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Mechanical and Electrical

Characterization of Carbon Black-
doped Closed-cell
Polydimethylsiloxane (PDMS) Foam

Abstract

Carbon Black-doped Polydimethylsiloxane (CB-PDMS) can be used as a pressure

sensing material due to its piezoresistive properties. The sensitivity of such a sensor is in

part dependent on the stiffness of the material. A closed-cell CB-PDMS foam is being

explored as a possible flexible, lightweight, and waterproof underwater sensing material

for use in unmanned underwater vehicles and other hydrodynamic sensing purposes. The

percolation threshold for conduction through the CB-PDMS foam is theorized, and a

number of different concentrations based on the theorized threshold are explored in

order to determine the optimum weight percent of Carbon Black dopant to achieve a high

sensitivity, low stiffness sensing CB-PDMS foam. Sinusoidal mechanical pressure patterns

were applied and voltage response measured. An optimum dopant weight percent out of

the concentrations tested was found at 5.5 wt% CB-PDMS.
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Introduction

Unmanned underwater vehicles (UUVs) are used to collect data of various kinds,

such as locating underwater mine locations and shipwrecks, or mapping ocean floor

topography (1). They rely on the use of sensors to navigate underwater autonomously. Most

UUVs use acoustic or optical sensors to navigate (2), but these methods of undersea

visualization are not energy efficient: they must send out a signal in order to read a

response from the environment (3) (4), and these signals have the potential to interfere

with the activity of undersea life, such as dolphins, that also use echolocation to navigate.

(5) For these reasons, there is desire to design a new type of sensor for use in UUVs.

A new type of MEMS (Microelectromechanical System) sensor is proposed that

does not rely on acoustic or optic signals. The proposed sensor mimics the lateral line, a

biological feature of a number of species of fish. The lateral line is composed of a series of

neuromasts located beneath the fish's skin. These neuromasts are connected to exterior

pressures via pores in the fish's skin. Pressure differentials under the fish's pores stimulate

the neuromasts, allowing the fish to sense local changes in pressure between neuromasts.

These changes in water pressure are caused by vortices in the water, which are created in

response to flow against an object. (6) These vortices can be analyzed to determine the

location of the object giving them off. This ability to measure pressure differentials allows

the fish to create a map of the area it occupies at any given time, allowing some blind

species of fish, such as the Blind Cave Fish in Figure 1. (7) (13)
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Figure 1. The lateral line of a Blind Mexican Cavefish. Neuromasts, shown
as black dots, allow for the measurement of pressure differentials.

Original image edited from Bleckmann (7).

This proposed sensor utilizes the conductive nature of Carbon Black (CB) and the

sensitivity to small strain of a silicone elastomer, PDMS (Polydimethylsiloxane). The PDMS

is used as a pliable matrix to hold the conductive particles. When the composite material is

strained, it exhibits a piezoresistive response. This resulting change in electric response

can be used to sense changes in pressure between different points on the sensor. These

pressure differentials can be related back to hydrodynamic stimuli in the water caused by

objects, allowing the sensor to determine the location of these objects by interpreting the

pressure differentials along the sensor. (8)
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Current designs for this sensor are shown in Figure X. Blocks of silver-doped solid

CB-PDMS are used to reduce contact resistance to wires, providing ample contact area for

recording piezoresistive response from the CB-PDMS foam blocks molded between. These

blocks of CB-PDMS foam are held on a backing of PDMS.

I
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Figure 2. Array sensor made using CB-PDMSfoam, solid PDMS backing, and
solid Ag-CB-PDMS as electrical contacts. This sensor was designed to mimic
the lateral line in fish. The red box highlights the CB-PDMS foam, while the
blue highlights the solid Ag-CB-PDMS used as an electrical contact. Image

credit: Jeff Dusek, 2015.
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This design mimics its biological counterpart seen in the fish, allowing the flexible

silicone sensor to read a number of pressure differentials using 4-point measurements. Its

flexibility has benefits: it can withstand impact better than a rigid sensor, and it can be

easily configured to match the surface it is placed on, such as a boat or other hydrodynamic

vehicle. Its flexibility also gives it higher sensitivity to small pressures, providing a

significant piezoresistive response at lower strains.

In order to achieve higher sensitivity, a lower elastic modulus was desired for the

sensor. For this reason, CB-doped PDMS foam is being explored. Its feasibility depends on

its ability to detect small strains and provide significant piezoresistive response. The ability

to waterproof the sensor is also crucial; any coating must not diminish the sensitivity of the

sensor. (9) In order to remove the necessity for a waterproof coating completely, a closed-

cell foam is being explored.

Background

Silicone rubbers are polymeric elastomers, which exhibit non-linear elastic behavior

different than linear elastic materials. For this reason, linear elastic models do not capture

the behavior of elastomeric materials. The mechanical behavior of the sensor will therefore

be non-linear elastomeric, exhibiting recovery of shape even after being subjected high

stresses and large strains. The mechanical behavior of silicone, however, is dependent

upon its processing conditions before testing and rate of strain during testing.

CB-PDMS, both the foam and its solid counterpart, are piezoresistive, meaning that

under some change in strain, there will be a change in resistance in the material. This
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piezoresistive nature is theorized to occur by the connecting network of CB particles in the

PDMS matrix. Once a certain threshold of CB dopant is reached, enough conductive

pathways will form to allow conduction through the material. Under strain, these

conductive pathways are disrupted, but reform after some time. It has been theorized that

the piezoresistive nature of this material can be attributed to the collapse of conductive

pathways upon the straining of the material. (1o) If this is the case, the resistance of the

material would increase upon straining, as the collapse of these pathways would hinder

conduction.

Below the Above the
Percolation Percolation
Threshold Threshold

* -Fill Particle

D -Bulk Phase or Matrix

Figure 3. Representation of the percolation threshold, the
concentration at which particles in a matrix form connected

networks. Image from TDA (n).
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This so-called percolation threshold of a matrix and filler particles - in this case, a

silicone matrix with CB filler - occurs when the filler particles are at a high enough

concentration to form interconnected networks of touching particles within the matrix. In

order to approximate the volume fraction of CB needed to reach the percolation threshold,

each cell wall was modelled simplistically as a 3 D slab. The volume fraction of filler falls

between a range of 0.3-0.4 using a slab as a model (12), and so the value 0.30 was chosen to

approximate the percolation threshold for one cell wall, and by extension, the foam. This

was done to verify the volume fraction range of CB to be used to dope the silicone foam.

This calculation can be seen in Appendix A.

Figure 4. Images of 4 wt% CB-PDMS foam, taken at 20x magnification and ioox magnification, respectively. These images
were used to calculate the cell geometry to predict the percolation threshold using Imagej software.
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The approximate percolation threshold mass CB per volume foam was calculated to

be o.64 g for a 2.5 cm long cube using the dimensions of a cell wall measured using an

SEM. The cube samples were approximately lo g in mass, giving a weight percent of 6.4%.

This model is an over-estimation - the cell walls are thinner near the middle and thicker

near the joining edges, and as such will not behave exactly like a slab would. In addition,

previous work with this material has shown that weight percent ratios near 3-5 wt% had

been optimal. For these reasons, ratios from 4 to 5.5 wt%, in 0.5 wt% increments, were

studied.

Materials and Methods

Waterproofing the open-cell PDMS foam proved to be a challenge. (8) A number of

materials and procedures were employed to ensure that water would not disrupt the

mechanical behavior of the foam, such as Saran wrap and a pure, solid PDMS coating, but

Saran wrap was not a structurally sound solution and solid PDMS became the dominant

mechanical material in the device, limiting the foam's ability to sense pressure differences.

In order to combat this problem, a closed-cell foam was employed so that water could not

make its way into the foam material. A commercially available closed-cell foam was

procured from Smooth-On.

Smooth-On product Soama Foama 15 was used to make the sensors because of its

relative chemical similarity to the PDMS foam, its closed-cell structure, and its quick

production time. The PDMS foam required 20 minutes to cure at 120 degrees and a water
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bath for 24 hours at 8o C in order to leech out sugar, which was used as a sacrificial

scaffold. Soama Foama 15 (herein referred to as SF15 ) is a low-density closed-cell foam with

a cure time of one hour in ambient conditions, making production of SF15 sensors much

more efficient than production of the previous PDMS foam sensors.

Figure 5. Wiring arrangement (left) and compression testing (right) using Keithley
Sourcemeter and custom ADMET instrument.
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Figure 6. ADMET mechanical testing instrument used in experiments.

Pure SF15

SF15 's production procedure was optimized by Smooth-On. Two parts, Part A and

Part B, liquid components provided by Smooth-On, were used. Two parts A and one part B

by weight were drawn out using a 3 mL syringe and released into a mixing cup. Both parts

were then mixed well together by hand for approximately io seconds. The mixture was

quickly poured into a mold before the material had become solid and no longer pourable,

which occurred after approximately 2 minutes. The foam was then allowed to cure,

expanding approximately 2-3 times its original volume when foamed fully.
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Figure 7. Mold used to shape foam. Foam poured under wires,
then wires were placed on top of expanding foam. A top identical

piece was placed on top and screwed down until tightened to
ensurefull molding around wires.

Carbon Black-doped SF15

Two parts A was measured out by weight and released into a mixing cup using a 3

mL syringe. Carbon Black (herein called CB) was measured out by weight under a fume

hood and mixed in with Part A until uniform. Mechanical mixing provided good

uniformity, but the heat from mixing at times caused early curing and solidification of the

incomplete mixture. Samples were mixed by hand to avoid mechanical heat and early

curing. One part B was added to the mixed CB-doped A. This was mixed by hand for

approximately io seconds, and quickly poured into the mold. The foam was allowed to cure
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for one hour, expanding to 3-4 times its original volume. Adding larger amounts CB would

cause the foam to expand less, although still approximately in the range specified above.

The exact expansion of each sample was not calculated.

In order to measure piezoresistive responses from the foam, wires were molded into

the samples as well. As soon as the foam was poured into the mold, wires were placed on

top. The top of the mold was placed on top of the wires and bottom half of the mold. Four

wires were placed in the samples, allowing for four-point measurements of voltage to be

recorded with reasonable accuracy, even with the presence of contact resistance.

Mechanical and Electrical Property Measurement

Mechanical properties of the foam were measured using a custom-built ADMET

mechanical testing apparatus and the ADMET MTESTQuattro and NI LabVIEW software.

The measurement profile was programmed using the MTESTQuattro software and

implemented on the ADMET. Voltage was measured using a NI-DAQ board and a custom

NI LabVIEW program. A number of different profiles were constructed and used, and are

explained in the Results section.

The electrical response of the foam to mechanical pressures was recorded during

mechanical tests. A current was sent through the foam so as to record a significant voltage

difference measurement upon adding pressure to the sample. A Keithley 2602 Sourcemeter

was used to apply a current to the sample and a NI-DAQ board to measure the voltage

response in LabVIEW. A current of o.1 mA was applied in all cases except the 5.5 wt%
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samples, which were measured with 0.5 mA due to the magnitude of the recorded voltage

being too low to read precisely.

Mechanical testing was performed on each sample, recording the voltage measured

in the sample as a function of time in addition to force and position.

Results

Mechanical Properties

The mechanical behavior of the samples at high strain shows the beginning of

densification around 30% strain in each sample, in the range of 20-30 kPa stress. While

there is no true linear-elastic regime, an elastic modulus can be calculated for the regime

ranging from approximately 0.02 to O.3 due to its linearity. One expects that the

composite materials will have a higher elastic modulus than the undoped silicone foam

due to the Rule of Mixtures; however, due to the small difference in weight percent

dopant between samples, this difference should be small. This is evidenced from the data

as well.
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Compression of CB-doped SF15
Stress (Pa)

40000

30000[

20000[

10000[

0.1 0.2 0.3 0.4 - 5.5wt%

Figure 8. Compression test results for all tested samples. Non-linear elastic behavior is
observed, in accordance with expectations of a non-linear elastic material such as PDMS.
Most samples exhibit similar magnitude of behavior, and any discrepancy may be due to

unfilled molding or air pockets in sample.

Piezoresistive Properties

The doped foam samples were tested mechanically while recording voltage

response from the material. A test procedure was developed to record changes in voltage

from a strain pattern in order to determine whether the sensor could respond quickly

enough to the strain pattern to detect the waves. Two strain patterns were tested: a

varying frequency sinusoidal test (amplitude: 8% strain), and a constant strain rate (5

mm/min, 20% strain) ramp. Voltage was measured as a function of time, as was force and

position of the platen.
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4 wt% ratio

Ramp

This simple ramp was performed at a strain rate of 5 mm/min. The sample was

compressed to 20% strain and then returned to o% strain. Hysteretic behavior is

observed: the amount of force required to strain the sample is larger when compressing

than when decompressing. An elastic modulus, though not a linear model, can be

calculated for this range of strain in order to predict mechanical behavior.

Stress-Strain (Low Strain)
4 wt% ratio CB-SF15

20000

y = 89469x - 989.16

15000

10000

U) 5000

0
-0.05 0.05 0.1 0.15 0.2 0.25

-5000
Strain (Fraction)

Figure 9. Compression to 5 mm, or 8%, and back down to equilibrium. Elastic modulus
given by slope offitted line.
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"Auxiliary (Volts)"

0.1 0.15

ii'

II

Strain (Fraction)

Figure io. Voltage measured as a function of strain. Hysteretic behavior observed, although
large amounts of noise are present.

Hysteretic behavior is observed in voltage response as well. Even with the large

amount of noise present, the voltage observed in compression follows a similar pattern to

that observed during tension, and each regime behaves similarly. Higher compression

results in a higher recorded voltage.
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Sinusoidal Frequency Sweep

Hysteretic behavior is clearly observed in the stress-strain plot (Figure n) below.

This test included two regimes, started from a pre-loaded condition: lo cycles of 0.5 Hz

frequency sinusoid, io cycles of i Hz frequency sinusoid, and the same for frequencies of 2

Hz and 4 Hz. The frequency shows little influence on the hysteretic behavior; the

material behaves similarly mechanically for these frequencies.

Stress-Strain (Sinusoidal Sweep)
4 wt% ratio CB-SF15

16000

14000

12000

10000

8000
Ln

6000

4000

2000

0
-0.02 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

-2000
Strain (Fraction)

Figure n. Hysteretic behavior is observed for eachfrequency.
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At 0.5 Hz frequency, the material senses with some clarity the changes in stress.

However, at 1 Hz, the ability to sense changes in strain becomes much more difficult,

although possibly due to noise levels. At the highest tested frequencies, 2 Hz and 4 Hz, 4

wt% CB-PDMS cannot detect accurately the changes in applied pressure.

Average Stress and Voltage vs Time
4 wt% CB-SF15

4

M-Stress (kPa/2)
Voltage

/8 ) Li.~

Il~k iiiii i I 'LLIJ

Time

Figure 12. Normalized stress and voltage as a function of time. Responses are difficult to see
at such a large scale.
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Average Stress and Voltage vs Time
4 wt% CB-SF15

0.5 Hz

SI I I I I I I 1 I I I I -S rsik a 2

UO 3 Stress (kPa/2)

Voltage

2

Time

Average Stress and Voltage vs Time
4 wt% CB-SF15

1 Hz

I II

- t20 I I I I I

2 I I I I I I

nI I

0
44 4 4 45 5

-Stress (kPa/2)

Voltage

Time
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Average Stress and Voltage vs Time
4 wt% CB-SF15

2 Hz
8 l Iili l I I l i III I I

I I I I I I I I I I I I I I I I
I I I I

SI I I I I I I I I I I I

I I I I I I I I I I I I I I I I I I
S I I I I I I I I I I I I I I

I I I I I I I
u I I I I I I

3

~ -

-Stress (kPa/2)

Voltage

Time

Average Stress and Voltage vs Time
4 wt% CB-SF15

4 Hz
8

I I I I I I I I I I
I I I I I I I I I I I I I

111 | | | ||1 I I I II

03
4-2

5919 . 5 I OD ,:'0II5 61.S

-2

-Stress (kPa/2)

-Voltage

Time

Figure 13. Stress and Voltage, averaged over all tested samples, as a function of time. The 4
wt% ratio CB-PDMS is able to sense 0.5 Hz waves, but fails to sense accurately the other

frequencies.
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4.5 wt% ratio

Ramp

Stress-Strain (Low Strain)
4.5 wt% ratio CB-SF15

18000

16000

14000 y 78657x - 1028.4

12000

C' 10000

8000

6000

4000

2000.-

-0.05 0 0.05 0.1 0.15 0.2 0.25
-2000

Strain (Fraction)

Figure 14. Compression to 5 mm, or 8%, and back down to equilibrium. Elastic modulus
given by slope offitted line.

The same experiments were performed on a 4.5 wt% sample of CB-PDMS. Again,

mechanical hysteretic behavior is observed and an elastic modulus calculated. A

hysteretic trend is also observed in the voltage response.
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"Auxiliary (Volts)"

-8
-0.05 0.05 0.1 0.15 0.2 0.25

-9

-10

-11

C0 -12

0

-13

-14

-15

-16
Strain (Fraction)

Figure 15. Voltage measured as a function of strain. Hysteretic behavior observed, although
large amounts of noise are present.
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Sinusoidal Frequency Sweep

Stress-Strain (Sinusoidal Sweep)
4.5 wt% ratio CB-SF15

14000

12000

10000

8000

) 6000

Ln 4000

2000

0
-0.02 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

-2000
Strain (Fraction)

Figure 16. Hysteretic behavior is observed for each frequency.

For the 4.5 wt% material, sensing is difficult at even the lowest frequency. As

frequency was increased, the material's sensing ability dropped.
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Average Stress and Voltage vs Time
4.5 wt% CB-SF15

-Stress (kPa/2)

-Voltage

ii

I 11 T 'il

Figure 17. Full test procedure results. Sensitivity is difficult to see at this range.
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Average Stress and Voltage vs Time
4.5 wt% CB-SF15

0.5 Hz
10

4 I I I I I I I I I I I I I I I I I I I
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Time

Average Stress and Voltage vs Time
4.5 wt% CB-SF15

1 Hz
10 I I I I I I I I I I I I I I
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I I I I I I I I I I I I I I I I I
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Average Stress and Voltage vs Time
4.5 wt% CB-SF15

2 Hz
10 1 I I i I I I I I I I I

I I I I I I I I I I I I I I I I
S I I I I I I I I I I I I I I I I

SI I I I I I I
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11 1 1111111| || 1 I
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Average Stress and Voltage vs Time
4.5 wt% CB-SF15

4 Hz
10 I I I I I I I I I I I I I

I I I I I I I I I I I I I I

SI I I I I I I I I
I I II III I I I I I I I

I I I I I I I I I I I I I6
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15 tL 1 111 11 61.

4 I I I I I I I I I I I I
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-4
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- Voltage

5

Time

Figure 8. Sensitivity is very low for the 4.5 wt% sample, which barely senses even 0.5 Hz
waves.
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5 wt% ratio

Ramp

Stress-Strain (Low Strain)
5 wt% ratio CB-SF15

18000

16000

14000 y=82629x-175

12000

10000

8000

6000

4000

2000

-0.05 -2000 0.05 0.1 0.15 0.2 0.25

-4000
Strain (Fraction)

Figure 19. Compression to 5 mm, or 8%, and back down to equilibrium. Elastic modulus
given by slope offitted line.

Similarly to previous experiments, hysteretic behavior was observed in both the

mechanical and electrical measurements. An elastic modulus was calculated.
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"Auxiliary (Volts)"

-0.05 0 0.05 0.1 0.15 0.2 0.25
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-1

-1.5

0
> -2

-2.5

-3

-3.5
Strain (Fraction)

Figure 20. Voltage measured as a function of strain. Hysteretic behavior observed, although
large amounts of noise are present.
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Sinusoidal Frequency Sweep

Stress-Strain (Sinusoidal Sweep)
5 wt% ratio CB-SF15

U)

18000

16000

14000

12000
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Figure 21. Mechanical behavior is similar across all tested frequencies.

The 5 wt% material was capable of sensing 0.5 Hz stimuli, but higher frequency
measurements were difficult.
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Average Stress and Voltage vs Time
5 wt% CB-SF15
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Figure 22. There is some sensitivity to 0.5 Hz waves in the 5 wt% samples, but sensitivity is
lost with higher frequency. This is the entire test procedure result for the 5 wt% samples.
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Average Stress and Voltage vs Time
5 wt% CB-SF15
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Average Stress and Voltage vs Time
5 wt% CB-SF15
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Figure 23. At 0.5 Hz, the 5 wt% samples can sense differences in pressure; however, with
higher frequency, this sensitivity wanes.
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5.5 wt% ratio

Ramp

Stress-Strain (Low Strain)
5.5 wt% ratio CB-SF15
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Figure 24. Compression to 5 mm, or 8%, and back down to equilibrium. Elastic modulus
given by slope offitted line.
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Figure 25. Hysteretic behavior is observed, with some spikes in the recorded data. These
spikes occur for an unknown reason.
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Sinusoidal Frequency Sweep

Stress-Strain (Sinusoidal Sweep)
5.5 wt% ratio CB-SF15
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Figure 26. Frequency independence is again seen in the 5.5 wt% sample.

The 5.5 wt% material showed excellent measurable response to all frequencies

tested. There seems to be unexpected behavior with a large amount of noise collected

near the end of the procedure. This behavior is not seen in other samples, and may be

either due to a mechanical defect in the sample composition (wiring failure, material

failure, etc.) or instrumentation.
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Average Stress and Voltage vs Time
5.5 wt% CB-SF15
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Figure 27. The entire procedure results for the 5.5 wt% samples. Strange behavior occurs at
the end of the test. However, sensitivity to allfrequencies can be seen.
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Average Stress and Voltage vs Time
5.5 wt% CB-SF15
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Average Stress and Voltage vs Time
5.5 wt% CB-SF15
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Figure 28. Sensitivity to allfrequencies can be seen in the 5.5 wt% samples.
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Discussion

Ramp

The ramp test was performed at a strain rate of 5 mm/min. The sample was

compressed to 20% strain and then returned to o% strain at the same rate. Hysteretic

behavior is observed, and the amount of force required to strain the sample is only

slightly larger when compressing than when decompressing. This is typical behavior of

elastomeric materials like PDMS, and is expected behavior in the CB-PDMS foam.

Hysteretic behavior is observed in voltage response as well. Even with the large

amount of noise present, the voltage observed in compression is very similar to that

observed during tension, and each regime behaves similarly. Higher compression results

in a higher recorded voltage.

Sinusoidal Frequency Sweep

Hysteretic behavior is clearly observed in the stress-strain plots. This test included

four regimes, started from a pre-loaded condition of 20% strain: io cycles of 0.5 Hz

frequency sinusoid of amplitude 2 mm, followed by the same number of cycles at the

same magnitude for frequencies i Hz, 2 Hz, and 4 Hz. The frequency shows little

influence on the hysteretic behavior; the material behaves similarly mechanically for all

frequencies.

At o.5 Hz frequency, the samples sense with some clarity the changes in stress and

strain. However, only the 5.5 wt% was able to sense all frequencies. Further
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recommendations for this material are to explore higher weight ratios of dopant in order

to verify the optimum weight ratio, and to explore the limits of the magnitudes of

pressure that the samples are able to detect. In addition, exploring the spectrum of

frequencies open to the optimized material would provide information on the kinds of

applications that this material may be useful in.

Current Explorations

Sensor arrays are being designed according to the specifications outlined in the

Materials and Methods section, then made in order to test performance underwater. Two

thicknesses of the CB-doped layer are being tested: 1/8" (thin) and 3/16" (thick). These

sensors are placed on a linear stage in a water tank, where the depth to which the

material is submerged can be controlled.
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/ 1

Figure 29. Underwater array sensor testing apparatus. The linear stage can be manipulated
vertically, allowing the user to adjust the water pressure that the sensor is exposed to.

This sensor, placed inside of a 3 D printed container leaving the foam sensing

material exposed to the water without a waterproofing layer, is shown to respond to small

pressures (ioo's of Pascals) with noticeable changes in voltage response, allowing small

pressures to be sensed with confidence. Pressures near 100 Pa have been detected. This is

in contrast to previous open-cell PDMS sensors, which required a waterproofing layer to

be used underwater.

The sensor seems to saturate, however, at approximately 300-400 Pa (seen at the

20 second mark on the plots in Figure 30). Whether this is due to the mechanical

behavior or the piezoresistive properties of the doped material is still unknown.
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Optimization of this sensor array is still in progress, but shows promise as a potential

lightweight, flexible sensing option for low pressure stimuli underwater.

Hydrostatic Pressure Varialion
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Figure 30. Results of an underwater pressure variance test. Pressure was
ramped and voltage out was recorded. Data provided by Jeff Dusek, 2015-
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Conclusions and Further Recommendations

This closed-cell CB-doped silicone foam has potential to be used as an underwater

sensor due to its ability to sense changes in pressure with a change in resistance, and

therefore a change in measured voltage output. It is flexible and elastomeric, allowing it

to deform over large strains without plastic deformation. This is a useful property for a

sensor that will be used over the long-term to sense fluctuations in water pressure.

Out of the concentrations studied, a 5.5 wt% ratio of CB-PDMS shows the best

sensing capabilities for frequencies between 0.5 and 4 Hz. Because this was the highest

concentration studied, tests involving a higher ratio of CB-PDMS should be done to verify

the optimum ratio.

Difficulties in measurement in the cubic sensors might be attributed to well-

recorded problems with contact resistance; this may explain the differing measurements

between the sensor array and the cubic sensors. The silver-doped CB-PDMS blocks used

in the array provide better contact than a wire, especially when in contact with a foam,

which is composed of air-filled cells that reduce contact area.

Current work on the array sensors will provide more accurate and precise sensor

results, and will show the viability of using the sensor underwater over the long-term.

Further recommendations from this point include: verifying the percolation threshold in

order to find the optimum weight percent ratio of CB to SF1 5 PDMS foam by exploring

higher weight percent ratios, and testing the electric response limits of the sensor as a

function of sinusoidal frequency to discover the sensor's wave-sensing capabilities, such

as how strong or weak - how high or low a pressure difference - the material can sense.
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Determining the lifetime of such a material is also necessary to ensure that it will

survive in an underwater environment for the required span of time. Its durability in

saltwater or under mechanical fatiguing will determine its feasibility for use underwater

without a protective coating.

This material shows promise as a potential sensor material for underwater

hydrodynamic purposes. With optimization and further exploration, it could prove a

viable replacement for current acoustic and optical underwater sensing instruments.
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Appendix
Mathematica Code for Calculation of Approx. Percolation Threshold

The percolation threshold was calculated using a rough model of the cell wall as a

slab. Measurements for the dimensions of the hypothetical slab were taken from cell wall

average thicknesses at various points along the wall, and measurements were taken from

various walls.

The amount of mass of Carbon Black needed for a specific volume of foam was

calculated using the relative density of the foam and the approximate percolation

threshold for a slab (0-3 volume fraction). Using the size of the Carbon Black particles and

its density, the weight percent required to reach 0.3 volume fraction Carbon Black was

calculated. This number was calculated to be approximately o.64 g, or 6.4% for a 10 g, 2.5

cm long cube of CB-SF15 foam.

The calculation in Wolfram Mathematica software is given:
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Ir p46::= fOamreLdenity ((2 g / (0. 025 O.025 * 0. 005 m3 )) /(3. 93 g / (. 0153 M3)))
cutp4el= 0.549618

vv:= 0.30 (0.165 /2 mm * 0. 464 /2 mm * 0. 464 / 2 mm) 10~9 m 3 / mm3

ut>lE9= 1.33214x1O~ m

fn77:= 1. 33 x 1012 M

ut T7= 3.42851x 10

r:= gpp = Pi (2.1

Pi (2.1 x 10~0

x 10 8 m) 3)

m) 3)

2 x 10' g/m 3

outlo3= 7 .7 5 8 4 8 x1 OA~ g

3 .42 x 1010
ir[7':= perathreshdensity = gpp * . 10-m

0 .0355 x 10~" m3

74743.6 g
ltp 1-=

In[721:= ptdfoam = percthreshdensi ty * foamreldensi ty

41080.5 g
CDt 72=-

Ir 731:= ptdfoaM * (0. 025 m) 3

outp73= 0.641882 g
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