressure increases as a diver descends in the water, however, the neoprene compresses and 

loses much of its thermal insulation. 

Neoprene is also an extremely effective sound absorber due to its porous nature. 

Porous materials are generally the best sound absorbers, as the air/gas molecules contained 

within them interact via friction to dissipate energy as heat. Conversely, non-porous 

materials lack this ability to dissipate energy to the same effect. It is also known that pairing 

non-porous materials with a porous material acts to reduce the dissipation effect [2]. 

Therefore, it would be expected for neoprene to serve as a widely used soundproofing 

material. Regrettably, neoprene is extremely toxic when it breaks down, producing gases 

such as chlorine, formaldehyde, lead, and hydrochloric acid. This has resulted in the 

material becoming red-listed, which is a label given to materials known to pose severe 

health risks to both humans and the environment. While neoprene is very effective, 

alternatives should be found that can be utilized safely over time.  
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B. PREVIOUS WORK 

The precursor to this study saw LT Shane Martin investigate the thermal properties 

of a wetsuit supplemented with glass microsphere-based panels, dubbed the “K-Suit Mk. 

1.” These panels were constructed using 3M K1 glass microspheres embedded in a 

hardened elastomer (similarly presented in this thesis), with a thermal conductivity of 0.047 

W/(m ∗ K) and a pressure tolerance of about 500 feet [1]. The constructed panels were 

added to a standard neoprene wetsuit and temperature readings were collected over several 

dives. The results of one of these dives is shown in Figure 1.  

 
Figure 1. Preliminary dive test showing improved heat retention 

within the K-Suit Mk. I compared to a standard 7 mm wetsuit. Adapted 
from [1]. 

LT Martin’s data shows a clear improvement in thermal insulation over standard neoprene. 

A concurrent project is improving on the Mk. I suit (by adding thermal protection for the 

upper/lower arms and lower legs) and further investigating the thermal insulation of the K-

Suit Mk. II. 

C. ACOUSTIC BACKGROUND 

Wetsuits are often supplemented with neoprene dive hoods, which further increase 

the thermal protection around the diver’s head. Hoods also have the ability to insulate the 
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diver from loud underwater sounds due to the sound-proofing characteristics of neoprene. 

Underwater sound itself is a result of vibrations and pressure fluctuations in the water. The 

compressional nature of sound waves means that sounds underwater travel much faster 

than they otherwise would in air. This is due to an increased ratio between the stiffness and 

inertia of the water when compared to that of air. Because of this, energy is transferred at 

a greater rate through the water, yielding a louder sound than what would be received in 

air.  

A sound’s “loudness” is generally established by its amplitude and is related to 

sound pressure and sound power. Sound power is most commonly measured via intensity, 

which is defined as the ratio of acoustic power to area (W/m2), or as pressure, which is the 

force per unit area of a sound on a surface (Pa). Both of these measurements can be 

expressed on the logarithmic decibel (dB) scale as Intensity Level (IL) and Sound Pressure 

Level (SPL), respectively. 

 𝐼𝐼𝐼𝐼 = 10 𝑙𝑙𝑙𝑙𝑙𝑙10
𝐼𝐼

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟
  (1) 

 𝑆𝑆𝑆𝑆𝑆𝑆 = 20 𝑙𝑙𝑙𝑙𝑙𝑙10
𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟
𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟

 (2) 

Note that these formulae are different but mutually consistent, as intensity and 

power are related by the square of the amplitude or pressure. As defined, the above ensure 

direct equality of the levels regardless of the calculation being based on pressure/amplitude 

or power/intensity. 

Previous studies have determined safe exposure limits for divers at various SPLs, 

as well as created distance and exposure time reference sheets for military use [3]; these 

references show that hooded divers can tolerate higher SPLs and do so for slightly longer 

periods of time. A military diver’s exposure limits become extremely important when faced 

with modernized diver deterrence techniques, such as swimmer neutralization equipment 

or active sonar systems. It is possible that adding additional shielding to a wetsuit and hood 

can increase the provided sound proofing effect, enabling higher exposure tolerances. As 

fabrication for the K-suit Mk. II was underway to further investigate its thermal properties, 
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testing could be carried out on the microsphere panel’s acoustic properties and determine 

their effectiveness in reducing transmitted sound intensity. 

For soundproofing in diving applications, it is important to reference the human 

hearing threshold, which is between about 20 Hz and 11 kHz in air. This range is about the 

same underwater during bareheaded diving (without a hood or helmet). Adding a hood and 

full-face mask reduces this threshold to between 110 Hz and 1300 Hz [4]. Figure 2 presents 

these auditory thresholds with the addition of and absence of standard diving headgear. 

Note that the SPL values are the lowest discernable value. 

 
Figure 2. Human hearing threshold with and without diving 

equipment. Source: [4]. 

Interestingly, different frequency bands impact the human body in different ways. 

Different frequency bands have been seen to produce various symptoms within human 

divers known as ‘bioeffects’. Several branches of the Department of Defense (DOD) have 
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investigated such bioeffects, with study results being used to implement diver-

neutralization techniques [5]. As stated in an ARL: UT report on this topic, “acoustic 

energy, applied at specific frequencies, amplitudes, and durations […] would affect the 

function and/or physical characteristics of major organs, limbs, or central nervous system 

in a measurable manner” [5]. These bioeffects, for example, can range from marginal 

discomfort to full auditory damage and tissue trauma.  

Low Frequency Sonar (LFS) (100 – 500 Hz) generates high-energy pulses of sound 

which may be harmful at high power levels. High intensity LFS most commonly results in 

non-auditory effects, such as vertigo and dizziness, tingling, chest/lung tissue resonance 

effects, and muscle contractions within the body [5]. While these effects are not necessarily 

fatal, the resultant discomfort will very likely cause the diver to abandon an operation or 

return to the surface. Navy testing determined safe operating limits, outlining a 

recommendation at 160 – 320 Hz with a maximum SPL of 160 dB re 1 µPa for no more 

than 100 seconds [5]. Human testing saw physical aversion begin in divers within the LFS 

range at an SPL exceeding 140 dB, with most divers reporting a ‘very severe’ aversion 

level at the 100 Hz frequency. A summary of bioeffects from this study is show in Table 1 

for the lower frequencies of 100 to 500 Hz and Table 2 for the range of 500 to 2500 Hz. It 

should also be noted that Navy regulations prohibit diver exposure at an SPL exceeding 

215 dB, regardless of frequency or equipment used. 
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Table 1. Bio-effects of low-frequency underwater sound (100-500 
Hz). Source: [4]. 

 
 

Table 2. Bio-effects of underwater sound (500-2500 Hz). Source: 
[4]. 
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Higher frequencies also produce varying impacts; In many cases, exposure above 

this LFS range resulted in auditory discomfort in divers between 500 and 2500 Hz. Certain 

frequencies are also seen to illicit dizziness and impact balance at SPLs above 150 dB [4]. 

While much of this discomfort comes in the form of excessive loudness, there are studies 

that suggest resonance with internal organs [5]. Even higher frequencies in the Ultrasonic 

band (1-4 MHz) produce cavitation (bubble formation) and heating effects upon exposure. 

Tissue damage is known to occur if exposure is too long and at close enough ranges. Bubble 

formation is dependent on SPL and frequency, with bubbles beginning to collapse at high 

enough pressures and releasing energy upon compression. U.S. Navy studies have 

determined exposure ranges based on these effects, stating that a diver may not be closer 

than 10 yards when operating near a sound source exceeding 250 kHz [5]. It should be 

noted, however, that power generated by ultrasonic signals is dissipated rapidly with 

distance, as well as that frequencies below 100 kHz produced negligible heating effects. 

D. PANEL FABRICATION 

The previous study conducted with the K-suit Mk. I generated 3D body scans of 

the divers wearing a thin neoprene wetsuit. These scans were modified in SolidWorks and 

used to produce various rectangular molds (Figure 3), allowing for the casting of individual 

panels. Molds were printed in two components in polycarbonate on a Fortis mc400 3D 

printer using a half-density mesh setting. The mold lid was printed with several empty 

shafts to allow air to vent and excess material to escape if overfilled. The lid was also 

printed about 5% smaller in scale than the associated base. This gap allowed for a slightly 

thicker panel to be constructed.  
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Figure 3. 3D body scans were translated into SolidWorks to create 

two-piece molds for the casting process. Source: [6]. 

The silicone prepolymer for the wetsuit panels was created by mixing a 10:1 ratio 

of Dow Corning Corp. Sylgard 184 polydimethylsiloxane (PDMS) silicone elastomer base 

and curing agent. Approximately 100g of the elastomer base was mixed with ~10g of the 

curing agent in a 310 mL mixing cup before adding ~150 mL of 3M K1 hollow glass 

microspheres. Space was deliberately left in the cup to allow for a thorough mixing to 

occur. Figure 4 shows the addition of the K1 microspheres to a mixing cup holding the 

elastomer base and curing agent. 



9 

 
Figure 4. K1 glass microspheres were added to the 10:1 ratio of 

elastomer base and curing agent; approximately 150 mL of these 
microspheres were used in each cup 

The mixing cup was sealed and spun at 1500 rpm for 4 min in an ARE-310 

THINKY planetary rotary mixer. This method allowed for a bladeless mixing of the 

material to avoid damage to the embedded microspheres. As seen in Figure 5, the mixing 

cup is held at an angle within the mixer to create a three-dimensional flow of material. A 

counterweight within the mixer, opposite to the cup, was also set to balance the centrifugal 

force of the cup. 
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Figure 5. Composite mixtures were placed in a THINKY planetary 
rotary mixer for 4 min at 1500 rpm to allow for thorough mixing 

Multiple cups were prepared for each mold (two to four depending on size) and 

were placed in a desiccator attached to a mechanical vacuum pump. Mixtures were 

degassed for approximately 5 min before being poured into the bottom section of the 

prepared molds; Figure 6 Shows two cups being poured into one such mold.  
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Figure 6. Composite mixtures were degassed and poured into the 

lower section of the printed mold 

The lid was pressed firmly into the lower mold section before the being placed into 

a VWR Forced Air Oven at 80℃ for 2 hours. for faster material curing (Figure 7); standard 

material cure time is 24 hours. at room temperature.  
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Figure 7. Sealed molds were placed into the VWR Forced Air Oven 

at 80℃ for 2 hours 

The mold was removed from the oven and cooled to room temperature. The cast 

was extracted, and excess debris was removed from the molds before the next iteration of 

panels were created. Vent shafts on the molds were drilled to clear any residual obstruction 

from excess material. Any excess material on the cast itself was trimmed with a razor and 

discarded (figures 8 and 9). 
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Figure 8. After curing, the top portion of the mold was removed, and 

the completed panel was extracted 

 
Figure 9. Excess material from the edges and mold shafts were 

trimmed from the extracted panel 



14 

E. WETSUIT CONSTRUCTION 

Two of each type of composite panel were constructed in order to complete two 

wetsuits. A total of 13 panels per suit were fabricated. These include R/L shoulder, R/L 

upper back, R/L chest, Abdominal, R/L thigh, R/L shin, R/L forearm. Figure 10 shows 

several completed panels. 

 
Figure 10. Several completed composite panels trimmed and labeled 

before being attached to the wetsuit 

A custom-fitted wetsuit was created by Otter Bay Wetsuits in Monterey, CA. Once 

completed, composite panels were placed on the suit and outlined. Neoprene pockets were 

added around these outlines to enclose the full size of the panels and sealed with the pieces 

inside. The previous suit ran into issue at this phase, as pockets were added to be the size 

of the outlines themselves, forcing the author to further trim the composite pieces and 

reduce body coverage; this was corrected for the Mk. II suit. The final suit is shown in 

Figure 11. 
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Figure 11. Completed K-suit Mk. II with glass microsphere-based 

composite panels 
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II. INVESTIGATION OF ACOUSTIC CHARACTERISTICS 

While the Mk. II suit was completed and ready for dive testing to further investigate 

the improved thermal properties, the acoustic response of the composite materials needed 

to be investigated in a more controlled manner. Before physical tests were conducted, 

however, a basic theoretical prediction for the material performance was derived. 

A. ACOUSTIC THEORY 

Basic laws govern the reflection and transmission of sound transitioning between 

mediums. The reflection and transmission coefficients of the resultant sound waves are 

derived from the acoustic boundary conditions. In this case, however, the transmission of 

the sound is not incident on a single boundary, but a layer. One approach is to simply model 

this as transmission though a fluid layer. Neglecting the thin neoprene layer surrounding 

the panel for now, normal incidence on the three-medium layer is depicted by Figure 12. 

Media impedances are given as 𝑧𝑧𝑛𝑛 and pressures are given as 𝑝𝑝𝑖𝑖, 𝑝𝑝𝑟𝑟, 𝑝𝑝𝑡𝑡 for incidence, 

reflection, and transmission, respectively. 𝐿𝐿 denotes the thickness of the central layer. 

 
Figure 12. Transmission of normal incidence sound signal on a fluid 

layer. Adapted from [7]. 

Using a general expression for the incident signal [7], the waveform in the first 

medium can be expressed as  
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 𝑝𝑝𝑖𝑖 = 𝑃𝑃𝑖𝑖𝑒𝑒𝑗𝑗(𝜔𝜔𝜔𝜔−𝑘𝑘1𝑥𝑥), (3) 

where the wavenumber is given as 𝑘𝑘 = 2𝜋𝜋
𝜆𝜆

 and 𝜆𝜆 = 𝑐𝑐
𝑓𝑓
. 

Continuity of the specific acoustic impedance yields the pressure reflection coefficient and 

the intensity transmission coefficients [7]: 

 𝑹𝑹 =  
�1−𝑧𝑧1𝑧𝑧3

�𝑐𝑐𝑐𝑐𝑐𝑐𝑘𝑘2𝐿𝐿+𝑗𝑗�
𝑧𝑧2
𝑧𝑧3
−𝑧𝑧1𝑧𝑧2

�𝑠𝑠𝑠𝑠𝑠𝑠𝑘𝑘2𝐿𝐿

�1+𝑧𝑧1𝑧𝑧3
�𝑐𝑐𝑐𝑐𝑐𝑐𝑘𝑘2𝐿𝐿+𝑗𝑗�

𝑧𝑧2
𝑧𝑧3
−𝑧𝑧1𝑧𝑧2

�𝑠𝑠𝑠𝑠𝑠𝑠𝑘𝑘2𝐿𝐿
 (4) 

 𝑇𝑇𝐼𝐼 =  4

2+�𝑧𝑧3𝑧𝑧1
+𝑧𝑧1𝑧𝑧3

�𝑐𝑐𝑐𝑐𝑐𝑐2𝑘𝑘2𝐿𝐿+�
𝑧𝑧22
𝑧𝑧1𝑧𝑧3

+𝑧𝑧1𝑧𝑧3
𝑧𝑧22

�𝑠𝑠𝑠𝑠𝑠𝑠2𝑘𝑘2𝐿𝐿 
 (5) 

This can be further reduced if the first and third fluids are the same. In the case of this 

experiment, the density of the human body is roughly the same as the surrounding seawater, 

making this an acceptable approximation [7]: 

 𝑇𝑇𝐼𝐼 = 1

1+14�
𝑧𝑧2
𝑧𝑧1
−𝑧𝑧1𝑧𝑧2

�
2
𝑠𝑠𝑠𝑠𝑠𝑠2𝑘𝑘2𝐿𝐿

 (6) 

Furthermore, if 𝑧𝑧2 ≫ 𝑧𝑧1, or the impedance of the second medium is much larger than that 

of the first, the intensity transmission coefficient reduces further [7]. 

 𝑇𝑇𝐼𝐼 = 1

1+14�
𝑧𝑧2
𝑧𝑧1
�
2
𝑠𝑠𝑠𝑠𝑠𝑠2𝑘𝑘2𝐿𝐿

 (7) 

It should be noted that for solid panels in water, if  

 𝑧𝑧2
𝑧𝑧1
𝑠𝑠𝑠𝑠𝑠𝑠𝑘𝑘2𝐿𝐿 ≪ 1, (8)  

it further reduces to 𝑇𝑇𝐼𝐼 ≈ 1. 

 For all instances of 𝑇𝑇𝐼𝐼, the corresponding pressure transmission coefficient is 

derived as 

 𝑇𝑇𝑃𝑃 =  �𝑇𝑇𝐼𝐼. (9) 
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While the above expressions for transmission coefficients are derived for normal 

incidence only, transmission for oblique incidence can be considered along the same lines 

and will vary with the incidence angle of the sound wave. 

As the expression for the transmission intensity is derived, the impedances of the 

individual fluids must be determined. As the central medium is not a homogenous fluid, 

but a suspension of bubble-like glass microspheres, the sound speed of propagation can be 

approximated using Wood’s equation for a gas bubble-liquid mixture in equilibrium. Note 

that equilibrium is obtained when the mixture is homogenous, such that every volume in 

the mixture contains a similar distribution of bubbles. As the elastomer base is thoroughly 

mixed with the glass microspheres before setting, an approximate equilibrium is reached. 

Wood’s sound speed of propagation is given as [8]: 

 𝑐𝑐𝑤𝑤2 =  1
𝜌𝜌𝑚𝑚𝐾𝐾𝑚𝑚

. (10) 

The compressibility and density of a two-component mixture is given as: 

 𝐾𝐾𝑚𝑚 = 𝐾𝐾𝑓𝑓 + 𝐾𝐾𝑝𝑝 = 1−𝐶𝐶𝑣𝑣
𝜌𝜌𝑓𝑓𝑐𝑐𝑓𝑓2

+  𝐶𝐶𝑣𝑣
𝜌𝜌𝑝𝑝𝑐𝑐𝑝𝑝2

 (11) 

 𝜌𝜌𝑚𝑚 = 𝜌𝜌𝑓𝑓(1 − 𝐶𝐶𝑣𝑣) + 𝜌𝜌𝑝𝑝𝐶𝐶𝑣𝑣 (12) 

where 𝐶𝐶𝑣𝑣 is the volume fraction of bubbles within the mixture, 𝑐𝑐𝑓𝑓is the liquid sound speed 

(elastomer base), 𝜌𝜌𝑓𝑓is the liquid density, 𝑐𝑐𝑝𝑝 is gas sound speed, and 𝜌𝜌𝑝𝑝 is the gas density 

[8]. 

This compressibility only takes the liquid and gas quantities into consideration. It 

must be expanded to include a third term to represent the glass microspheres themselves: 

 𝐾𝐾𝑚𝑚 = 1−𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎−𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝐵𝐵𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

+  𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎
𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎2

+ 𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝐵𝐵𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

 (13) 

 𝜌𝜌𝑚𝑚 = 𝜌𝜌𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒�1 − 𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 − 𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔� + 𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 + 𝜌𝜌𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 (14) 
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B. BASIC FREQUENCY RESPONSE MODELS 

In order to use these equations, values for the parameters were tabulated (Table 3). 

For certain variables, approximates were made from known quantities and sources are 

noted. Unless otherwise stated, values are known quantities or were from the K1 

microsphere product information. 

Table 3. Tabulated values for approximation of sound speed 

Quantity Comparable Value 
𝜌𝜌𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 1110 kg/m3 [9] 
𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎 1.21 kg/m3 (@ 20 C) 
𝜌𝜌𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 2440 kg/m3 
𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎 343 m/s (@ 20 C) 
𝑐𝑐𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 5560m/s [10] 

𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 960-1110 m/s [11] 
𝐵𝐵𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 43 GPa [10] 
𝐵𝐵𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 1.5 GPa [12] 

 

Using a three-component model with silicone, glass, and air results in an average 

density of about 510 kg/m3 and an estimated sound speed of propagation of 22 m/s. This 

value is extremely low and is not an accurate approximation. This is due to the fact that 

Wood’s equation assumes the material components are at the same pressure, which is not 

the case with the air sealed within the glass microspheres. It should be noted that these 

values are not ideal for a sound absorber, as the density is much lower than water and 

features a slower sound speed of propagation. Referring to the condition presented in 

Equation 8, it would be hypothesized that no mitigation of transmitted intensity would be 

measured. This condition is seen below in Figure 13, where the left side of the inequality 

is plotted. With a thickness of ~ 1 cm, there is no mitigation expected across all frequencies.  
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Figure 13. Plot of the left-hand cutoff inequality (black) for the 3-

component approximation. Note that it never approaches a magnitude near 
1 to satisfy the inequality 

Another approach would be to model the panels as a two-component mixture of 

glass microspheres suspended in the silicone elastomer, neglecting the air within them. 

This results in an average density of about 1950 kg/m3 and estimated sound speed of 5870 

m/s. A plot of the expected transmission curves for this two-component approximation is 

shown in Figure 14. Using this approximation, it would be expected for a reduction in 

transmitted intensity to occur beginning around 10 kHz. 
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Figure 14. Estimated transmission curves for the two-component 
approximation using silicone elastomer and glass (neglecting air) 

Finally, a third transmission curve was created to model the panels simply as solid 

glass. In this case, the sound speed of glass is known to be about 5560 m/s with a density 

of 2440 kg/m3. This model is plotted in Figure 15, showing the most drastic decrease in 

transmitted intensity out of the three models. 
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Figure 15. Estimated transmission curves for simplistic glass model 

(neglecting air and silicone elastomer base) 

It should be noted that the simplified transmission equation for 𝑧𝑧2 ≫ 𝑧𝑧1 is not 

applicable for the constructed panel, as it cannot accurately be modelled as a solid glass 

panel. What these transmission curves do show, however, is that any reduction in 

transmission that occurs will take place after about 10 kHz. For a 1 cm test panel, this is to 

be expected; a small signal wavelength relative to this thickness is necessary to have any 

significant impact on reducing transmission. A frequency range from 5 to 20 kHz 

corresponds to wavelengths varying from approximately 30 to 7.5 cm, which are fairly 

large compared to this material thickness. 

  



24 

THIS PAGE INTENTIONALLY LEFT BLANK  



25 

III. EXPERIMENTAL SETUP 

Composite pucks of the same composition as the wetsuit panels were used to test 

the acoustic frequency response of the material. Several pucks, with slight variation in K1 

microsphere content, were used to investigate the relationship to material density. The first 

puck labelled “O5,” was created with a microsphere content of 18.5% by volume with an 

average material density of 854 kg/m3. A second puck, “O10,” was created to be 52.6% 

microspheres by volume with an average density of 549 kg/m3 (Figure 16). All material 

pucks were created with a diameter of 13.5 cm. 

 
Figure 16. O5 and O10 composite pucks constructed with glass 

microspheres 

The test arrangement was based around a University Sound Model UW-30 

underwater speaker to generate a chirp incident signal. This speaker, mounted 1m 

underwater in a tank with anechoic lining, was driven by an HP Power Amplifier (467A) 

with a 5x voltage gain from a 1V function generator. A Brüel & Kjær (B&K) 8103 

hydrophone, placed 1 m underwater and approximately 1.5 m from the speaker (Figure 
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17), was used to record the pressure generated by the speaker’s output. This hydrophone 

was placed directly behind the testing material and was in contact with the puck and/or 

neoprene for each test. This hydrophone was fed into an SRS Model SR560 Low Noise 

Preamplifier to increase the signal by a factor of 10. This also utilized a low pass filter at 

30 kHz and a high pass filter at 100 Hz to reduce noise. Both the amplified hydrophone 

and speaker signals were input to a Stanford Research Systems (SRS) Model SR785 2-

Channel Dynamic Signal Analyzer to perform a 100 Hz to 20 kHz sweep. The results of 

this were recorded via Tektronix MD03014 Mixed Domain Oscilloscope.  
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Figure 17. Hydrophone and composite puck arrangement behind 

neoprene material (held out of tank for visualization) 

An additional frame was used to hold a 7 mm thick neoprene square, with a side 

length of about 30 cm, to log the neoprene’s response as well. A gated FFT sweep (Figure 

18) was conducted first to ensure no sound reflections would be present during recording. 

No echoes appeared during the testing, indicating that reflections were negligible.  
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Figure 18. A gated FFT sweep was conducted to verify that no sound 

echoes/reflections were present. Ch.1 (Yellow) shows the speaker chirp, 
while Ch.2 (Blue) is the hydrophone recording 
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IV. RESULTS AND ANALYSIS 

A. FREQUENCY RESPONSE 

Sweeps were conducted for several arrangements, with the first being only the 

hydrophone. This recording was used as the baseline to compare to the subsequent 

measurements. The next setup saw the neoprene panels affixed to the frame and suspended 

1m underwater. The hydrophone was attached to a ring stand and suspended into the tank 

behind the neoprene test material. This was repeated twice with the addition of the O5 and 

O10 pucks placed between the neoprene and the hydrophone. An additional two tests were 

conducted to record the response of the O5 and O10 pucks individually without the 

neoprene. Figure 19 shows the raw data recording converted from captured dB re V/µPa 

units to pressure units of Pa. 

 
Figure 19. Raw captured data showing frequency response for the 

tested materials in units of pressure (converted from captured dB re 
V/µPa) 
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From these data captures, it can be seen that the hydrophone does not have a 

uniform frequency response, making it more difficult to visualize trends in sound pressure 

reduction as frequency increase. As such, this data will be analyzed in terms of the ratio 

between the pressure measured behind the material shielding and the hydrophone baseline. 

It should also be noted that certain frequency ranges show an increase in recorded pressure 

for various materials. 

B. PRESSURE REDUCTION 

This data was translated into the ratio between the measured acoustic pressure 

behind the material shielding to the hydrophone baseline pressure; Figure 20 shows this 

unitless ratio for all materials. As seen in this response curve, certain materials, namely the 

pucks themselves, resulted in a higher measured acoustic pressure. The neoprene and 

combination of composite pucks and neoprene generally reduced the measured pressure 

with exception of a noticeable spike around 13 kHz for the O5 and O10 combinations. This 

increase for the O5 and O10 pucks, while not originally expected, can possibly be 

explained by diffraction around the sides of the pucks themselves. Due to the relatively 

small diameter of these materials, lower frequencies (greater wavelengths) may experience 

some constructive interference from the bending sound waves, resulting in a measurable 

increase in pressure.  
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Figure 20. Ratio of measured pressure behind material shielding and 

hydrophone baseline 

The same ratios for the individual O5 and O10 pucks were also plotted separately 

to visualize trends more clearly in the data (Figure 21). As anticipated in the theoretical 

predictions, sound absorption within the pucks does not occur until around 10 kHz and 

generally increases from this frequency; this is likely primarily determined by the thickness 

of the composite materials. Again, several prominent increases in measured pressure are 

recorded at certain frequencies for all materials, including neoprene. 
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Figure 21. Ratio of measured pressure behind O5 and O10 pucks and 

hydrophone baseline 

This pressure reduction was also plotted in units of dB (Figure 22). A negative 

value refers to a ratio of less than one and indicates a reduction in pressure from the 

baseline. Note that this dB representation is not an SPL value, as it is not referenced to an 

acoustic pressure. When placed in combination with neoprene, the O5 and O10 pucks are 

seen to have a response similar to neoprene as expected, but do not contribute any 

significant pressure reduction themselves until higher frequencies. 
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Figure 22. Ratio between measured material pressure and hydrophone 

baseline in dB 

This ratio is again plotted (Figure 23) with only the composite O5 and O10 pucks 

to discern the response more clearly. Past a frequency of 10 kHz, the reduction is more 

significant and can be seen to improve with frequency.  
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Figure 23. Ratio between measured O5 and O10 pressure and 

hydrophone baseline in dB 

C. TRANSMISSION 

The reduction in pressure from the hydrophone baseline in units of pressure (Pa) 

was then used to model the pressure transmission coefficient for each material. With this 

calculated, the results could be compared to the initial material predictions. These values 

for the pressure transmission coefficient are presented in figures 24 and 25. 
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Figure 24. Pressure transmission coefficients for all tested materials 

relative to hydrophone baseline 

 
Figure 25. Pressure transmission coefficients for composite material 

pucks relative to hydrophone baseline 

D. CERAMIC MICROSPHERES 

Additional pucks were created using 3M ceramic microspheres to compare the 

obtained frequency response at similar compositions to the glass microsphere pucks 

previously explored. These pucks were constructed with the same methodology presented 

and similar ratios of 20% and 50% ceramic microspheres by volume (comparable to 18.5% 

“O5” and 52.6% “O10” composite samples). The same tank and equipment arrangement 

was used. The acoustic response of this second material was investigated as it is likely to 

be used for further thermal testing in the near future. The ceramic microsphere samples are 
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denoted as “C20” and “C50” for the 20% and 50% compositions, respectively. The 

resultant frequency response is plotted in Figure 26. 

 
Figure 26. Ceramic frequency response of C20 and C50 material 

pucks 

This data was again translated into a ratio between the measured shielded pressure 

and the hydrophone baseline (Figure 27). From this response curve, the neoprene and C20 

and C50 pucks (in combination with the neoprene) have a similar frequency response.  
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Figure 27. Ratio of measured pressure behind ceramic material 

shielding and hydrophone baseline 

As with the composite panels, the individual ratios of the C20 and C50 pucks are 

plotted without the addition of neoprene shielding (Figure 28). Once again, it can be seen 

that the thickness of the material does not allow for any noticeable pressure reduction at 

lower frequencies. Interestingly, the C50 puck produces an extremely high peak around 11 

kHz. 
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Figure 28. Ratio of measured pressure behind C20 and C50 pucks and 

hydrophone baseline 

These results are again converted to dB values and are plotted in Figure 29. Note 

that negative values continue to demonstrate a reduction in pressure whereas positive 

values denote an increase in measured pressure. 
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Figure 29. Ratio between measured ceramic material pressure and 

hydrophone baseline in dB 

This data is plotted once more for the individual ratios of the C20 and C50 material 

pucks. Figure 30 shows a similar response as compared to the original glass composite 

material. While there appears to be similar attenuation at lower frequencies, there is a high 

degree of pressure reduction variability until about 13 kHz, where it begins to perform 

similarly to the glass composite. 
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Figure 30. Ratio between measured C20 and C50 pressure and 

hydrophone baseline in dB 

Finally, figures 31 and 32 show the plotted pressure transmission coefficients for 

all materials and the individual ceramic puck responses, respectively. Compared to the 

glass composite material, the ceramic transmission response is much more variable. A 

response comparable to the composites is only evident again after about 13 kHz. 
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Figure 31. Pressure transmission coefficients for all tested ceramic 

materials relative to hydrophone baseline 

 
Figure 32. Pressure transmission coefficients for ceramic material 

pucks relative to hydrophone baseline 

E. MATERIAL COMPARISON 

The measured sound pressure reduction of the individual composite materials 

indicates a level of successful soundproofing past a frequency of about 10 kHz as expected. 

Recorded spikes may be indicative of resonance within the neoprene, as composite and 

ceramic spikes correspond to similar ones measured while testing neoprene. The 

combination of composite and ceramic materials and neoprene further reduce the sound 

pressure as compared to the individual neoprene recording, but not by a significant amount. 

Calculated pressure transmission coefficients also indicate a trend for improved pressure 
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reduction as frequency increases for both materials. This confirms the basic modelling 

predictions and can be explained by the decreasing signal wavelength. 

The measured response of the materials both suggest little to no attenuation at lower 

frequencies. At the higher frequencies tested, the materials respond in a similar manner, 

exhibiting peaks and nulls at the same frequencies. This behavior may suggest that the 

response is more closely tied to the silicone elastomer itself rather than the embedded 

microspheres. As such, the elastomer base should be tested in the future and the results 

compared. Higher frequencies should also be tested with an additional sound source to 

understand the full spectrum response. Additionally, more in-depth modelling would be 

useful in accurately predicting the material response. Larger material pucks should be 

tested to reduce any effects of sound diffraction that may be causing the frequency-

dependent variations within the pressure recordings.  
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V. CONCLUSION 

The K-suit Mk II was completed, and the material’s SPL reduction capabilities were 

tested. Both the glass microsphere-based composite panels and additional ceramic 

microsphere panels yielded a reduction in measured SPL when compared to the baseline 

hydrophone signal. These materials did not, however, surpass the sound-proofing 

capabilities presented by neoprene alone and failed to produce any attenuation at lower 

frequencies. While these results were predicted, the material responses suggest that a 

combined usage of neoprene and composite material will result in a noticeable SPL 

reduction at higher frequencies while also affording the thermal protection provided by the 

additional panels. Preliminary results also suggest that the SPL reduction will increase at 

higher frequencies due to limitations presented by material thickness. 

The addition of these panels will allow divers to utilize a thinner neoprene wetsuit 

while retaining the thermal protection properties afforded by a thicker suit. Specific 

placement of material may also act to increase diver sound tolerance in terms of timed 

exposure and intensity level while operating near underwater sound sources. Such an 

increase would allow for a change in Navy operating procedure and combat diving 

capabilities. Although the composite and ceramic materials were outperformed by 

neoprene, the addition of such panels may present a non-compressible sound-proofing 

solution when paired with neoprene and used at greater pressures. Additional testing at 

higher pressures could confirm this hypothesis. 
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